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Abstract

Geophysical logging v u conducted in exploratory core holes drilled for
geohydrological investigations at three sites used for vast© disposal on the U.S. Department
of Energy's Oak Ridge Reservation. Geophysical log response vas calibrated to borehole
geology using the drill core. Subsequently, the logs vere used to identify fractures and
fractured zones and to characterize the hydrologic activity of such cones. Results of the
study vere used to identify zones of ground voter movement and to select targets for
subsequent piezometer and monitoring veil installation.

Neutron porosity, long- and short-normal resistivity, and density logs exhibit
anomalies only adjacent to pervasively fractured zones and rarely exhibit anomalies
adjacent to individual fractures, suggesting that such logs have insufficient resolution to
detect individual fractures. Spontaneous potenUal single point resistance, acoustic
velocity, and acoustic variable density logs, hovever, typically exhibit anomalies adjacent
to both individual fractures and fracture zones. Correlation is excellent betveen fracture
density logs prepared from the examination of drill core and fractures identified by the
analysis of a suite of geophysical logs that havediffering spatial resolution characteristics.

Results of the study demonstrate the importance of (1) calibrating geophysical log
response to drill core from a site, and (2) running a comprehensive suite of geophysical
logs that can evaluate both large- and small-scale rock feature*. Once geophysical log
responses to site-specific geological features have been established, logs provide a means
of identifying ft acture zones and discriminating betveen hydrologicaUy active and
inactive fracture zones.
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Introduction

Purpose

Site characterization and ground vater investigation studies vere conducted at three
vaste disposal sites on the U. S. Department of Energy's Oak Ridge Reservation prior to
installation of ground rater monitoring "wells. Geohydrologicel conditions ax the sites are
complex, vith ground vater flov occurring principally in bedrock through fracture-
controlled secondary porosity. Because of the significance of fracture-controlled porosity
and permeability at the Oak Ridge sites, identification end characterization of fractures,
using borehole geophysics yas essential to the rapid interpretation of hydrologically
active zones. Prudent identification of such zones vas required for the proper installation
of ground vatef monitoringveils to meet regulatc>ry requirements end to ensure that such
veils vere placed vithin hydrologically significant zones surrounding the sites.

During initial site investigations, borehole geophysics vac combined vith drill core
analysis to calibrate geophysical log response to assist in the detection and
<±iaracterizaUon of fractures. This paper presents the preliminary results of this study
end discusses the successes and difficulties of this approach at the three oak Ridge sites.

Previous Vork

Summaries of the principles of the application of borehole geophysics to fracture
identification are presented by Keys and HacCary (1971), Aguilera (1980), Paillet (1981),
Daniels (1984), and the Earth Technology Corporation (1983) end by the references
contained therein. A general conclusion reached by these authors is that the success of
the application of particular geophysical logs to fracture detection depends strongly on
local geological conditions and the immediate borehole environment. In various
circumstances, convention 2i logs, such as resistivity, density, and neutron logs, have
proved successful in fracture identification if the sizes of the fractures and the fluid or
mineralogies! anomalies associated vith them are sufficiently large to be resolved by the
logging sonde (Keys and HacCary, 1971; Aguilera, 1980; Daniels, 1984). Caliper logs are
successful if fractures are sufficiently pervasive to influence borehole diameter (Daniels,
1984). Acoustic logs, such as borehole tele vie vsr and variable density logs, are successful
if the fractures have caused significant anomalies to develop in the mechanical properties
of rocks (Keys and HacCary, 1971, Paillet,1981; Daniels, 1984). Because the success and
applicability of various borehole logs vary, it is generally recommended that as many
geophysical logs as possible be applied to fracture identification in a given setting
(Daniels, 1984).

Geological Setting

The three sites studied are located in the Valley and Ridge province of the
Appalachian orogenic belt (Figs. 1 and 2). In East Tennessee, this province is characterized
by a series of regional thrust faults that extend from Alabama to Virginia. Motion along
these thrust faults during the AUeghenian orogeny resulted in the formation of a series of
northeast-striking, imbricate thrust sheets that repeat numerous times a stratigraphic
succession consisting of sandstones, shales, and limestones. Vithin the sediments on each
of the imbricate thrust sheets there is a significant amount of small-scale folding and
faulting that results in a complex structural fabric vithin all rocks of the Valley and Ridge
province (for a more complete discussion of various aspects of Oak Ridge Reservation
geology see McMaster, 1963; Vebster, 1976; Haase et al., 1985; and King and Haase, 1987).



