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APPENDIX D

Results of the ultrasonic image and stonely wave surveys, Copies of the digital

borehole televiewer logs are archived at Woodward-Ciyde Consultants, Wayne,

cd88-291Ap
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In-Situ Stress Directions and Permeable Fractures in the
Moodus #1 Well: Measurements From Experimental Ultrasonic

Image and Stoneley Wave Logs

Richard A. Plumb and Brian Homby

Schtumberger-Doll Research
Old Quarry Road

Pddgefleld, CT 06877

Abstract

Schlumberger-Dolt Research field tested two research logging tools in the Moodus#1
well. A digital ultrasonic imaging tool was used to map fracture location and
6rientation, and to determine in-situ stress directions. A digital array sonic tool was
run to measure Stoneley wave reflection coefficients from permeable fractures
intersecting the well.

The majority of breakouts measured in the Moodus welt occur in the Avolonian rocks
below the Honey Hill fault. The average azimuth of wellbore breakouts observed in
the Moodus well is 346°-166° + 6 indicating that the contemporary stress direction
at Moodus is only slightly different than the mid-continent stress province. Thus we
see only a small clockwise rotation of stress direction upon crossing this major
tectonic boundary in eastern New England.

Two fracture populations were mapped, shallow dipping fractures (dips= 0°-10°) and
steeply dipping fractures ( dips -- 80°-90°) striking NW. Shallow dipping fractures are
consistent with the contemporary stress but the majority of steeply dipping fractures
are inconsistent with origin under the contemporary stress field and may be of
Mesozoic age. The orientation of a 0.3m thick fracture zone mapped at a depth of
840m could be a thrust fault under the contemporary state of stress.

Borehole Stoneley wave reflections identified in the Moodus well are correlated with
the locations of fractures. The strongest reflections are observed from fractures

located in zones where the drillers reported significant water influx. Among the
known water producing fracture zones the ungrouted fractures produce the largest



reflections. Reflections are often observed at multiply intersecting fractures. In man3.
cases intersecting fractures include shallow dipping fractures intersecting steeply
dipping fractures. This geometry is favorable for a highly interconnected fracture
network in the region surrounding the well. Permeable fractures and the existence of
potential faults are significant tectonic factors consistent with the current seismic
activity in the region.

Introduction

The Moodus #1 well was drilled by the Empire State Electric Energy Research
Corporation.(ESEERCO) to better understand the state of stress in southern New

England and in particular to understand the nature of the local seismicity known as the
Moodus Noises. In-situ measurements of the contemporary stress directions and the
location and distribution of permeable fractures in seismically active regions of New
England are important for understanding the regional tectonic setting.

Studies of the state of stress in New England became more active with the
development of nuclear power plants sited in zones of historic seismicity. Early
studies of earthquake hazards in eastern North America relied upon earthquake fault
plane solutions for clues about the orientation of active faults and the state of stress
(Sbar and Sykes, 1973; Sbar and Sykes, 1977; Yang and Agarwal 1981).
Seismologists suggested that the maximum horizontal stress was oriented SE-NW
near the east coast of North America, but was oriented ENE-WSW in much of the
mid-continent of North America. Zoback and Zoback (1980) drew a stress province
boundary to the west of New England suggesting that New England was part of a
different tectonic province. More recent studies based on in-situ stress
measurements and higher quality earthquake fault plane solutions contradict those
earlier findings and show instead that stress directions in New England are ENE
similar to all mid-plate North America (Seborowski, 1982; Plumb et al., 1984;
Gephart and Forsyth, 1985 ; Quittmeyer et al., 1985; Zoback et al., 1985; Evans et
al., .1986; Plumb and Cox., 1987; Fang et al., 1988). Stress directions obtained from

the Moodus well should help further refine the edge of the mid-continent stress
province.

Permeable fractures play a critical role in the earthquake process ( Raleigh et al.,
1972; Aga.rwal et a1.1975; Costain et al., 1987). However little information on the



geometry of fractures zones or permeability of those zones has been available near
hypocentral depths of earthquakes. The nature of permeable fracture zones
encountered in the Moodus welt is therefore of considerable interest to ESEERCO
and seismologists seeking an understanding of the earthquake hazards in New
England.

The Moodus well was air drilled to a depth of approximately 1458 m ifito crystalline
rocks of Paleozoic to Precambrian age (Figure 1). The formations and structures

penetrated by the well are shown in Figure 2. A lithologic boundary tentatively
identified as the Honey Hill fault was crossed at a depth of about 845m. Drillers
identified two water producing zones at depths of about 185m and 1064m. Water
influx at the deeper zone was great enough that the well had to be grouted from 1067
m to 914 m and redrilled (Naumoff personal communication, 1987).

Schlumberger-Doll Research field tested two research logging tools in the Moodus
well on the weekend of July 25 1987. A digital ultrasonic imaging tool was used to
map fracture location and orientation, and to determine in-situ stress directions. A
digital array sonic tool was run to measure Stoneley wave reflection coefficients from
permeable fractures intersecting the well. In the following report we present results
of a reconnaissance mapping of the fracture system and wellbore breakouts and a
preliminary evaluation of the two water producing fracture zones.

