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Geophysical Characterization of Fractured Bedrock at
Site 8, Former Pease Air Force Base, Newington,

New Hampshire

By Thomas J. Mack and James R. Degnan
Abstract

Borehole-geophysical logs collected from eight wells
and direct-current resistivity data from three survey lines were
analyzed to characterize the fractured bedrock and identify
transmissive fractures beneath the former Pease Air Force
Base, Newington, N.H. The following logs were used: caliper,
fluid temperature and conductivity, natural gamma radiation,
electromagnetic conductivity, optical and acoustic televiewer,
and heat-pulse flowmeter. The logs indicate several foliation
and fracture trends in the bedrock. Two fracture-correlated
lineaments trending 28° and 29°, identified with low-altitude
aerial photography, are coincident with the dominant structural
trend. The eight boreholes logged at Site 8 generally have few
fractures and have yields ranging from 0 to 40 gallons per
minute. The fractures that probably resulted in high well yields
(2040 gallons per minute) strike northeast-southwest or by
the right hand rule, have an orientation of 215°, 47°, and 51°.

Two-dimensional direct-current resistivity methods were
used to collect detailed subsurface information about the
overburden, bedrock-fracture zone depths, and apparent-dip
directions. Analysis of data inversions from data collected with
dipole-dipole and Schlumberger arrays indicated electrically
conductive zones in the bedrock that are probably caused by
fractured rock. These zones are coincident with extensions
of fracture-correlated lineaments. The fracture-correlated
lineaments and geophysical-survey results indicate a possible
northeast-southwest anisotropy to the fractured rock.

Introduction

Surface- and borehole-geophysical methods were used to
determine the location and orientation of transmissive bedrock
fractures at selected survey lines and boreholes at Site 8 (fig.
1) at the former Pease Air Force Base (PAFB) in Newington,
N.H. Site 8 was a fire-training area for PAFB from 1961 to
1988. Mixtures of waste oils, solvents, and fuels were ignited
in an open pit for fire-training purposes and extinguished
after a few minutes. Some of the fuel mixtures leached to the

water table. Contaminated ground water has been treated at
this site since 1995. Additional information on the hydraulic
characteristics of the fractured bedrock, including the flow
pathways to wells, was needed to understand the potential fate
and transport of contaminants in the bedrock. In this study,
the U.S. Geological Survey (USGS), in cooperation with the
U.S. Environmental Protection Agency, Region I (USEPA),
conducted preliminary geophysical surveys during 1999 and
2000 at Site 8, and at some selected sites nearby, to charac-
terize the bedrock beneath this area. Detailed borehole-geo-
physical surveys were used to characterize bedrock fractures
and identify transmissive fracture zones. Surface-geophysical
surveys were used to investigate whether lineaments identi-
fied by Degnan and Clark, Jr. (2002), and Ferguson and others
(1997) indicated bedrock fracture zones and, if so, to estimate
their location and dip.

Ground-water movement in fractured bedrock is one of
least well understood areas of investigation in hydrogeology
and is the subject of continued research by the USGS. This
investigation will assist with site remedial activities by adding
to the understanding of the fractured bedrock and its interac-
tion with the regional ground-water flow system.

Background

Numerous bedrock wells at Site 8 are used by the U.S.
Air Force to characterize the geohydrology, monitor the con-
taminant plume, and operate a contaminant-extraction system.
Contamination at this site is from waste oils, solvents, and
jet fuel that were poured onto the ground and subsequently
leached to the water table between 1961 and 1988. A ground-
water-contaminant plume formed from this leaching was
composed of volatile organic compounds (VOCs) including
benzene, napthalene, alkylbenzenes, cis-1,2-dichloroethene,
and vinyl chloride (Bechtel Environmental, Inc., 2000). The
downgradient extent of the northerly trending plume included
wells W-622, W-636, and W-6022 (fig. 1) (Bechtel Environ-
mental, Inc., 2000, fig. 2).
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Purpose and Scope

The purpose of this report is to present the results of
borehole-geophysical logging and direct-current resistiv-
ity surveys that were used to characterize the bedrock and to
determine the location and orientation of transmissive zones in
the bedrock at Site 8 at the former PAFB, in Newington, N.H.
Borehole-geophysical logs including caliper, fluid-temperature
and resistivity, electromagnetic conductivity, natural gamma,
acoustic televiewer, optical televiewer, and heat-pulse flow-
meter were collected at eight wells. Direct-current resistivity
surveys, using dipole-dipole and Schlumberger arrays, were
performed along three survey lines to investigate whether pre-
viously identified lineaments are indicative of fracture zones
in the bedrock. The methods used in this investigation have
transfer value to other fractured-bedrock research site investi-
gations.

Geohydrologic Setting

Site 8 is on the northern end of a large kame plain (Brad-
ley, 1964) consisting of stratified glacial sand and gravel with
some marine sand, silt, and clay. Till discontinuously underlies
stratified sediments at the site. Saturated overburden occurs
in a northeast-trending depression (in the direction of wells
W-623 and W-636; fig. 1) in the bedrock surface. The over-
burden aquifer was unsaturated in the southeast and northwest
(at wells W-6022 and W-637) areas of the site. Ground-water
flow in the overburden was to the northeast with about a 4-foot
difference in hydraulic head (head) across the site (Bechtel
Environmental, Inc., 2000; fig. 3). As of 2000, extraction wells
in the overburden near W-636 and W-613A have caused local-
ized cones of depression in the overburden but have had little
effect on bedrock ground-water levels across the site (Bechtel
Environmental, Inc., 2000; fig. 3). The ground-water flow
direction in bedrock was to the northwest with about a 12-foot
head difference across the site (Bechtel Environmental, Inc.,
2000; fig. 3).