The sites studied are located on the Vhiteoak Mountain thrust sheet (Fig. 2), There
the stratigraphic sequence consists of, from bottom to top, the Rome Formation, the
Conasauga Group, the Knox Group, and the Chickamauga Group. The strike of strata at the
sites ranges from N 45° to H 55* I and the dip of the strata range from 30* to 55* SE.

Ground vater movement occurs in the predominantly lov porosity limestone and
dDlostone bedrock at the sites. Host ground vater movement is itfthin secondary, fracture
porosity. The bedrock contains multiple fracture sets oriented perpendicular to, parallel
to, and at high-angles to bedding. Discrete, individual fixtures occur throughout all strata
and are locally concentrated in 1.0- to 20-cm-thick zones; pervasively fractured, 02- to 1.5-
m-thick intervals also occur sporadically. Because of fracture control, the occurrence of
secondary porosity vithin the bedrock is variable, and the associated permeability is
enisotropic.

Sludge Disposal Basin

The Sludge Disposal Basin (site of core hole CH-15? in Fig. 2) is located on the Copper
Ridge Dolomite, vhich is the basal formation in the Knox Group. At this site, the Copper
Ridge Dolomite consists of thinly to thickly bedded, dork gray to buff dolbstones. The strata
exhibit joints and fractures, vith the density and lateral continuity of such features
varying from bed to bed. Host fractures appear to be filled vith secondary calcite
mineralization, although open fractures occur throughout. Thin (<1 to 20 ft), chert-rich
intervals typically have the highest fracture density, followed by thin dplostone intervals.
Locally, many stratigraphic intervals exhibit solutionally-videned bedding, joint, or
fracture surfaces, although no discrete solution cavities have been noted. Also locally,
generally bedding-plane-parallel fractures are concentrated into fracture zones from <1 to
3 ft thick.

Rogers and Kerr Hollov Quarries

Rogers Quarry (site of core hole CH-185 in Fig. 2) and Kerr Hollov Quarry (site of core
hole CH-143 in Fig. 2) straddle the contact betveen the Chickamauga and Knox groups:
Rogers Quarry is developed in massive limestones vithin the lover portion of the
Chickamauga Group and Kerr Hollov Quarry is developed in dolostones of the uppermost
portion of the Knox Group. The contact between the groups is an unconformity, vith
approximately 50 to 100 ft of relief. The uppermost Knox Group at both sites consists of
medium-bedded to massive dolostones, yith locally abundant nodular-to-bedded chert
occurring throughout. The lover portion of the Chickamauga Group consists of thin- to
medium-bedded maroon and gray siltstones, thin-bedded-to-massive limestones and rare,
nodular-to-bedded chert. Strata of the Knox and Chickamauga groups exhibit abundant
joints and fractures, vith the density and lateral continuity of such features varying from
bed to bed. Host fractures are filled vith secondary calcite, although open fractures occur
throughout. Limestone-rich portions of all units locally exhibit solutionally videned
bedding surfaces and fractures or fracture zones.

Experimental

Exploratory borings at each of the sites consisted of one or more core holes. Core
drilling vas conducted using standard vireline drilling procedures. Drilling fluid vas
fresh vater obtained from the city of Oak Ridge vaier supply system. The core holes vere
located upsection of the site, so as to intersect all of the strata at the site. Depths of the core
boles are 540 ft for CH-157,600 ft for CH-143, and 841 ft for CH-185.



Caliper, gamma ray. neutron porosity, borehole compensated density, single-point
resistance, spontaneous potential, long- and short-normal resistivity, and temperature
geophysical logs were obtained from the core holes t>y Century Geophysics, Inc.. Acoustic
variable density and borehole televiewer logs were obtained by the borehole geophysics
group of the Tennessee Valley Authority. All logs, except for the borehole televiewer, were
recorded digitally and subsequently repiotted at appropriate scales, the televiewer log was
recorded directly from an oscilloscope screen onto Polaroid film. The logs were obtained at
logging speeds ranging from 20 ft/min for the nuclear and electric logs to 6 fVmin for the
variable density and borehole televiewer logs. In all cases, the fluid in the borehole at the
time of logging was essentially fresh water, with a total dissolved solids content of < 1000
Ppm.

The fracture density log was obtained by counting fractures that intersected two lines
oriented parallel to the axis of the core. The lines were positioned 90° apart and fractures
intersecting both lines were counted only once. Fracture totals were tabulated at J-ft
intervals.