Ultrasonic Imaging

Ultrasonic images of the Moodus well were acquired by a research ultrasonic logging
tool based on the borehole televiewer (BHTV) concept developed by Mobil Oil
Company. (Zemanek and Caldwell, 1969). Our tool differs from the conventional
BHTV in the design of the ultrasonics assembly and the data acquisition electronics.
The ultrasonic imaging sonde contains two transducers diametrically opposed on a
rotating assembly. Resonant frequencies of the transducers are about 400 kHz and
1.3 mHz. The ultrasonic assembly rotates at a rate of three revolutions per second and
one of the two selectable transducers is pulsed 250 times per rotation. Each pulse
travels through the borehole fluids and is reflected off the wellbore surface. The tool
measures the peak reflected amplitude and the two-way transit time of each
ultrasonic pulse using a down-hole digitizer. These two measurements are then

transmitted via a standard telemetr), cartridge to the logging mack computer. The new



ultrasonics assembly tested in the Moodus well provides a more robust measurement

of transit time and amplitude particularly when the tool is eccentered or in a mgose
hole for example when logging through breakouts.

Full coverage (360") images of the weltbore surface are created from the digital
amplitude and transit time data by transforming signal strength into a gray scale.
Each image pixel on Moodus images spans 2.1ram circumferentially and 7,6 mm
axially along the wellbore surface. The axial resolution is controlled by the logging
rate of the tool which is about 3 crrds. The azimuthal position of the active transducer
is determined by a flux-gate magnetometer attached to the rotating assembly, To
ensure proper orientation of the images the magnetometer is calibrated on site before
logging (Appendix 1). The orientation and location of fractures, metamorphic
structures and wellbore breakouts are obtained using an interactive computer graphics

techniques described in Plumb and Luthi (1986). Ultrasonic images were acquired
continuously from 1458m to 182m and also from 122m to about 75m. Interpretations

of ultrasonic signals and images presented in this report are all based upon data
acquired with the 400 KHz. Iransducer (Figure 3).

Stoneley Wave Logging

A research array sonic log (DWST) was run in the Moodus well to evaluate the
characteristics of Stoneley waves reflected from known water producing fracture
zones. The DSWT has an array of sixteen matched receivers and three selectable
source excitation functions. For fracture characterization the tool is logged using a

low frequency source and data are digitally recorded across the receiver array for 25
ms or more. The low frequency source excites a Stoneley wave with significant
energy below 1000 hertz and the long acquisition time provides a strong reflected
Stoneley wave signal without direct headwave interference.

Borehole Stoneley waves are dispersive waves that propagate along the fluid solid
interface in the well. The lowest order Stoneley mode, also known as a tube wave,

propagates like a pressure pulse in the borehole fluid. When the pressure pulse
encounters a permeable region on the wellbore surface such as an open fracture part of
the Stoneley energy is reflected and part is transmitted across the fracture.
Transmitted and reflected Stoneley wave energy is being evaluated as a means of
quantifying the flow properties of fractures (Hsu et al., 1986; Paillet et al , 1986;



Harding et al., 1987; Hornby et al., 1988 ). Theory and laboratory experiments
developed to interpret the reflected Stoneley wave response show that the amplitude
of the reflected Stoneley wave is related to the aperture of isolated fractures or in the
case of multiple intersecting fractures the magnitude of the response is related to the
total cross-sectional area of permeable fractures (Homby et al., 1988).

Stoneley wave analyses discussed in this report pertain to three zone’s centered at
depths of 105m, 185m and 1067m. The shallow zone contained a fracture that was
reported to be impermeable during a straddle packer injection test (Statton personal
coma-nunication; 1987). The zones located at 185m and 1064m are sites of water influx
reported by the drillers (Naumoff personal communication; 1987).

Results
Wellbore Breakouts
Wellbore breakouts have been mapped over the depth range 306m to 1438m (Plumb et
al., 1988). The depth distribution of the center azimuths of breakouts sampled at 30
cm intervals is shown in Figure 4. The majority of breakouts are located below the
Honey H.ill fault. (Figure 2) The frequency of breakout occurrence and the degree of
azimuth clustering of breakout centers varies with depth. Above the Honey Hill fault
breakouts are few and breakout azimuths are more widely scattered. Below the fault

the scatter in breakout azimuth is reduced but a distinct zone from 1067m to 1175m
appears systematically rotated with respect to the average breakout direction in
adjacent zones. In several locations the breakout azimuth rotates within 2-3 meters

of shallow dipping fractures suggesting that some sort of stress redistribution has
occurred near these fractures (Figure 5).