Bedrock in the study area is described by Novotny (1969)
and is composed of the Eliot Formation, which consists
primarily of slate, phyllite, schists, and quartzite. The north-
east-southwest-trending Eliot Formation is a limb of a regional
overturned anticline, with limbs dipping to the southeast and
northwest (Lyons and others, 1997). Foliation in the study
area (Novotny, 1969; pl. 1) trends northeast with a vertical
to 75° northwest dip. Numerous fine-grained diabase dikes
range from several feet to tens of feet in width, and have been
observed in wells drilled at Site 8. The margins of these dikes
are often fractured. Drillers’ logs from Site 8 generally report
dark gray to green phyllite, with lesser amounts of schist, and
quartz veins (Roy F. Weston, Inc., 1992).

Tectonic compressional events in the Paleozoic Era
caused deformation of the crystalline rock in the area. Major
faults (including the Portsmouth Fault and Great Common
Fault Zone) and small-scale faulting are mapped in south-
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eastern New Hampshire (Novotny, 1969; and Hussey and
Bothner, 1995). Novotny (1969) measured steeply dipping
fractures in the Eliot Formation trending north 26° east (or 26°
in azimuthal direction). The steeply dipping fracture-family
peaks (in azimuthal direction from true north) identified from
measurements in outcrops of the Eliot Formation within a
10,000-ft’> region were 28°, 37°, 144°, and 168" (Degnan and
Clark, 2002).

A lineament analysis that included the study area was
done by the USGS as part of a statewide bedrock-mapping
assessment (Ferguson and others, 1997; Moore and oth-
ers, 2002). Further regional analysis, including identifying
remotely sensed lineaments that correlate with bedrock frac-
tures (fracture-correlated lineaments), was done by Degnan
and Clark (2002). Certain types of lineaments, particularly
certain fracture-correlated lineaments, have been correlated
with high-yielding wells, or more transmissive bedrock in
New Hampshire (Moore and others, 2002). Lineaments
identified at or near the study area are shown in figure 1. Of
particular interest is a fracture-correlated lineament interpreted
from low-altitude areal photographs oriented 29°, immediately
north of Site 8. Projecting this lineament along its trend results
in a lineament that intersects well W-6022. An approximately
parallel, 28° fracture-correlated lineament is 550 ft to the
southeast. The 28° lineament corresponds to the orientation of
the depression in the bedrock surface at Site 8. A side-looking
airborne radar (SLAR) lineament trending 130° is northeast of
the site, and a lineament trending 7°, identified by color-infra-
red photography, is on the east side of the site. Lineaments in
this report are reported in azimuthal direction as degrees east
of north (true north).

Geophysical Methods

Geophysical surveys (Keyes, 1990; and Zohdy and oth-
ers, 1974) take advantage of physical changes in rock proper-
ties, such as variations in electrical resistivity caused by water-
filled fractures, or variations in acoustic velocity at a fracture
interface, to help identify fractures in bedrock. Borehole- and
surface-resistivity surveys were used in this study to charac-
terize fractured bedrock. Indications of transmissive fracture
zones may be supported by observation of other physical
properties, such as water movement in a borehole or differ-
ences in fluid properties in a borehole. Integration of a variety
of geophysical methods often is necessary to characterize
bedrock and identify transmissive fractures at a site.

Borehole Surveys

The U.S. Environmental Protection Agency selected
8 wells (table 1) for geophysical characterization based on
well depth and location within Site 8. Borehole-geophysical
logs were used to identify transmissive fractures and measure
bedrock foliation and properties at the site. Open, sealed, and



4 Geophysical Characterization of Fractured Bedrock at Site 8, Newington, New Hampshire

minor fractures also were measured because the methods used
may not identify all transmissive fractures. Fractures sealed at
the borehole wall may be open elsewhere because of inconsis-
tencies in fracture fillings, such as calcite or quartz, or varying
aperture. Borehole geophysical logs including caliper, fluid
temperature and resistivity, electromagnetic (EM) conduc-
tivity, natural gamma, acoustic televiewer (ATV), optical
televiewer (OTV) and heat-pulse flowmeter, were collected
between September 1999, and May 2001 as part of this study.
An exception is well W-636, at which video and heatpulse
flowmeter logs were collected in 1997 (Carole Johnson, U.S.
Geological Survey, written commun., 1997), and an ATV

log of W-636 was collected in September 1999, by Mark

Blackey of Geophysical Applications, Inc. (Michael Daly, U.S.