Results and Interpretations

Borehole geophysical logging results for the upper 300 ft of each of the boreholes are
presented in this section. Results are presented for nuclear, electric, and acoustic logs.
Temperature logs are not presented because the core holes had not thermally equilibrated
at the time of logging; thus the results are inconclusive. Although, in each case, the
boreholes extended to depths greater than 300 ft, the main features concerning
geophysical log response to fractures can be illustrated by considering the upper portions
of the boreholes. Results, interpretations, and conclusions from the lower sections of the
boreholes are identical to those presented herein.

Sludge Disposal Basin

Core hole CH-157 is collared in the Copper Ridge Dolomite and extends 540 ft into the
lower portion of that formation (Haase et al., 1986). Casing extends to 81 ft. At the time of
the nuclear and electrical logging, the water level in the well was at approximately 60 ft; at
the time of acoustic logging the water level was at approximately 125 ft. A fracture
density log (based on drill core measurements) and caliper, gamma ray, neutron porosity,
density, and spontaneous potential logs are illustrated in Fig. 3- Acoustic variable density
logs and borehole televiewer logs are presented in Figs. 4 and 5. The single point
resistance and long- and short-normal resistivity logs are not presented because the high
resistivity values of the Copper Ridge Dolomite gave log values in excess of 3000 ohms and
2000 ohm-meters, respectively. Such values are effectively off scale for the logging sondes
used and are considered unreliable.

¥ithin the weathered zone, exten<Hng from the top of rock at 80 ft to approximately
130 ft, several prominent anomalies at 90 and 106 ft are noted on the caliper, gamma ray
and density logs (Fig. 3; also note the anomalies on the density correction curve). These
anomalies correspond to maxima on the fracture density log and correspond to areas of
highly fractured and solutionally altered drill core. Such zones are common in the upper
portions of bedrock in terranes underlain by Knox Group carbonates. Acoustic televiewer
and variable density logs were not obtained for these fractured zones because the water
level in the borehole -WBS below the intervals at the time these logs were run.

The fracture densitv log indicates numerous intervals between approximately 110 and
17C ft where open fracture density exceeds 150 fractures per 5-ft-long segment. This
region of the borehole corresponds to the transition from moderately to severely



Feathered rock in the upper portion to essentially unveathered, fresh bedrock in the
lover portion. Most high-fracture-density segments in this section of the borehole
correspond to small density anomalies, such as those at 110 to 122,130, and 148 ft (Fig. 3)
Others, such as those at 170 ft, do not have corresponding density anomalies. Calir^r and
gamma ray log anomalies are absent for the high-fracture-density segments in this
section of the borehole but a. neutron porosity anomaly corresponds to the highly-
fractured interval from 130 to 150 ft. Several spontaneous potential anomalies, one large
one at 110 to 120 and smaller ones at 128,135, and 140 ft, also occur vithin the high-
fracture-density segment extending from 110 to 150 ft. Acoustic variable density logs
indicate fractured intervals at 125 to 135138 to 142, and 145 to 155 ft (Fig. 4). Prominent
frac to 149 ft (Fig. 5). All of these intervals correspond to high-fracture-density segments
of the fracture density log.

The acoustic televiever suggests that the interval from 150 to 170 ft should contain
more numerous fractures than the immediately overlying interval from 135 toH5 f*. The
fracture density log indicates, however, that fracture density values for the lover interval
are significantly less than those for the upper interval. This apparent discrepancy in
response illustrates the variability in the capability of the acoustic televiever log to image
borehole vail details. Such variability may be attributable to the small size of the fracture
vidth (tvpically <0.5 mm) of most of the fractures vithin the upper interval. U may aiso
reflect me localized influence of veil bore conditions on the performance of the acoustic
televiever log (Daniels, 1984) and may be caused by subtle changes in borehole vail
conditions or in the acoustic properties of the bedrock.