The mean breakout azimuths computed over the entire well are 346° and 166° with a
standard deviation of 5.5° and circular variance of .018. This indicates that the
average directions for the minimum and maximum horizontal stress are 346°-166° and
76°-256° respectively. Breakout azimuth data indicate that the contemporary stress
direction at Moodus is slightly rotated from to the mid-continent stress province. This
result is consistent with other breakout data published for eastern North America
including a recent study of a well located on Cape Ann Massachusetts (Figure
1).(Plumb and Cox, 1987; Fang et al., 1988)

Fracture Patterns

A reconnaissance study of the fractures imaged by the ultrasonic scanner indicate that



fracture dips are bimodally distributed with peaks at 0%10 °and 800-90° degrees
(Figure 6). Shallow dipping planes probably include measurements on foliation planes
that have been activated as slip surfaces (Chen and de Boer, 1988). Strikes of
steeply, dipping fractures show a single preferred orientation of N 45 W (Figure 7).
The distribution of fractures with depth and shows several zones of high fracture
intensity.(Figure 8).

The preferred strike of steeply dipping fractures is not consistent with fracture
patterns expected from the contemporary stress. This preferred orientation is more
readily explained as developing during Mesozoic time (de Boer personal
communication). Analysis of fractures in outcrops near Moodus may help resolve this

question.

Some fractures are consistent with the contemporary stress field. A particularly
interesting ~tructure is located at a depth of 840m (Figure 9). A 0.3 meter thick

fracture zone is mapped which is oriented (37°, 090°) (dip angle, dip azimuth).
Adjacent breakouts indicate that the azimuth of maximum compression is 0850-2650
Thus this fracture-stress relationship is exactly what one expects for contemporary
thrust faults. Recent seismic activity at Moodus is consistent with this result
(Mrotek et ai.,1988). This is an exciting result since to our knowledge no faults have
been identified in New England which are capable of releasing stress associated with
observed ENE-WSW maximum compressive stress. Fault plane solutions of recent
earthquakes indicate that high angle reverse faulting may be occurring on steeply
dipping N-S striking faults (Quittmeyer personal communication, 1988). This
observation suggests that field mapping efforts to locate analogous structures should
concentrate on shallow and steeply dipping structures striking about North-South. It
is interesting to note that geomorphology in this region suggests the influence of a N-

S rock fabric, such as the trend of Pickeral Lake and the course of the Salmon River.
The N-S trend may reflect the geomorphologic expression of the contemporary stress.
Numb et al., (1984) noticed a similar geomorphologic expression of the contemporary

stress near Blue Mountain Lake New York.

Stonelev Wave Analvsls of Fractures
Strong Stoneley wave reflections were generated at the two water producing zones

located at 185m and 1064m but no measurable reflections were detected from the
impermeable fracture located at 105m. Processing techniques used in our Stoneley



wave analysis do not permit evaluation of single fractures with apertures less than
about 200 microns. Therefore the lack of reflection from an isolated fracture only means
that it has an aperture less than our detection level. Unfortunately the detection level
for permeable fractures is not optimal in the Moodus well because of a problem with
the down-hole waveform digitizer. As a result the noise level in the data correspond
to a reflection coefficient of 0.008 or an effective aperture of about 500 microns. The

noise limited our precision for quantifying effective fracture apertures but did not
prevent our detection of water producing fracture zones. Some weak reflections
observed in the Moodus well,but not shown, may be attributed to processing noise as
discussed above or to borehole mgosity.

Fracture at 105m: Image analysis indicates that an isolated fracture located at
105m is oriented (68° 146"). The lack of Stoneley wave reflection indicates that the
has very low permeability (Figure I0). The impermeable nature of the fracture is

suggested by the fact that fluids could not be injected into the fracture under high
pressure during an attempted hydrofracture stress test (Statton personal

communication).

Fracture zone at 185m: The upper permeable zone identified by drillers at a depth
of approximately 185m consists of at least 7 intersecting fractures (Figure 11). It is
clear from the amplitude and transit time images that there are many more short non-
planar fractures in this zone which are impractical to map. Fractures mapped between
186 m and 188 m, swike between ENE and SSW with dips ranging from 4 to 65
degrees. The geometry of this interval indicates that the fractures are highly
interconnected.

In this example the Stoneley wave responds to the ensemble of fractures producing a
reflection coefficient of 0.224. Theoretically this reflection coefficient would be
observed from a single fracture whose hydraulic aperture is 3.5mm. Since the total
flow area is distributed among several fractures and since permeability varies as the
square of fracture aperture the permeability of this fracture zone will be less than that

of a 3.5mm aperture fracture.

Fracture zone at 1057m: The deepest fracture zone probed by the Stoneley wave
is located between 1057 m and 1072 m. This zone consists of NNW striking fractures

dipping from 15 to 30 degrees toward the ENE intersected by WSW-ENE striking



fractures dipping 45 to 75 degrees toward N~W and SSE.
system that is highly interconnected (Figure 12).

Again we see a fracture

Five large Stoneley wave reflections are observed in this interval. The strongest
reflector is number 5 located at about 1070m (3512’). Image analysis shows this

reflector to be a fracture oriented (29, 342) the reflection coefficient is .06. Four
weaker reflectors are located between 1057 m and 1068m. In general each reflection
is associated with multiple intersecting fractures (Figure t2). The weaker reflections
are observed from the interval that was grouted and redrilled. The stronger reflection
is observed from a section of the well that was not grouted. Thus it appears that even
though the fractures have been grouted their permeability was not completely
eliminated.