Environmental Protection Agency, written commun., October
1999). Geophysical-log depths are referenced to the top of the
steel well casing. All data are maintained on file in the USGS
New Hampshire/Vermont District office in Pembroke, N.H.
Methods used to collect a basic suite of logs (natural
gamma, caliper, fluid temperature, fluid conductivity, and
EM conductivity) are described by Keyes (1990). Paillet and
others (1996) describe methods for collecting measurements
of vertical borehole flow in fractured rock using the heat-pulse
flowmeter. Methods and equipment for borehole ATV and
OTV well-imaging surveys are described by Johnson (1996)
and Johnson and Dunstan (1998). These methods were used
in similar detailed fractured-bedrock studies in southeastern
New Hampshire (Johnson and others, 1999; Mack and others,
1998). Bedrock characteristics (orientations of foliation and
fractures) were primarily identified by OTV and supplemented
by data from the ATV logs. The transmissive fractures were
identified by changes, or anomalies, in fluid temperature and
conductivity logs and through the use of heat-pulse flowmeter
logs.

The heat-pulse flowmeter measures upward or downward
flow at a point in the borehole. Interpretation of borehole
flowmeter measurements requires that the flowmeter log be
interpreted in context with other logs. The geophysical and
drillers logs are viewed collectively to determine which frac-
ture, or fracture zone, the flow measured at a point in the open
borehole is most likely attributed to. Interpretation, therefore,
requires viewing multiple consecutive flowmeter measure-
ments, up or down the borehole, in conjunction with other
logs. Heatpulse flowmeter measurements were made under
ambient (nonpumping) conditions and then while imposing
a stress (pumping). Stressed heatpulse flowmeter logs were
collected with the well pumped at about 1 gal/min from a
pump placed near the top of the well. The transmissivity of an
open borehole is large relative to that of individual fractures
in crystalline rock; therefore, demand for water by the pump
is met by the most transmissive fractures first (Shapiro, 2002).
Fractures that produce relatively little water relative to other
fractures in that borehole may not be identified.

The orientation of features identified in the borehole
surveys, unlike lineaments, are described using “right-hand
rule” terminology. By this method, the strike of the feature is
presented in azimuth degrees (from true north) where the dip
of the plane is to the right of the strike azimuth. Therefore, a
fracture strike with a north-south orientation will be presented
as 180° east of true north if the fracture plane dips west, or 0°
if the fracture plane dips east. The orientation of groups of fea-
tures are presented using stereograms to graphically illustrate
fracture or foliation patterns. The use of stereograms provides
a means to visualize the orientation of borehole features to
search for fracture or foliation trends.

Table 1. Driller log information for selected bedrock wells at Site 8, former Pease Air Force Base, Newington, N.H.

[Data modified from Roy F. Weston, 1992; No., number; fig., figure; in., inch; LSD, land-surface datum; gal/min, gallons per minute; <, less than]

Well No. Top of c.asir.lg B.orehole 3:3:::; Open interval . Noted wate.r-hear.ing fracture dep.ths, Tota.l well
(fig. 1) (elevation in dla!neter (feet below (feet below in feet; and y!elds, in galll_ms per minute yleld. Rock type
feet as reported) (in.) LSD) LSD) (in parenthesis) (gal/min)
W-611 113.60 8 22 33-100  No yield detected 0  Slate
W-613A 112.36 '8 25 55-94 100 (<1) <1 Slate
W-622 106.77 6 19 32-173  22-23(7), 30-31(?), above 121 ft (0.25), 4 Basalt
133-165 (0), 165-173 (4)
W-623 112.05 6 39 55-125  Possible 120-125 (6) 6  Gneiss
W-636 102.84 '6 26 58-122 72 (1-2), 80 (1-2), 91-94 (20-40) 20-40  Schist
W-637 111.96 6 30 59-120 70 (1), 90 (3), 97(?7) 3 Schist
W-6022 105.06 6 22 41-117  37-39.6 (?), above 97 (<0.5), 112-117 25-30  Phyllite
(25-30)
W-6025 100.63 6 57 75-158  Could not determine 6  Diabase, phyllite

! Finished with 2-in.-diameter polyvinyl-chloride casing.



Surface-Resistivity Surveys

In crystalline bedrock of New Hampshire, variations
in electrical resistivity are likely related to changes in lithol-
ogy, water chemistry, and increases in water content of large
fractures or fracture zones. Resistivity surveys measure the
composite electrical resistivity of the subsurface. Direct cur-
rent is induced into the ground between two current electrodes
and the voltage is measured across two potential electrodes. A
resistance value is obtained by dividing the measured volt-
age by the induced current. Various survey-electrode-array
configurations and data-processing techniques can be used to
differentiate survey data into interpreted geologic sections. An
apparent resistivity is calculated from a resistance value and
geometric factors that account for the electrode spacing and
array type (arrangement of current and potential electrodes in
relation to each other). Resistivity measurements were made
with both Schlumberger and dipole-dipole array (Zohdy and
others, 1974) configurations using 28 electrodes with a 10-m
(32.8 ft) electrode spacing.