Belov 170 ft, in predominantly unveathered bedrock, the neutron porosity has
uniform values belov 0%, ranging from -3 to -6% (Fig. 3). Neutron porosity values are
reported in limestone porosity units, and for dolostone, the predominant lithology in CH-
157, negative porosity values are not unexpected. Correction of porosity values to a
dolostone matrix vith a porosity log correction chart for the logging sonde (Century
Geophysics, 1979) suggftsts that porosity values for most of CH-157 are essentially 0%. The
density values are alst ^uite uniform and average about 2.85 gm/cm^. Such values are
consistent vith dolostone (density of pure dolomite is 2.86 gm/cm^) and the uniformity of
the density log is consistent vith the massive bedded, more or less homogeneous character
of the dolostone observed in drill core. Together, the neutron porosity and density logs
suggests that the strata are lov porosity »snd, by inference, lov permeability. This
inference can be contrasted «ith the fracture density log, vhich indicates that even in
relatively unfr&etured portions of the borehole, such as the interval from 180 to 260 ft,
there are approximately 60 to 100 open fractures per 5-ft-long interval. This apparent
discrepency may be due to the small fracture vidths, vhich are typically «0.5 mm. Even
though fractures may be numerous, because of theif nerrov vidths, they occupy a small
portion of the total volume of a given rock interval, and, therefore, the fracture porosity is
lov.

Tvo maxima on the fracture density log occur at 270 and 290 ft (Fig. 3). The first of
these corresponds to an anomaly on the density log; the second does not. The upper
maximum is also associated vith a neutron porosity anomaly. Neither maximum has a
corresponding caliper or gamma ray anomaly. Small anomalies on the spontaneous
potential log are associated vith both maxima, although the, anomalies are registered
slightly uphole from the maxima. Both maxima have corresponding anomalies on the
acoustic va. iable density log and correspond to clearly visible fractured intervals on the
acoustic televiever log (Fig. 5).



In CH-!"V7, the acoustic logs, especially the televiever, typically respond to fractures
that do not produce an anomaly or that produce only small anomalies on the nuclear and
electric logs. An anomaly at 220 ft on the spontaneous potential log does not have a
corresponding anomaly on any other log except the acoustic variable density and
tele vie ver logs; the televiewer illustrates a discrete, south dipping fracture at
approximately 223 ft- The discrete fractures imaged on the televiewer within the 181 to 183
and 186 ft intervals (fig. 3) do not have corresponding anomalies on the nuclear or
electric logs although the fractures in the 181 to 18>ft interval correspond to a small
anomaly on both the fracture density and the acoustic variable density logs.

Core hole CH-185 is collared in Unit E (i to 123 ft) of the lower Chickamaug8 Group and
reaches a total depth of 841 ft in Unit A of the basal Chickamauga Group (Haase et al., 1986).
Casing extends to 30 ft. At the time of the nuclear, electrical, and acoustic logging, the
water level in the veil was at approximately 20 ft. Caliper, gamma ray, neutron porosity,
density, spontaneous potential, single point resistance, and long- and short-normal
resistivity logs are presented in Fig. 6. Acoustic variable density logs and borehole
televiewer logs are presented in Figs. 7 and 8.

The zone of moderately to severely weathered bedrock extends to a depth of
approximately 50 ft, and belov this depth, the bedrock is predominantly unweathered.
Several lithologic boundaries within the Chickamauga Group can be identified in the
gamma ray and neutron porosity logs. Baseline shifts occur in both logs at approximately
120 and 185 ft (Fig. 6). Such shifts correspond to the top and bottom, respectively, of
stratigraphic Unit D in the Chickamauga Group. At 120 ft, the gamma ray baseline shifts to
an increased API value, consistent with the increased shale and siltstone content of Unit D
in comparison with that of the overlying Unit E. The neutron porosity log indicates
slightly higher porosity values for Unit D. Such increased values reflect the increased
shale content of the unit and probably are not true porosity increases. Fluctuations in the
baselines of both the gamma ray and the neutron logs indicate that Unit D contains several
interbedded limestones and is consistent with lithology changes noted in drill core.
Baseline shifts in the gamma ray and neutron porosity logs at about 185 ft mark the top of
stratigraphic Unit C, which, based on drill core examination, is a relatively pure limestone
containing several interbedded shaly silistones at 270 to 280 and 290 to 300 ft. The gamma
ray baseline moves to lover API values, consistent with the lithology change observed in
core.

Heutron porosity values for most of Unit C are relatively uniform and fall within the
range of -3 to -6%. Because porosity values are reported in limestone porosity units, the
negative values suggest that either the limestones in Unit C contain some dolostone or (he
porosity sonde was somewhat out of calibration. The density values for Unit C arc quite
uniform and average about 2.70 gm/cm3. Such values are consistent with the massive to
medium bedded, more or less homogeneous character of much of the limestone (density of
pure calcite is 2.72 gm/cm)) observed in drill core for Unit C. The density values measured
also suggest that the negative porosity values are not due to the presence of significant
amounts of dolostone in the section. In general, for the portion of CH-185 belov
approximately 90 ft. the neutron porosity and density logs suggest that the strata of not
only Unit C, but also of all the lover Chickamauga penetrated by CH-185 have overall lov
porosity. All apparent anomalies on the neutron porosity, density and gamma ray logs
correspond not to fractures, as in the case of CH-157, but to lithologic changes.