Summary

The average azimuth of wellbore breakouts observed in the Moodus well indicates
that the contemporary stress direction at Moodus is similar to the mid-continent

stress province. This result is consistent with other breakout data,published for
eastern North America including a recent study of the Peter Britton #3 well located on
Cape Ann Massachusetts (Plumb and Cox; 1987; Fang et al., 1988) (Figure 1). AI1
breakouts measured in the Peter Britton #3 well occur in Avalonian rocks as do the
majority of breakouts measured in the Moodus. Thus we see only a small clockwise
rotation of stress direction upon crossing (entering?) this major tectonic boundary in
eastern New England.

The majority of steeply dipping fractures are inconsistent with origin under the
contemporary stress field. For a thrust faulting environment we would expect steeply
dipping compression and release fractures to be oriented parallel and perpendicular to
the maximum compressive stress, however these fractures are not prominent on our
images. We can only conclude that the observed fractures originated under a different
state of stress perhaps the one existing during Mesozoic.time (Chen and de Boer
1988).

Shallow dipping fractures are consistent with the contemporary stress. Statistically
the horizontal fractures dominate the fracture population (Figure 6). Under the

contemporary stress we would expect to find nearly horizontal compression fractures
and perhaps shear fractures which dip between 20-40 degrees toward the East or
West. Core analysis form a nearby well indicates that many subhorizontal surfaces
have been active slip surfaces associated with NW tectonic transport (Chen and de
Boer, 1988). Regional structural analysis suggests that this may have occurred during

late Permian time.

Occasionally fractures oriented as potential shear planes are also observed (Figure
9). The existence of such favorably oriented surfaces does not mean that we
intersected "an active fault" it only shows that such surfaces can be expected in the
region. Analogous structures should be searched for in outcrops. A structure with a
similar appearance seen on the ultrasonic images identified in the the Peter Britton #3



well is also correlated with the orientation of nearby faults (Fang et al., 1988). It is
significant that potentially active faults have been observed in images from both the
Moodus and in Peter Britton#3 wells. The Moodus structure may be associated with
the contemporary stress but that the smacture in Peter Britton .#3 may be a suitably
oriented preexisting structure

Borehole Stoneley wave reflections identified in the Moodus well are correlated with
the locations of fractures. The strongest reflections are observed from fractures

located in zones where the drillers reported significant water influx. Among the
known water producing fracture zones the ungrouted fractures produce the larger
reflections. We note that when reflections are observed there often is more than one
fracture intersecting the well. In many cases intersecting fractures include shallow
dipping fractures intersecting steeply dipping fractures. This geometry is favorable for
a highly interconnected fracture network in the region surrounding the well. This high
fracture connectivity indicates a potential for significant fracture system permeability
(cf. Long and Witherspoon, 1985).

Our logs have shown that the Moodus well has intersected connected permeable
fractures and a potentially active trust fault. Connected permeable fractures and the
existence of potentially active faults are significant tectonic factors consistent with the
current seismic activity in the region.
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Appendix 1:
BHTV Calibration

Field Calibration:
Field and laboratory calibration of the Schlumberger BHTV is done with the BHTV

sonde disconnected from its electronics and telemetry cartridges Figure A1).
Typiqally the BHTV sonde containing the ultrasonic assembly is positioned vertically
and connected by a cable to the electronics which are positioned horizontally about
two feet from the sonde. To establish the value of CROT we place the BHTV sonde
inside a tank containing a target that we align to magnetic north ( CROT is a computer
program variable used to correct image orientations) . The target is a ridge about
0.125" wide on the inside of the test tank that is easily imaged using our transit time
waveformS. At Moodus, we placed a marker about 60’ from the BHTV sonde such
that a line connecting the sonde and the marker is oriented magnetic north. The tool
is then powered up and the transit time waveforms are monitored on the computer. If
the transducers are exactly aligned with respect to the magnetometer the target ridge

appears split between the right- and left-end of the transit time waveform.indicafing
CROT = 0 and If not the value of CROT is determined which will produce the correct
orientation of the target on the image. The accuracy of BHTV image orientations is
determined by how well we can realign our target to magnetic north. We estimate our
accuracy to be about 1°. Field calibration at Moodus gave a value of 10.7° for CROT.
That is, the ridge appeared on the waveforms at an apparent azimuth of 349.30
Therefore our image must be rotated + 10.7" to bring the ridge to its correct position.
This is the value of CROT that was applied to field prints provided at the wellsite.
Thus the field prints are calibrated to magnetic North. Computer processed data
presented in this report have been corrected (-15°) for magnetic declination

Because orientation was critical for the scientific results at Moodus we have
performed several additional tests of our BHTV calibration procedure at Tyller Texas
After leaving Moodus we took the tool to Tyler Texas for another logging job. The
Schlumberger shop at Tyler has an aluminum tower that enabled us to calibrate the
tool in its fully assembled logging configuration. Three repeat calibrations indicated
that the orientation of the north target was positioned 3.8° further west than

determined by our field calibration procedure. Thus we appear to have found a
systematic error in our value of CROT used at Moodus. Assuming that the fully



assembled configuration provides the best value for CROT, the revised value is 10.7°

+ 3.8° = 14.5 o, Applying this correction will have the effect of shifting objects 3.8°

clockwise from the position displayed on our field prints. This correction was applied
to images delivered to Tom Statton.in the fall of 1987.