The apparent resistivity measured is an average resistiv-
ity of all materials surveyed to the depth of the investigation
(survey depth generally is about 20 percent of the length of the
survey, depending on the factors mentioned above). Appar-
ent resistivity values were inverted to differentiate the effects
of shallow materials from the true resistivity values of deep
materials. Lithologic logs from drilling at the site were used
to aid in interpretation of the overburden materials and the
depth to top of bedrock at the survey lines. Topographic relief
at each electrode along a survey line is accounted for in the
data processing. Data were processed using RES2DINV ver-
sion 3.42 (Loke, 2000) to produce inverted resistivity sections
from apparent resistivity measurements. Resistivity sections
interpreted from dipole-dipole surveys are presented in this
report because they provide greater investigation depth, and
lateral resolution, than the Schlumberger surveys. Processed
Schlumberger-array resistivity surveys were used to check
the near-surface results and are on file in the New Hampshire/
Vermont District Office.

Geophysical Characterization of
Fractured Bedrock

Borehole geophysical logs were collected in wells W611,
W-613A, W-622, W-623, W-636, W-637, W6022, and W-6025
(table 1) at Site 8. Three direct-current resistivity surveys were
used to determine large-scale bedrock-fracture locations and
dip directions in two-dimensional profiles.

Borehole Surveys

Plots of log data for eight wells (figs. 2-9, in back of
report) identify the location and orientations of fractures and
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foliations, changes in water chemistry, changes in lithology,
and vertical flow in the well. In the caliper log, a fracture
appears as an increase in the borehole diameter. In figures 2, 4,
5, and 7-9, large spikes or enlargements in the caliper log usu-
ally correlate with fractures identified in the televiewer logs.

The caliper logs show a general low density of fracturing
with depth in wells W-611 (fig. 2), W-637 (fig. 7), and W-6025
(fig. 9). Well W-623 (fig. 5) shows prominent caliper deflec-
tions in a fractured zone from 93 to 100 ft, and another zone
from 68 to 77 ft. In crystalline rock, the EM conductivity log
can identify highly fractured rock (Mack and others, 1998),
which may be attributed to alteration minerals formed in
association with ground-water flow at transmissive fractures.
Of the wells logged, however, only W-623 (fig. 5) indicates
fracture zones identified by the EM conductivity log.

Potential zones of water inflow and outflow were
assessed by fluid temperature and conductance logs under
ambient conditions at all wells. Fluid logs were collected
while pumping at wells W-611, W-623, and well W-622.
Potential fracture zones were assessed with flowmeter logs.
At most wells, ambient flow was not detected with the fluid
and heat-pulse flowmeter logs; therefore, ambient heat-pulse
flowmeter logs were not included in the figures. Several of the
flowmeter logs (W-623, W-622, W-636, W-637, W-6022, and
W-6025) indicated minor apparent outflows under pumping
conditions. Apparent outflows are indicated by a drop in flow
in adjacent measurements, logged from bottom to top of the
borehole, during pumping. Flow bypassing the flowmeter may
be suspected where ambient measurements showed no flow.
Fluctuations in the pumping rate or a poor seal between the
flowmeter and the rough borehole wall may also affect flow-
meter measurements.

Specific observations concerning the logs of individual
boreholes, shown in figures 2-9, follow in the next few para-
graphs. The location (depth) and orientation (dip azimuth and
dip) of individual fractures and foliation are presented by well
in Appendix 1 (note that the strike of a feature is 90° from the
dip azimuth).

The logs of well W-611 (fig. 2) indicate few fractures,
no ambient or pumped flow was detected, and the gamma log
indicates lithologic changes (discussed in the next paragraph)
at 57 and 87 ft (fig. 2). Logs collected for well W-613A (fig.
3) are limited because the borehole is cased with 2-in diameter
polyvinyl chloride (PVC).

The logs for W-622 (fig. 4) indicate some fracturing
(based on the caliper log) and some lithologic contrasts (based
on the gamma and optical logs). The borehole appears to
intersect a dike, based on the optical and drillers logs, in two
zones (60—64 and 84—100 ft) that are clearly outlined by a
low gamma response (fig. 4). From inspection of the optical
log, the upper zone (60—64 ft) is clearly a dike whereas the
lower zone (84—100 ft) is less distinct and may contain other
lithologies. It is undetermined if a low gamma response is a
consistent indicator of a dike. Some contact-parallel fractur-
ing (strike 6°, dip 65° west) is indicated at the top of the upper
dike (60-64 ft). The lower dike (84—100 ft) has a number of
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roughly north-striking fractures. Most of the inflow, measured
under pumping conditions, appears to be associated with a
fracture just below the base of the lower dike at 103 ft (strike
of 5° and westerly dip of 59°).

A fracture zone in W-623 (fig. 5) measured by the caliper
log from 93 to 100 ft correlates with a strong EM response;
however, flow was not detected in this zone. Deviations in
the fluid-conductivity log under pumping conditions indicate
slight inflows at about 69 and 83 ft. On the basis of flowmeter
logging, inflows appear to be from zones at about 83 ft, 69 ft,
and at the base of casing (59 ft). An inflow between 62 ft and
the base of the casing was measured by the flowmeter while
pumping at a rate of 1 gal/min. This inflow, which is probably
at the base of the casing, could be the result of leakage at the
casing and bedrock seal or the casing being set at a transmis-
sive fracture zone 16 ft into bedrock.