The single point resistance log contains major anomalies at approximately 95,120,
and 155 ft (Tig 6). Reference to the gamma ray log indicates that each of these anomalies
occurs within a limestone bed, and the high resistance splice noted on the single point log
may simply reflect such a lithology. The anomalies correspond, however, to regions on the
long- and short-normal resistivity logs characterized t>y significant separation between
the respective traces, suggesting that the anomalies correspond to intervals of increased
porosity and permeability. The anomalies also correspond to small, leftward deflections on
the spontaneous potential log. None of the anomalies, however, correspond to an
unambiguous, fracture-produced anomaly on the acoustic variable density log, anomalies
at the appropriate intervals appear to be associated with the limestone beds rather than
fractures (Fig. 7). Individual, discrete fractures corresponding to the anomalies at 95 and
120 ft are observed, however, on the acoustic televiewer log (Fig. 8). There is no fracture
or anomaly on the acoustic televiewer corresponding to the electric log anomaly at 155 f I
although there is a major acoustic televiewer and variable density anomaly immediately
b; low it at 165 ft. The electric log anomalies at 90,120, and 155 ft correspond to fractured
intervals noted in drill core. Ground water monitoring -veils completed immediately
adjacent to the core hole produced -rater at the rate of 25 gpm from a fractured zone at 120
ft depth and of >40 gpm from a fractured zone at 160 ft depth.

A series of spiky, small anomalies is on the spontaneous potential log within the
interval from 180 to 230 ft (Fig. 6). These correspond to individual fractures or to groups of
fractures that are imaged on the acoustic televiewer log (Fig. 8) and noted in drill core
examination. Fractures within this interval are also associated with numerous natural gas
and petroleum shows encountered during drilling. Several of the spontaneous potential
anomalies also correspond to small anomalies on the acoustic variable density log, such as
at 190 and 230 ft (Fig. ?). As with other fractures in core hole CH-185 there are no caliper,
gamma ray, neutron, or density anomalies related to these fractures.

Electric and acoustic log anomalies in the interval from 40 to 90 ft also serve to
identify fractures where caliper, gamma ray, neutron, and density anomalies are not
observed. In this interval, there are numerous anomalies on the single point resistance
log. This interval also corresponds to a segment of the long- and short-normal resistivity
log characterized by almost constant separation of the two traces. The acoustic variable
density log also contains numerous anomalies in this interval. Discrete fractures or
fracture zones are noted on the acoustic televiewer log at 22,24 to 28,46,50 to 56,69,73, and
79 ft (Fig. 8).. Host of these correspond approximately to single point resistance anomalies,
although several of the single point resistance anomalies also represent the effects of
lithology changes.

4
Kerr Hollows

Core ho|» CH-143 is collared in the lower portion of Unit A of the Chickamauga Group,
penetrates th»4 upper contact of the Knox group at 177 ft, and continues within the upper
Inox Group toia total depth of 600 ft (Haass et al., 1966). Casing extends to 54 f?. At the time
of the nuclear and electrical logging, the water level in the well was at approximately 70 ft.
Caliper, gaming ray, neutron porosity, density, spontaneous potential, and single point
resistance logs|ore presented in Fig. 9. Long- and short-normal resistivity logs are not
presented beca ise, the high resistivity values of Knox Group dolostones cause the logs to
record unrelial' le values in excess of 2000 ohm-meters. Acoustic variable density logs and
borehole televiewer logs were not obtained from CH-143 because the core hole was
destroyed during subsequent monitoring well installation activities before such logging
could be completed.