At the Tyler shop we also performed a series of tests to determine whether the

position of the electronics cartridges had any effect on the field calit~rafion results.

Following the normal field calibration procedure we sighted our target on magnetic

north and viewed the position of target with the electronics cartridges placed at three

different bearings; 076°, 135°, and 245° with respect to the sonde. If the position of

the electronics has an influence on the calibration, then the position of north target

would shift as we moved the electronics. In each test configuration, we observed the

target with the high frequency and low frequency transducer giving a total of six

measurements. We found no systematic shift in the position of the target. The

standard deviation of the six different determinations of magnetic north was 1.39°,

This difference is only slightly different from the magnetometer triggering uncertainty

which has a standard deviation of 0.97°. Thus we find no more than a 0.50 error

associated with the placement of our electronics cm-’Iridge during our field calibration

procedure.
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u! uo!;e!Je^ eq.L ’sped Je~,euJd!p Jnot eq~ ~o ot~; uo sepoJ~oele
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¯ses~leue eJoo ol eoueJejeJ Jeq~,o Jo uo!~eJq!leO
ou q~4~a pe|elnoleo eJe~ senle^ ep!xo |ueoJed
le~ueuJele eseql ’(/~6~ ’te ~e ’6ozJeH) UO!~eLUJO~ leo!6oloe6 Xue u!
elqe!leJ eq Plnoqs suo!;elnOleO eq~, ’(pe;eLU!~se OSle eJe Lun!seu6e~u
pue Lun!pos ueq/~ ,~l~elno!;~ed) ~ooJ 6u!s!JdLuoo sep!xo ;ueo!~!u6!s
eq], ~o lie ~,souJle dn eNeuJ ~dooso~;oeds leJn~,eu Jo
eJn;deo Jeq~!e ,~q pe~nseeLu s;ueLuele eql eou!$ ’leAJe;u! 8u!lduJes
qoee ;e % 00~ o; uJns ~,snuJ qo!qt~ sep!xo le;Ue~uele o~ pez!leLUJoueJ
s! suo!~oeaJ eJm, deo uoJ~,nau leUJJeq~, qSnoJq~, peJnseeuJ ;ue~uele
qoee LUOJ~ sple!,~ eA!;eleJ eq~, ’snq/ 3ueuJe~nseeuJ eq~, ~o a~unlo^
eql u! ~ueLuele ;eq~ jo uo!;eJ~,ueouoo eq~, o~, leuo!~,JodoJd ,qJeeu!l
s! ;eq~, ~,ue~uele pe~eA!;Oe qoee Jo~ uJnJ~,oeds le~,o; eq~, ~o uo!~,oeJ~
e ;oe~ep Ilet~ eq~, u! epeuJ s],ueuJeJnseeuJ 6u!66Ol leo!Lueqooe6
eqj. ’(Z86~ ’le ~,e ’8ozJeH) ;q6!et~ ,~q ue6,~xo s! % 0£ Xle~,euJ!xoJdde
’sHooJ q~ee lie u! ~,eq~, 8u!uJnsse ,~q pe;euJ!;se s! sep!xo
eq; ~o ~ueoJed ;LI6!et~ XJp u! s~ueuJele Jo[euJ ~o uop, e!Je^ eq.L

’(8 eJn6!~) (e886~ ’le ~,e ’uosJepuv ’/_86~ ’le ~e ’6ozJeH) O6~+OeN
~o uo!~eJ;ueouoo ;ueuJele Jo[euJ I~np!seJ eLI; e;elnoteo o; seouepunqe
le;ueuJele pe~nseeuJ eq; q~!~ 6UOle pesn ueq], eJet~ se^Jno
,q!suep pue uo!;oes-sso~o e~n;deo o!~;oeleo;oqd eq.L ’(8 eJn6!;)
Ilet~ eq~, ;noq6noJq~, Sle^Je;u! LU £~’0 ;e Lun!u!lopeE) (q3EIH) ;ueLuele
q;Jee eJeJ ~^eeq eq~ pue uJn!~oqj. ’u~n!uejR ’jn;inS ~o seouepunqe
le;ueuJele eoeJ; se lie~ se ’~O!J. pue ’O~>1 ’oe-i ’OeO ’80~IV ’;~Q!S
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8