Wells W-636 (fig. 6) and W-6022 have reported yields of
20 to 40 and 25 to 30 gal/min respectively, (Roy F. Weston,
Inc., 1992) and are the highest-yielding wells logged at Site 8.
Well W-636 was entirely PVC-cased at the time of this investi-
gation; therefore some logs are not available (caliper and fluid
logs) and others (acoustic televiewer, heat-pulse flowmeter)
are reported from previous investigations as noted in the Geo-
physical Methods section. W-636 data presented in Appendix
1 are from televiewer observations and foliations and fractures
may be undifferentiated. There are three transmissive fractures
in well W-636. Two transmissive fractures under pumping con-
ditions are at 92.8 and 93.5 ft, with strikes of 51° and 47° and
dips of 60° and 63°, respectively (Appendix 1). This fracture
zone accounts for most of the well yield (20 to 40 gal/min) as
indicated by drillers’ (table 1) and heatpulse flowmeter logs
(fig. 6). The other transmissive fractures, based on drillers’ and
flowmeter logs, appear to be at 70 ft with a strike of 28° (dip
52%), and at 81 ft with a strike of 231° (dip 54°).

The logs for well W-637 (fig. 7) indicate that there are
a few fractures in the upper part of the well (61, 62, and 73
ft) and no ambient flow. Flow was measured in the well with
pumping; however, even with heat-pulse flowmeter measure-
ments, it was difficult to interpret where inflows were occur-
ring.

Fracture zones in W-6022 (fig. 8) occur throughout the
open borehole, most notably from 90 to 95 ft. From 49 to
55 ft, a fracture zone is indicated by inflow, outflow, fluid
property changes, and caliper-measured diameter increases.
Well W-6022 shows fluid-conductance deviations, as well as
slight fluid temperature changes, at 48, 49, 55, 56, 78, 107,
and 110 ft. Under pumping conditions, the flowmeter log
indicates minor inflows at the base of the well, at the fractures
at 109 or 105, 92, and 55 ft; just below the bottom of casing at
43 ft; and possibly from the fractures at 78 and 79 ft. In well
W-6022, a relatively large fluid-conductivity contrast (about
40 uS/cm) makes minor inflows appear prominently in the
fluid log. About one half of the measured flow appears to be
from the upper bedrock from fractures at 55 or 50 ft. Pumping
conditions revealed three transmissive fracture zones in well
W-6022 (fig. 8). A minor inflow occurred at a fracture at 92

ft, striking 168° (dip 39°). A fracture at 55 ft, with a strike of
68° (dip 21°), nearly coincides with a fracture striking 79° (dip
23%). The major producing zone from the drillers’ log (25-30
gal/min at 112 to 117 ft) was associated with fluid-log devia-
tions and is probably related to fractures at 109 and 111 ft with
strikes of 109° (dip 82°) and 215° (dip 40°), respectively.

Well W-6025 (fig. 9) was the only other well logged
where possible inflow was indicated at the base of the well
casing. Deviations in the fluid-conductivity log are at depths of
79, 83, 88, and 106 ft. Inflow to this well, identified by flow-
meter logging under pumping conditions (0.5 gal/min), was
in the upper open interval from about 92 ft to the casing at 75
ft. The open interval at the top of the well, from 75 to 77 ft, is
the most fractured area of the borehole and, from inspection of
the optical log, may represent a dike with a strike of 17° (dip
73°%). This zone corresponded with low gamma log response, a
possible indicator of a mafic dike, and is bounded by fractures
(74.5-71.5 ft, Appendix 1). The bottom of the casing, which is
set 18 ft into bedrock, coincides with the transmissive fracture
zone. It is undetermined whether the inflow at the base of
the casing is from leakage at the seal between the casing and
bedrock, or from the fracture zone.

Patterns in foliation and fracture orientations in the bore-
holes are illustrated in lower-hemisphere, equal-area projec-
tions of the poles to fracture planes, called stereograms. An
example of stereogram interpretation is presented in figure 10
modified from Johnson and others (1999). In the stereograms
(fig. 11A-G), each fracture or foliation plane is represented as
a point. The point is the intersection of the pole to the fracture
or foliation plane and the lower hemisphere. This intersec-
tion is projected up to the equatorial (plotting) surface. For
example, in the stereogram for well W-637 (fig. 11E), a near-
horizontal fracture is indicated by the point near the center of
the stereogram, whereas the group of poles towards the right
outer edge of the stereogram represent predominantly north-
south striking fractures or foliation with a steep, near-vertical
westerly dip (average dip direction of 273° and average dip of
68°).

The foliation and fracture logs from Site 8 boreholes
show distinct patterns. The lithology (bedding planes and
contacts) at the wells generally have a consistent orientation.
For example, the strikes of foliations identified in boreholes
W-637 (fig. 11E), W-6022 (fig. 11F), and W-6025 (fig. 11G)
are grouped in tight clusters. The orientation of foliations
in each well indicated little variation; therefore, the average
dip direction (for groups of points), and apparent strikes of
foliations were calculated and are presented in table 2 and
figure 11H. Because there were few fractures and they cannot
be readily grouped, average fracture orientations were not
calculated. The foliation at wells W-622, W-637, W-6022,
and W-6025 has consistent south to southwest strikes of 183°,
198°, 210°, and 219°, respectively. Other wells on the west
side of Site 8 (W-611 and W-623) had features that strike to
the northeast and dip southeast. These features have the same
southwest-northeast trend but dip in different directions. Well
W-611 is unique in that bedrock foliation trends nearly north-
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Fracture plane (shown to
strike approximately N215°E and
dip 80° to the west) North

North

Pole projected to
the plotting surface
of the stereogram

Pole at 90° to
the fracture plane

Lower hemisphere

b
( )Projected pole to the fracture plane
plotted on a lower hemisphere, equal-area
projection.