The zone of moderately to severely -weathered bedrock in CS-143 extends to a depth of
epproximately 70 ft. Below this depth the bedrock is predominantly unfathered. The
ccntact bet-seen the lower Chickamauga Group and the upper Knox Group can be identified
in the gamma ray, neutron porosity, and density logs. Baseline shifts occur in the logs at
approximately 170 to IK) ft (Fig. 9). The gamma ray baseline shifts to a decreased API
value, which is consistent with the change from interbedded shales, siltstones, and
limestones of the lower Chickamauga Group to the medium bedded dolostones of the upper
Knox Group, rhe neutron porosity log indicates decreased porosity values for the Knox
Group Such decreased values reflect the decreased shale content of the unit and cannot be
related to true porosity trends. Neutron porosity values for the lower Chickamauga Group
range from 9 to -6% and vary 'with stratigraphic position, reflecting the interbedded
nature of the strata. Porosity values for most of the Knox Group are relatively uniform and
fall within the range of -3 to -6%. Negative porosity values are not unexpected in
dolostone. Correction of porosity values to a dolostone matrix with a porosity log correction
chart (Century Geophysics, 1979) suggests that porosity values for the portion of CH-H3
vithin the Knox Group are essentially 0%. Density values for the lower Chickamauga
Group vary between 2.55 and 2.70 gm/cm? and are consistent -with the shale, siltstone, and
limestone lithologies observed in drill core. In contrast, density values for the Knox Group
are quite uniform and average about 2.80 gm/cm^. Such values are consistent with
<Jolostone (density of pure dolomite is 2.86 gm/cm^), and the uniformity of the density log
for the Knox Group is consistent with the massive, homogeneous character of the dolostone
observed in drill core.

¥ithin the 50 to 100 ft interval of core hole CH-143, two prominent and tvo minor
caliper log anomalies are noted. Two of these occur immediately below the casing and
above the water level; thus reliable porosity and neutron logs were not obtained to allow
corresponding anomalies to be checked. The anomalies at S) and 90 ft (Fig. 9) correspond
to prominent density and neutron porosity anomalies. Examination of the drill core
indicates that all three anomalies correspond to highly fractured and moderately to
severely weathered intervals of the lower Chickamauga Group.

Analysis of gamma ray, neutron porosity, and density logs for the portions of core
hole CH-143 below 100 ft suggest that most, if not all, of the fluctuations and apparent
anomalies in these logs correspond largely to lithologic changes. For the portion of CH-143
•within the Knox Group, the neutron porosity and density logs also suggest that the strata
have low porosity. Examination of the drill core indicates that there are no reliable
correlations of fluctuations or apparent anomalies in these logs to fractures within either
the Chickamauga or the Knox Groups.

The single point resistance log exhibits a baseline shift at approximately 170 ft that
corresponds to the Chickamauga-Knox contact. Above that shift, fluctuations in the log
reflect primarily lithological differences in the lower Chickamauga Group. Below the
point of the baseline shift, the numerous spiky, leftward anomalies in the single point
resistance log are matched by sharp, rightward anomalies in the spontaneous potential log.
There is essentially a one-to-one match of these anomalies in the two logs. Comparison of
the location of the anomalies with the gamma ray and neutron porosity log suggests that
some of the anomalies occur in response to lithologic variations in the Knox Groiv, eg the
anomalies at 270 to 290 ft (Pig. 9). Most of the other anomalies are not associated with
lithologic variations, however, and examination of the drill core indicates that such
anomalies typically correspond to fractures or fracture zones within the Knox Group.
These fractures are not associated with anomalies on caliper, neutron porosity, gamma ray,
or density logs.



Discussion

Differential Log Response and Correlation of Anomalies

Geophysical log response to fractures varies and depends on site-specific conditions
(cf. Keys and MacCary, 1971; Daniels, 1984). The results of geophysical logging at the three
Oak Ridge sites are consistent vith this conclusion; the logs obtained exhibit a vide
diversity of response to fractures and fracture zones. At the Oak Ridge sites, log response
appears to be a function of at least three major parameters: (1) the size and spacing of the
fractures vithin the bedrock, (2) the sensitivity or spatial resolution of the logging sonde,
and (3) the effective size of the fluid or mechanical anomaly produced by the fractures in
the bedrock.

In this study, geophysical logs that responded only to large fractures include the
caliper, neutron porosity, density, long- and short- normal resistivity, and rarely, the
gamma ray logs. The response of these logs to fractures is best vithin the upper portions
of the boreholes, vhere some veathering or alteration has accentuated the fractures and
fracture zones. Log response to fractures is Tell developed in several-foot-thick fractured
intervals associated vith pervasively altered bedrock. Caliper logs in particular respond
only to fracture zones vhere associated alteration of strata can contribute to borehole
rugosity. Caliper logs did not respond to individual fractures or fracture zones in the
deeper, unveathered bedrock, although more sensitive, multiple-finger caliper sondes
may have been more successful. Density and neutron porosity logs responded to large
fracture zones and intervals of the bedrock exhibiting significant alteration and
•weathering. Such intervals are restricted largely to the upper portions of the bedrock,
although vhere they occur at greater depths, the zones are associated vith density and
neutron porosity anomalies. These logs do not respond to individual fractures or clusters of
fractures throughout most of the deep, unveathered bedrock. Gamma ray logs only rarely
respond to fractured zones and vhen a response vas noted, it corresponded to zones in the
partially veathered bedrock near the surface. Long- and short-normal resistivity logs
successfully identified fractured intervals vith increased permeability and vhich
contained significant amounts of ground vater, even vhen such intervals occurred in the
deeper, unveathered bedrock. As vith the caliper and nuclear logs, the resistivity logs did
not respond to individual or small clusters of fractures throughout most of the deeper,
un veathered bedrock.