"(8 eJn6!~ ~o se~Jno P!lOS pue
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Luoj; S pue ’81~l+eN ’!2 ’N ’eO ’e-I ’IV ’!3 ~o suo!;!sodLuo0 ep!xo ;ueoJed
~q6!eta eq; q~!~ X!J~eLU uo!sJe^u! ue o~u! s~eq~ueLu-pue se ;ndu!
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leO!uJeqo ep!xo ~,ueoJed ],q6!eta Xjp e6eJe^e pe!~!;uep! e/w ’(Z.86~
’le ~e ’6ozJeH) Ileta eq~, u! ~,ueseJd eq ~,q6!uJ qo!qta suo!;!soduJoo
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I"1 eq], qOnoq~, ’uo!~,ew~o4 II!H o!u;el eq~, o;u! p~et~dn senu!],uoo
lue~,uoo ql q6!q ~lewe~ixe eql ’se~,!loq!qdwe ql t~ol ~q pepunoq
s>loo~ qo!~-e~,p,o!q lue~,uoo 41 qO!q su!e],uoo ~,lne..-I II!H XeuoH eql
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’le 5e suJe!ll!M ,~q pedole^ep poq5euJ e e!^ X6OleJeu!uJ pe^!Jep-6ol
leO!uueqooe6 eq5 cuo~t peselnOt~o e~e~ sel!jo~d Xl!^!5onpuoo leLu~eq5
’peeSSUl "llet~ eq5 u! qldep snsJe^ ~o1~ 5~eq to el!~oJd e 6u!dole^ep
~oj esn ~!eq5 pepnloeJd 5eet 00£ ~o 6u!oeds eJoo el~eJe^e eql ’slu!od
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"S’CI eq5 o~, ueNe5 eJe~ seJoo 6 uJoJt seldcues ’uo!5!ppe Ul "lle~
aql oSu! IOO~, I~u!66oI eJnsseJd pue eJnseJedLue5 peu!eluoo-lles e unJ
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eq5 o5 peuJnleJ t~eJo 1~u!66oI 5uouJeq e ’6Ol eJnseJeduJe5 uJnpq!l!nbe
ue u!elqo ol JepJo u! ’JeAet~OH ’(1E)N) 1ool e~u~u~6 leJloeds
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¯ lleta eq; ~o uo!~oes s!q~
u! s;ueuJeJnseeuJ eJn~JeduJe~, e~eJnooe 6u!~euJ uJoJ~ sn pe~,ue^eJd
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eq~, ;eq; 6u!;se66ns ’lleta snpoolAI eq~, u! s;ueuJeJnseeuJ leLuJeq~oe6
eq; LUO~J taOl~ p!nB ~o suo!~eo!pu! etqe~,oe;ep Jeq;o ou eJe eJeq.L

ēloqeJoq e4~, u!q~!t~ uwnloo ~e;et~ e4~, u! se6ueqo Xq
ue^!~p eq ,q!see plnoo ;eq~, e~eJ taOl; taOlS e ’;Ine; eq~, o;u! ~ee,~/kuo
O~ ;o ,~;!oole^ p!nl~ e;ew!xo~dde ue se^!6 t~Olt ;eeq pesse~dep
~o; ;unoooe o~, papaeu e;eJ taOl~ e~leiu! eq~ ;o uo!;elnoteo Jep~o-~,sj!;
V ’eJOqlleta eq~, wo~ p!nl~ o~, se~n;oe~ pe;elos! ~lsno!^e~d peuedo
;Ine4 II!H ~eUOH eql ssoJoe 6U!ll!Jp ;eq; s! uo!~eusidxe ,~le~l!l eJouJ V
¯ ,q!^!~onpuoo lewJeq~, eq~, sesee~ou! ueq~, ~eq~ sesee~oep ,qqeqoJd
~looJ peJn~oeJ~ ,~l!^eeq ~o eoueseJd eq; ’Je^etaoH ’euoz ~,lne~ eq; u!
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Differential strain analysis of Moodus borehole core.
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PROJECT OVERVIEW

The Moodus Test Well was drilled in the spring of 1987 to a

depth of approximately 1.5 km.    The site, located in south-

central Connecticut, is of interest because of shallow, low-level

earthquakes which occur in the area.    The focus of the Moodus

study is to determine the crustal stresses which produce these

earthquakes. As part of that study, measurements of strain and

ultrasonic velocities under hydrostatic confining pressure were

made on cores recovered from depths as shown in Figure I.     The

ultrasonic velocities are useful for comparison with in situ logs,

while the strain data provide information on the nature of the

crack populations present in the samples.

BACKGROUND

Microcracks in core samples have been used with success as

indicators of in situ stress (Strickland and Ren, 1980). When

cracks have formed purely from stress relief in mechanically

isotropic rocks, the directions of maximum, intermediate and

minimum crack strains correspond well with maximum, intermediate,

and minimum principal stress directions in situ, as shown in

Figure 2. The analysis is less straightforward when some portion

of the crack population is present in situ (Kowallis et. al.,

1982), or when the rocks are mechanically anisotropic (Meglis,
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1987).    In the case of the Moodus cores, the foliation in the

samples dominates the physical properties. Since this foliation

is predominantly horizontal, the possibility existed that

sub-vertical crack planes may have had a fairly simple relationship

to the stress field.

The technique for studying the crack population involves

simultaneous measurements of strain in nine orientations on a

sample as hydrostatic pressure is applied, as shown in Figure 3.

The results of these measurements give the relative distribution

of crack porosity in the cores.