Figure 10. Schematic diagram of stereogram projections. The stereogram projection reduces the orientation of a frac-
ture plane to a point on a stereogram by plotting the pole to the plane on a lower hemisphere and projecting it up to the
plotting surface of the stereogram. The schematic (a) shows a three-dimensional representation of the fracture plane as
it intersects the hemisphere and the projected pole to the plane, and (b) shows the stereogram that would correspond to
example (a).[Modified from Johnson and others, 1999.]

Table 2. Mean strike, dip azimuth, and dip of foliation in eight
wells at Site 8, former Pease Air Force Base, Newington, N.H.

[--, not calculated]

Foliation
Well Strike Dip azimuth Dip
(degrees) (degrees) (degrees)

'W-611 17 107 55
W-611 188 278 55
W-622 198 288 59
W-623 20 110 43
SW-636 26 116 57
W-637 183 273 68
W-6022 210 300 49
W-6025 219 309 59
Average 20 -- 56

! East-dipping foliation in W-611.
> West-dipping foliation in W-611.

? Data from reported acoustic televiewer log, fractures are undifferenti-
ated from foliation.
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True north True north True north
0° 0° 0°

180° 180° 180°
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G. W-6025 H. All wells
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W-636
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Sealed fracture
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Minor fracture
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Figure 11. Lower hemisphere equal-area stereograms showing orientation with poles to plane of bedrock structures in wells
in Newington, N.H., in (A) W-611, (B) W-622, (C) W-623, (D) W-636, (E) W-637, (F) W-6022, (G) W-6025, and (H) average orienta-
tions of all wells. (Location of wells shown on fig. 1.)
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Figure 12. Cross sections showing inverted resistivity along geophysical survey lines, Site 8, former Pease Air
Force Base, Newington, N.H. (Location of survey lines is shown on fig. 1.)
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south (8° to 17°) and dips both to the east and west (fig. 11A)
controlled by lithologic changes as indicated by the gamma
log at depths of 57 and 87 ft (fig. 2). The fractures identified
in well W-623 (fig. 11C) had a northeast strike (200°) and a
dip to the southeast. The wells on the northeast side of the
site (W-6022 and W-6025; fig. 1) have foliation striking more
southwest to northeast (210-219°) than the foliation in wells
(W-623, W-637, and W-611) on the southwest side of the site
(with average nearly north-south foliation strikes of 20°, 183°,
and 188°, respectively). The orientations of identified fractures
were generally close to those of the foliations but were not as
consistent. For example, well W-6025 (fig. 9) has a tight clus-
ter of foliation orientations but the identified fractures were
not tightly clustered (fig. 11G).

Surface-Resistivity Surveys

Dipole-dipole and Schlumberger arrays were used to
characterize the electrical resistivity of overburden, bedrock,
and bedrock-fracture zones through analysis of inverted resis-
tivity data. Large-scale fractures or fracture zones in bedrock
appear as electrically conductive anomalies in the resistivity-
inversion cross sections presented in figure 12. The inversion
profiles are interpreted to a depth of approximately 180 ft
using the dipole-dipole array. Unsaturated sand is apparent in
the sections as an electrically resistive layer near the surface.
Directly below the unsaturated sand is generally a relatively
thin (20 to 60 ft), electrically conductive layer consisting of
saturated sands and till or weathered bedrock. Competent, or
relatively less fractured bedrock, appears as electrically resis-
tive areas beneath the weathered bedrock, whereas fractured
bedrock appears as electrically conductive areas (fig. 12).

A relatively thin layer of electrically conductive till over-
lies electrically conductive fractured or weathered bedrock at
line 1 and 2 (fig. 12a, b). Although there is some till present,
based on the lithologic logs, it is not discernible from saturated
sand, weathered bedrock, and fracture zones in the resistivity-
inversion results. Saturated sand appears as an electrically con-
ductive zone at the northeast end of line 1. A bedrock trough in
that area extends below the water table and contributes to high
electrical conductivities. Unfractured, competent bedrock may
appear more conductive in the survey results than it actually is
as a result of the effect of the overlying conductive materials.

Fracture zones extending into the bedrock, with an appar-
ent northeast dip, are centered at 350 and 620 ft along survey
line 1 (fig. 12a). Results from line 2 (fig. 12b) indicate two
fracture zones that intersect each other at the bedrock surface.
The zone at 380 ft (fig. 12b) has an apparent northwest dip
and correlates with fracture locations and orientations in well
W-622.

This zone may represent the extension of the 29° linea-
ment shown in figure 1. Although the 29° lineament projects
near W-6022, lineament locations cannot be plotted with
precision. The second possible fracture zone on line 1 is at the
640 ft mark along the survey line. The zone correlates with

the 28° lincament (fig. 1) and the similarly northeast-trending
depression in the bedrock surface. This zone is likely related
to the southeast-dipping fracture zone identified in W-636.
Because the electrically conductive anomaly at 640 ft in line 2
may be influenced by electrical interference from conductive
pore water from seasonal road-salt application, its apparent dip
could not be confidently interpreted. In resistivity line 3 (fig.
12¢), a bedrock-fracture zone with an apparent northeast dip

is interpreted as intersecting the bedrock surface at the 570 ft
mark along the line.