Single point resistance and spontaneous potential logs responded both to individual
fractures and to larger fracture zones. Response of these logs to individual fractures or to
small fracture zones that occur in un veathered, highly resistant strata vas generally very
good. Single point resistance anomalies may be better developed in deeper sections of the
borehole because of the higher contrast betveen the fracture and the lov porosity rock
surrounding it. Spontaneous potential logs also exhibit anomalies corresponding to
fractures. The response of these log, hovever, vas variable and many fractures identified
by other means vere not associated vith spontaneous potential anomalies. Generally, in
lov porosity strata, such as that in all of the core holes, response of spontaneous potential
logs is probably due to streaming potential caused by fluid movement betveen a fracture
and the veil bore (Keys and MacCary, 1971; Baharlou, 1984). If this is the case, the
spontaneous potential log provides a means of determining vhich fractures are associated
vith active ground vater movement.

The acoustic variable density and borehole televiever logs exhibited the best
response to the greatest range of fracture scales. More fracture anomalies vere noted on
the acoustic logs, especially the borehole televiever, than on the other geophysical logs



obtained. Also, there TO excellent agreement Between fractures identified by other
geophysical logs and fractures noted on the acoustic logs. Very small fractures and
fractured intervals were missed, although there was generally good agreement between
fractures noted in the drill core examination and fractures imaged on the acoustic
televiewer. Most of the fractures not imaged t>y the televiewer were small individual
fractures or fracture swarms that had extremely small widths. Anomalies were noted on
the acoustic variable density logs corresponding to the fractures identified with the
nuclear and electric logs and most of the fractures imaged on the borehole televiewer.
Some of the individual fractures imaged on the televiewer, however, were not associated
with variable density log anomalies, even though they may have been associated with
single point resistance or spontaneous potential anomalies. A response difference between
the 1- and 2-ft spacing variable density sondes was also noted. The 2-ft sonde averages
more than the 1-ft sonde does and does not have its spatial resolution. Thus, the 2-ft sonde
missed several fractures detected by the televiewer and the 1-ft sonde. The 1- it sonde,
however, is more sensitive to wall rugosity and lithology changes, making fracture
identification ambiguous in lithologically heterogeneous intervals.

Correlation of geophysical Log Responses TO Fracture Density Logs

The fracture density log of CH-157 provides the opportunity to evaluate the response
of geophysical logs to fractures in a semi-quantitative manner. For the nuclear and
electric logs in CH-157 there is good correlation between segments with high fracture
density and with fracture zones associated with alteration of the bedrock. For those
segments of the core hole with low-to-moderate fracture density, there is moderate-to-poor
correlation between logs and fractures. The best correlation exists between the fracture
density log and results from the acoustic logs, especially the borehole televiewer log,
although many small, indivi<hssl fractures with very small fracture widths that contribute
to the relatively high fracture density are not imaged by the televiewer and escape
identification by geophysical logging.

Differential Response of Logs Between Sites

The response of caliper, nuclear, and the long- and short-normal logs to fractures
was more or less uniform among the different core holes at the sites. In general the logs
responded to fractured zones several feet thick that typically exhibited some weathering or
alteration of the bedrock, or to fractured zones that contained appreciable amounts of
ground water. The response of the acoustic variable density and borehole televiewer logs
was also quite uniform among the three core holes.