PROCEDURE

Cubic samples of approximately 5 cm sides were prepared,

oriented vertically, with sides parallel and perpendicular to north

80 degrees east (roughly the maximum horizontal stress orientation

as determined by Zoback et. al.) The cubes were polished using a

surface grinder, dried under a vacuum at low temperature, and

strain gauges rosettes were applied on the top, north and east

faces as shown. The samples were then coated with rubber sealant

to exclude the confining medium (hydraulic oil.) Strain readings

were taken every i0 MPa as the rocks were loaded hydrostatically

from 0 to 140 MPa, and again as they were unloaded.

After the samples were unloaded, 1 MHz compressional and shear
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transducer pairs were attached, as shown in Figure 3. The samples

were re-coated with rubber, and velocities were measured as the

rocks were reloaded to 140 MPa.    A shear wave with east/west

polarization and a compressional wave were measured in the vertical

propagation direction. A shear wave with north/south polarization

and a. compressional wave were measured in the horizontal, east/west

propagation direction. A compressional wave in the north/east

direction was measured as well on Moodus #5.

The strain gauge precision is quite high (plus or minus

0.15%); the precision of the pressure readings is plus or minus

0.5 MPa.    The error in strain measurements due to temperature

changes, instrument drift, and other factors may be on the order

of a few percent. Results for vertical strains on the north and

east faces are plotted with preliminary vertical strains measured

on different segments of the core samples in the Spring of 1988.

Measurement repeatability is within a few hundred microstrains.

Allowing for sample inhomogeneities and different sample

preparation procedures, this reproducibility~is fairly good.

The difficulty in identifying the arrivals at the receiving

transducers is the primary source of error in the velocity

measurements, particularly when the signals are weak or scattered

due to interactions with the microcracks. However, the consistency

of the loading and unloading velocities at high pressures indicates

the error is less than 0.05 km/sec for strong signals.

6



RESULTS

Strain Data

The results of the strain measurements are presented in

Figures 4a through 4e. The rubber jackets were breached on four

of the nine samples, thus these data were not usable.    Several

strain gauge signals are erratic (e.g. Moodus #4 Top-N/S) and

several were lost completely. However, the bulk of the signals

are useful.    The system lost pressure at 50 MPa during the

measurements on Moodus #4; the data are presented for the interval

measured.

The curves shown are characteristic of the behavior of rocks

containing microcracks when subjected to laboratory confining

pressure. The large, non-linear strains exhibited at low pressures

mark the closure of microcracks in the rocks.    As confining

pressure increases, the amount of strain decreases and follows a

linear trend, reflecting primarily the elastic compression of

matrix materials.

The linear portion of each loading curve was fit with a least

squares regression. This represents the strain a sample would

exhibit in the absence of the crack porosity.    The difference

between this curve and the observed strain at zero pressure is due

to the presence of cracks and is termed the crack strain. A sample

regression line is shown for Moodus #i. Crack strains for all

samples are plotted against core depth in Figures 5a through 5c.
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Figures 5a and 5b are from theoretically redundant gauges, and

should show identical strains. The observed variations result from

inhomogeneities in the rock samples as well as possible variations

in sample preparation, and thus are a reflection of the

repeatability of the measurements.

Crack strains range from a few hundred to a few thousand

microstrains, and tend to increase with increasing sample depth,

with the marked exception of Core @7. This deep sample (1068 m)

had the lowest crack strains of all the cores studied.    Crack

strains were invariably largest in the vertical direction.

Horizontal crack strains were somewhat lower, and the difference

between east/west strain and north/south strain is undetectable

within the precision of the measurements.

Velocity Data

Velocity measurements made on the five unbreached samples are

plotted in Figures 6a through 6e. The vertically propagating waves

in the deepest sample (Moodus #9) were sufficiently attenuated,

likely due to the very large crack strain in this direction, that

no shear wave was detectable and the compressional wave was

detectable only after the sample was pressurized slightly. Several

measurement directions are absent, owing to loss of a transducer

signal or obscuring of the arrival by transducer ringing.

The shapes of the velocity curves are similar to the strain

14
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curves, reflecting the same closure of cracks with pressure. As

shown in Figures 7a through 7d, the horizontally propagating

compressional waves have significantly higher velocities than the

vertically propagating waves at zero confining pressure.    The

differences between horizontal and vertical decrease markedly with

confining pressure. The difference among shear waves is not quite

so marked.

The zero-confining pressure velocities drop only slightly with

increasing sample depth (with the exception of Core #7); this drop

is apparent mainly in the vertical propagation direction. The

velocities measured at the maximum pressure are similar among all

the samples, indicating the matrix properties are similar.

DISCUSSION

The characteristics of the microcracks in these samples

suggest strongly that the cracks have formed as a result of stress

relief.    The horizontal foliation in the samples studies has

apparently dominated the formation of the cracks, thus obscuring

any relationship between the crack strains and in situ deviatoric

stresses in a given sample. It was hypothesized that horizontal

crack strain variations may reflect in situ horizontal stress

magnitude variations in spite of the effect of foliation. However

the horizontal crack strains measured are not distinguishable

within the error of the measurements. The striking linearity of
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the vertical crack strain with sample depth, however, suggests that

subhorizontal crack porosity is indeed proportional to the

magnitude of the in situ stress.