Summary and Conclusions

Surface- and borehole-geophysical methods were used to
characterize the fractured bedrock and to identify and charac-
terize transmissive fractures at Site 8 at the former Pease Air
Force Base in Newington, N.H. The study was performed by
the U.S. Geological Survey, in cooperation with the U.S. Envi-
ronmental Protection Agency. The study results will be used
to increase understanding of potential contaminant flow paths
to wells in the bedrock. Wells at the site penetrate phyllite,
schists, and quartzite of the Eliot Formation. Bedrock foliation
has a fairly uniform north to northeast strike (average strike of
20°) with an average dip of 56°. In general, most fractures are
oriented parallel to the foliation (northeast-southwest) and are
steeply dipping. In two wells, W-622 and W-6025, increased
fracturing appears to be associated with dikes. Two fracture-
correlated lineaments (with strikes of 28° and 29°) delineated
in previous investigations can be projected into the study area
and have approximately the same orientation as the structural
trend and the foliation and fractures measured. The fracture-
correlated lineaments and regional structure correlation may
indicate the presence of a regional northeast-southwest anisot
ropy to the fractured rock.

Drillers’ and borehole-geophysical logs indicate that the
bedrock penetrated by the wells is not highly fractured. None
of the wells showed measurable flow in the borehole during
ambient (nonpumping) conditions. Fractures at wells W-636
and W-6022 were highly transmissive (yields are 20 gal/min
or greater) and major fracture zones were present in the open
bedrock interval of those wells. The fractures that contribute a
majority of the yield to these wells strike northeast-southwest
(215°,47°, and 51°).

Surface-resistivity surveys indicate fracture zones and
possibly weathered rock near the bedrock surface. Shallow
fracturing is interpreted through much of the survey lines;
however, deep fracturing appears to have a narrower distri-
bution then the shallow fracturing. The resistivity surveys
support indications that the two fracture-correlated lineaments
(with strikes of N26° and 29°E) extending into Site 8 are pos-
sible bedrock-fracture zones.
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Figure 4. Borehole-geophysical logs of well W-622 in Newington, N.H. (Note: no ambient flow detected. Location of
well shown on fig. 1.)
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Figure 7. Borehole-geophysical logs of well W-637 in Newington, N.H. (Note: no ambient flow detected. Location of well

shown on fig. 1.)
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Figure 8. Borehole-geophysical logs of well W-6022 in Newington, N.H. (Note: no ambient flow detected. Location of
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Appendix 1. Midpoint depth, dip azimuth, and dip based on geo-
physical logs from eight wells at Site 8, former Pease Air Force
Base, Newington, N.H.

[Add or subtract 90 degrees from dip azimuth to obtain strike. Data not
available for well W-613A. Data for W-636 are reported.]

Midpoint depth,
below top of
casing
(in feet)

47.7
51.6
56.4
574
58.9

72.2
74.3
78.1
80.5
85.9

87.5
88.9
93.4
96.2
97.1

339
34.5
35.8
39.8
43.1

45.5
49.0
49.2
50.3
52.6

55.5
59.7
64.1
64.1
67.4

70.3
71.6
74.3

256
265
103
95
99

93
316
97
136
127

300
258
275
273
283

183
274
129
295
279

286
281
105
290
286

296
276
272
108
282

294
279
286

Dip azimuth
(degrees)

W611

W622

Dip
(degrees)

40
41
43
48
47

49
74
81
40
75

53
53
61
56
62

43
36
53
49
43

53
61
43
60
54

57
65
54
46
57

45
55
48

Comments

Foliation
Foliation
Foliation
Minor fracture

Foliation

Sealed fracture
Minor fracture
Sealed fracture
Minor fracture

Minor fracture

Minor fracture
Foliation

Minor fracture
Minor fracture

Minor fracture

Sealed fracture
Sealed fracture
Sealed fracture
Foliation

Sealed fracture

Foliation
Sealed fracture
Minor fracture
Foliation

Foliation

Foliation
Minor fracture
Foliation
Sealed fracture

Foliation

Minor fracture
Minor fracture

Minor fracture

Appendix 1. Midpoint depth, dip azimuth, and dip based on geo-
physical logs from eight wells at Site 8, former Pease Air Force
Base, Newington, N.H.—Continued

[Add or subtract 90 degrees from dip azimuth to obtain strike. Data not
available for well W-613A. Data for W-636 are reported.]
Midpoint depth,

below top of Dip azimuth Dip

casing (degrees) (degrees) Comments
(in feet)
W622--Continued

79.2 282 54 Minor fracture

81.3 275 55 Fracture

84.2 158 51 Fracture

84.8 274 54 Fracture

86.4 249 31 Fracture

91.9 298 41 Fracture

93.1 282 48 Fracture

99.4 282 50 Sealed fracture
100.8 288 63 Foliation
103.2 275 59 Fracture
105.0 323 62 Minor fracture
110.2 293 60 Foliation
114.2 292 64 Fracture
119.8 289 69 Foliation
121.5 279 56 Foliation
133.2 305 76 Foliation
141.6 115 71 Sealed fracture
145.3 281 55 Fracture
147.0 299 77 Sealed fracture
149.1 288 62 Fracture
150.7 283 60 Sealed fracture
153.8 278 56 Minor fracture
161.2 119 80 Fracture
165.8 223 27 Minor fracture