The single point resistance and spontaneous potential logs, each of which has a high
degree of spatial resolution, exhibit more varied and complex responses to fractures.
Iithologic differences between the sites appear to have a significant impact on log
response. A possible explanation for this is that in very low porosity dolostones, where
resistivities exceed 2000 ohm-meters, fluid-filled fractures appear as a resistivity low, even
though the ground water in the fractures is fresh and, therefore, of relatively high
resistivity itself. In more porous rocks, or in rocks containing shaly siltstone and
limestone, fluid-filled fractures containing fresh water appear as a resistivity high
because the shale content has lowered the t>edrock resistivity so that it is less than that of
the fresh water in the fractures. Furthermore, the apparent effect of lithoiogy may also be
due to the si2e of the fractures and the size of the associated fluid resistivity anomaly
(AguUera, 1980).



Conclusions

Acoustic variable density and borehole televiewer logs are the most reliable for
fracture identification at the Oak Ridge sites investigated. Other geophysical logs are
necessary, however, to resolve ambiguities and to aid in fracture identification in
situations in vhich the acoustic logs prove ineffective. Other geophysical logs are also
useful in fracture characterization and evaluation. Daniels1 advice (1984), that is, to apply
as many geophysical logs as possible to a given problem of fracture identification, is
appropriate to the Oak Ridge sites.

Data from the Oak Ridge sites indicate <hat there is a differential log response to
differing scales of fractures and fracture zone discontinuities. Therefore, it is important to
consider the spatial resolution of the logging sonde used ;o identify fractures; the spatial
resolution must be matched to the scale of the fractures to be identified. For large
fractured zones, on the scale of several feet, the nuclear and resistivity logs appeared to
Tsork well. Such logs vere less effective on individual fractures and in detecting small
fracture zones not associated with moderate-to-extensive alteration or weathering of the
bedrock. In such situations, logs with greater spatial resolution, such as the single point
resistance or acoustic televiewer logs, proved more useful.

Calibration of geophysical log response to fractures under site-specific conditions is
helpful and essential to complete interpretation of logging results. In situations where
drill core and test borings are not available, application of as complete and varied a suit of
geophysical logs as possible should be attempted.
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figure Captio&s

vi% 1. Map illustrating the location of the D. S. Itepartment of Energy Oak Ridge
Reservation in East Tennessee. The study area and the immediately surrounding area are
illustrated in greater detail in Fig. 2.

Eig. 2. Simplified geological map of the U.S. Department of Energy Oak Ridge Reservation.
The Vhiteoak Mountain and Copper Creek thrust faults are illustrated along vith major
stratigraphic units. The faults and all strata dip to the southeast (grid south). Core holes
CH-143, CH-157, and CH-185 are located to the south of the Y-12 Plant.

Fig. 3 Fracture density, caliper, gamma ray, compensated density, neutron porosity, and
spontaneous potential logs for the 0- to 300- ft interval of CH-157. Depth scale is in feet.
See text for discussion.

Fig. 4. Acoustic variable density logs for the 0- to 300- ft interval of core hole CH-15?
Spacing between transmitter and receiver vas 1 ft in the log to the left and 2 ft in the log
to the right. Depth scale is in feet, and the time scale is in microseconds.

Fig. 5- Acoustic borehole televievsr logs from selected intervals of core hole CH-157. Depth
scale is in feet. The log represents a 360° scan of the borehole, and directions in the image
are, from left to right, north (left side), east (half vay between left side and middle), south
(middle), -west (half vay between right side and middle), and north (right side). Fractures
occur as discrete, thin black lines, such as at 223 ft. Repeating short, black lines in the 265
to 295 interval are chatter marks due to drill rod libration.

Fig. 6. Caliper, gamma ray, compensated density, neutron porosity, single point resistance,
spontaneous potential, and long- and short-normal resistivity logs for the 0- to 300- ft
interval of CH-185. Depth scale is in feet.

Fig. 7. Acoustic variable density logs for the 0- to 300- ft interval of core hole CH-185.
Spacing between transmitter and receiver vas 1 ft in the log to the left and 2 ft in the log
to the right. Depth scale is in feet, and the time scale is in microseconds.

Fig. 8. Acoustic borehole t e l ev i ew logs from selected intervals of core hole CH-185. Depth
scale is in feet. The log represents a 360° scan of the borehole, and directions in the image
are. fmm left to right, north (left side), east (half r̂ay between left side and middle), south
(middle), -west (half vay between right side and middle), and north (right side). Fractures
occur as discrete, thin black lines, such as at 46 to 47 ft. Thicker black lines at 165 to 170 ft
represent shales interbedded ^ t h the predominant limestone of that internal.



fig. 9. Caliper, gamma ray, compensated (tensity, neutron porosity, spontaneous potential
and single point resistance logs for the 0 to 300 ft interval of CH-143. Depth scale is in feet.
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