The velocity properties of the samples are controlled by the

microcrack population at low laboratory confining pressures. These

measurements show no significant drop with depth in the horizontal

propagation direction--reflecting the fairly low horizontal crack

strains.    The measurements made in the vertical propagation

direction are affected by the vertical crack strains, which are

larger and increase with depth more than the horizontal strains,

and thus the drop in velocity with sample depth is somewhat more

pronounced. At the highest laboratory confining pressures, the

cracks have closed sufficiently that the matrix properties dominate

the velocity properties of the rocks.    At thesepressures the

velocities show no significant variations with depth.

Moodus Core #7 is anomalous in having both low crack strain

and higher velocities, suggesting that the stress field has been

locally relieved at the depth of Core #7. This explanation for

anomalous core properties was first suggested by Carlson and Wang

(1986) for core from Illinois borehole UPH-3. Core recovered from

a highly fractured interval in that well had low stress-relief

crack porosity and reoriented cracks. Those characteristics were

observed as well in Kent Cliffs Core #6 (Meglis, 1987), which was

recovered from a shear zone containing a major open fracture.
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Examination of Figure 8, the fracture count and aperture with

depth reported by Zoback and Moos (1988), indicates that this is

a reasonable interpretation of the properties of Moodus Core #7.

Core #7 was recovered from the highly fractured zone at roughly

1070 meters depth, which contained an open fracture of very large

aperture. Thus, the properties of core samples may be useful for

discerning fine-scale stress variations such as this.

SUMMARY

Measurements of strain and ultrasonic velocity have been made

on five of the nine Moodus core samples. These results indicate

that the crack porosity present is likely to be due to stress

relief, thus rocks in situ should have low crack porosity. The

crack populations in the cores appear to be sensitive to the in

situ stress field, particularly evident in the sub-horizontal

cracks (i.e. vertical strain) and the properties of Core #7

(recovered from a highly fractured zone.)    However, the sub-

vertical crack populations (horizontal crack strains) did not show

a similar sensitivity to the horizontal in situ stress magnitudes.

Thus the horizontal crack strains are not useful as stress

indicators in this case.

The velocity properties of the cores are dominated at low

laboratory confining pressures by the stress-relief crack porosity.

Velocities are significantly lower than at the higher confining
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pressures, and show a slight drop with depth in the vertical

propagation direction which is absent at high pressure. At maximum

pressure the velocity properties of the cores are similar,

indicating the matrix properties are similar. The in situ velocity

properties of the cores are expected to be similar to the higher

pressure laboratory properties.
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APPENDIX H

Appendix H consists o~ magnetic susceptibility values for the 9 Moodus borehole

cores,
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MAGNETIC SUSCEPTIBILITY OF ROCK UNITS FROM THE MOODUS WELL

Weijiang Fang, Yuan-hsin Chen, and 3elle de Boer

DepartTnent of Earth and Environmental Sciences, Wesleyan University

Detailed measurements were made of the magnetic susceptibility in nine

cored segments from the Moodus well.

The data shows that lithostratigraphic units above the Honey Hill fault are

characterized by relatively iow susceptibility values with little variation. Mean

susceptibilities in the Hebron gneiss~ Canterbury gneiss, and Tatnic Hill Formation

range from 7 to 24 x 10-6 (c.g.s.) (Figure i) with standard deviations ranging

between 3 and 16 x i0-6. The Canterbury gneiss stands out by its very low

magnetic values.

The Waterford gneiss, directly below the Honey Hill fault zone is considerably

more magnetic. Mean values are 63 and 76 x 10-6~ respectively (Figure 1). With

the higher susceptibility comes a broader range of values. Much of the magnetic

increase can be attributed to the presence of fine grained~ relatively pure

magnetite, which appears concentrated in streaks parallel to the foliation. A

second major increase in magnetic susceptibility occurs at a depth between 1150

and i200 meters. Mean susceptibility values below this zone are 252 and 303 x

10-6 (c.g.s.). Much of the variabiiity here is due to the presence of reiatively

large (granular) magnetite masses which are widely distributed’ throughout the

gneiss.

We believe the latter susceptibility increase to be relatively abrupt and to

occur in a narrow zon% which is characterized also by major geochemical

variations 0085 - 127#m) and a 20° counter-clock rotation of breakouts (l i#0 -

i176m) (Figure 2). Anderson et al. (this report) refer to this zone as the

geochemical transformation between predominantly granitic and mafic gneisses.
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The rotation of the breakouts suggests that we are dealing with a tectonic zone as

well This tectonic zone is probably similar to the Honey Hill fault zone) but

occurs at greater depth below it,

Fieid evidence indicates the presence of several major (northward dipping),

low angle fault zones in the Avalon terrane, south of the Honey Hill fault, The

surface exposures of these fault zones have been located in several road cuts and

can be traced using aeromagnetic and ground magnetic surveys.

The exposed faults are characterized by geochemical and geophysical

anomalies,

The chemical changes include an increase in Fe) and Mg and a decrease in Si~

K) and Na, The geophysical change is represented by significant demagnetization

(Figure 3a and 3b).

It appears that the magnetic data are highly instructive in delineating

tectonic units and specific ~ault zones.
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