W-623

64.8 304 32 Minor fracture

67.9 296 23 Minor fracture

69.2 121 44 Fracture

73.7 112 20 Minor fracture

76.8 84 54 Fracture

78.5 54 34 Foliation

82.6 137 13 Fracture

93.3 110 44 Foliation

93.4 113 44 Minor fracture

97.6 136 49 Foliation



Appendix 1. Midpoint depth, dip azimuth, and dip based on geo-
physical logs from eight wells at Site 8, former Pease Air Force

Base, Newington, N.H.—Continued

[Add or subtract 90 degrees from dip azimuth to obtain strike. Data not
available for well W-613A. Data for W-636 are reported.]

Midpoint depth,
below top of
casing
(in feet)

99.6
100.0
101.3
101.9
106.0

111.6
115.3
117.4
119.5
122.4

60.2
60.6
68.4
68.6
69.6

70.0
73.6
74.0
76.4
81.0

81.8
83.4
84.0
92.8
93.5

99.4
117.4

61.4
62.0
68.1
70.5
71.8

Dip azimuth
(degrees)

Dip
(degrees)

W-623--Continued

Comments

Fracture
Fracture
Fracture
Foliation

Minor fracture

Minor fracture
Foliation
Fracture
Fracture

Minor fracture

Minor fracture
Minor fracture
Fracture
Fracture

Fracture

Fracture
Fracture
Fracture
Minor fracture

Minor fracture

Minor fracture
Fracture
Minor fracture
Fracture

Fracture

Fracture

Minor fracture

Minor fracture
Minor fracture
Foliation

Fracture

119 43
121 46
129 33
149 41
278 60
337 46
99 46
116 60
113 56
128 42
W-636 (televiewer observations)
98 38
110 51
330 53
330 53
106 50
118 52
130 64
139 57
132 65
321 54
13 38
129 70
123 45
141 60
137 63
121 58
119 72
W-637

146 8
266 65
270 65
262 60
260 60

Foliation
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Appendix 1. Midpoint depth, dip azimuth, and dip based on geo-
physical logs from eight wells at Site 8, former Pease Air Force
Base, Newington, N.H.—Continued

[Add or subtract 90 degrees from dip azimuth to obtain strike. Data not
available for well W-613A. Data for W-636 are reported.]

Midpoint depth,

below top of Dip azimuth Dip
casing (degrees) (degrees) Comments
(in feet)
W-637--Continued
72.6 90 37 Fracture
76.0 270 63 Foliation
82.7 286 79 Foliation
86.9 272 83 Foliation
89.8 274 83 Foliation
96.2 271 62 Foliation
98.5 262 62 Minor fracture
102.2 272 65 Minor fracture
105.6 274 61 Foliation
111.0 278 56 Foliation
113.0 122 42 Fracture
114.2 94 55 Sealed fracture
117.2 296 59 Sealed fracture
W-6022
46.8 305 53 Sealed fracture
49.9 303 48 Minor fracture
54.3 169 23 Minor fracture
54.8 153 21 Minor fracture
55.5 304 48 Foliation
57.9 291 47 Foliation
60.3 314 63 Foliation
72.8 304 50 Foliation
78.7 314 53 Minor fracture
79.0 312 61 Minor fracture
79.9 303 53 Foliation
83.9 297 49 Foliation
86.2 302 51 Foliation
92.5 259 39 Minor fracture
93.2 261 39 Foliation
98.5 314 37 Foliation
104.2 308 55 Foliation
106.2 94 68 Minor fracture
109.2 199 82 Fracture

110.5 305 40 Minor fracture
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Appendix 1. Midpoint depth, dip azimuth, and dip based on geo-
physical logs from eight wells at Site 8, former Pease Air Force
Base, Newington, N.H—Continued

[Add or subtract 90 degrees from dip azimuth to obtain strike. Data not
available for well W-613A. Data for W-636 are reported.]

Midpoint depth,

below top of Dip azimuth Dip
casing (degrees) (degrees) Comments
(in feet)
W-6025

74.6 120 29 Fracture

77.4 107 73 Fracture

79.1 124 54 Minor fracture

81.3 10 34 Fracture

83.3 284 83 Fracture

894 326 77 Minor fracture

95.0 310 38 Foliation

95.3 330 44 Minor fracture
105.0 321 57 Foliation
107.3 139 56 Minor fracture
121.1 322 71 Foliation
124.6 318 72 Sealed fracture
130.3 327 79 Foliation
130.3 135 49 Fracture
130.6 122 52 Minor fracture
1354 328 70 Foliation
137.7 327 54 Foliation
138.9 326 49 Foliation
141.1 322 60 Foliation
142.8 335 42 Minor fracture
147.2 329 52 Foliation
147.9 312 60 Minor fracture
150.7 328 59 Foliation
152.2 327 57 Minor fracture

154.7 325 72 Foliation



