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BOREHOLE GRAVIMETRY REVIEWS

By Stephen L. Robbins

Chapter A. What is Borehole Gravimetry?—A Summary
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INTRODUCTION

Borehole gravimetry is the measurement, in a
borehole, and the interpretation of gravity or gravita-
tional acceleration. To accomplish this measurement,
a gravity meter adapted to the borehole environment
is required (a borehole gravity meter, BHGM, de-
scribed in chapter B) with an operating and recording
system for leveling and nulling the meter’s sensing ele-
ment while it is hanging stationary at selected depths
within the borehole. After the measurement readings
have been reduced (meter values converted to milli-
gals), and various corrections (tide, meter drift, terrane
effects, for example) have been added (described in
chapter B), gravity value differences between stations
in the borehole (AG) are divided by the vertical separa-
tions between these stations (AZ). The resultant values
are the vertical gravity gradients for the measured in-
terval within the well.

These gradients are directly affected by all hori-
zontal differences in in situ (in place) bulk-rock den-
sity. If a borehole is located in an area where there
is no complicating subsurface structure (simple area)
and all density variations are in the vertical sense (all
beds are nearly horizontal), then the calculated in situ
bulk densities are assumed to be real. However, in a
structurally or stratigraphically complex area (for ex-
ample, faults, dipping beds, facies changes and
caverns), then an ‘‘apparent” bulk density is deter-
mined (LaFehr, 1983). These apparent values, when
plotted against density values from conventional logs
and (or) cores (assumed real values), yield curves that
can elucidate the subsurface structure.

A very large horizontal radius of investigation
and direct dependence of measurements on bulk-rock
density are the two unique characteristics of BHGM
surveys. Responses of conventional logging tools (such
as a gamma-gamma density tool) is from rock from
only the first few inches out from the borehole wall
(Sherman and Locke, 1975). Therefore, if a well is
cased, most measurements from conventional logs are
not very meaningful. BHGM measurements are not
significantly influenced by casing, borehole rugosity,
or formation damage caused by drilling, and although
expensive, can be very useful.

The BHGM has been in use for over 20 years.
Its potential for some purposes was recognized more
than 35 years ago (Smith, 1950). In 1966, as the first
BHGM was being made for the USGS, McCulloh
(1966) reviewed the principles of borehole gravimetry
and provided us an insight as to what a BHGM is and
how this new logging tool would be of use to us.

This report is a brief introduction to the prin-
ciples of borehole gravimetry and a synopsis of the uses
the BHGM has been put to in the 20+ years of its ex-
istence; it is written primarily for the earth scientist,
engineer, or student who has little or no knowledge
of gravimetry. The capabilities of the BHGM are
examined, successful and unsuccessful uses are enu-
merated, and other areas of possible use are suggested.

Discussions of the equipment used in conducting
a BHGM survey, reduction of field data, and the preci-
sion that can be expected are contained in chapter B.
A complete listing (with abstracts) of references on
borehole gravimetry occupies chapter C. A good de-
tailed introduction to the fundamentals of conducting
a borehole gravity survey is in Beyer (1983).

ADVANTAGES OF BOREHOLE GRAVIMETRY

The BHGM permits direct measurement of the
average gravity gradient AG/AZ between two vertically
separated points in a borehole. From this gradient, a
density value can be determined (formula 1, chapter
B, p. 15). In a structurally simple area, the density con-
trasts so derived between beds will be true, and the ab-
solute in situ bulk-density values should be nearly
accurate depending on the error in the free-air gravity
gradient (F). (See Robbins, 1981.) At many borehole
sites where F is not known, the BHGM logs can be
normalized (adjusted) against core-sample density
determinations and (or) conventional logs. The ap-
parent bulk-density values (Beyer, 1983; LaFehr, 1983)
that are determined in structurally complex areas must
be compared with density values determined by other
means in order to obtain useful information. Uses
for the BHGM in these types of areas will be dis-
cussed in the section, ‘‘Applications for Borehole
Gravimetry.”’

The in situ bulk-density value determined from
BHGM data is an average value representative of a
relatively large volume because of the BHGM’s large
horizontal radius of investigation. One common ques-
tion is, ‘““What is this large radius?’’ A value that is
about five times the vertical spacing between the gravi-
ty stations (AZ) is cited as an approximate radius of
investigation by several authors (McCulloh and others,
1968; Farley, 1971; and Bradley, 1976). This value is
simply the radial distance that produces 90 percent of
the total gravimetric effect for that interval (AZ)
(fig. 1). The actual radius of investigation is variable
and is dependent on the density contrasts encountered
horizontally from the borehole and on the precision
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Figure 1. Graph of gravimetric effects at the axis of cylin-
drical plates (from McCulloh, 1966, p. 4).

of the gravity data (chapter B; Beyer, 1983; LaFehr,
1983). Since the gravitational attraction (f) between
two masses (m, and m,) is directly proportional to the
product of the masses and inversely proportional to
the square of the distance (r) between them as shown
in the relationship

mm
=k 17772
I=k—

1)
(where k is the Newtonian gravitational constant
(Robbins, 1981)), the greater the horizontal distance
a contrasting mass is from a borehole, the larger the
density contrast must be in order to be detectable.
Thus, a large high-density-contrast body at a large
distance from a borehole will be detectable, but the
same sized body with a small-density-contrast at a
smaller distance from the borehole may not be
detectable.

One method used to determine the porosity (¢)
of a unit is from the relationship:

(0, —p,)

TPy

(0))

(where p, is the bulk-density, P, is the grain density,
p, the fluid density, and S, is the fluid saturation).
Since the bulk-density values determined from BHGM
data represent a very large volume of rock when com-
pared to the very small-volumed values on conven-
tional logs, the porosity values calculated from fully

corrected BHGM data using formula 2 more closely

represent the true porosity values for a formation.

McCulloh (1967) presented a comprehensive
discussion of density and porosity relationships in
terms of hydrocarbon reservoirs and their recognition.
For example, beds containing gas or gas-saturated oil
in their pores are lower in density than when the same
beds are water saturated or infiltrated, which occurs
when the beds are adjacent to a borehole, due to the
drilling process. Gamma-gamma (or most other con-
ventional) logging tools ‘‘see’” only this altered por-
tion of the beds, therefore, anomalous porosity values
will be calculated if the wrong p, is used.

The BHGM has several other advantages over
conventional logs in addition to its large radius of
investigation. Following is a summary list of BHGM
advantages:

1. Large radius of investigation makes the density
values more representative of the measured
formation.

2. In cased holes, casing does not significantly in-
fluence BHGM measurements, but most con-
ventional logging tools are either useless or
marginally useful.

3. In boreholes where the sidewall has been altered
during drilling (including caving (rugosity) and
mud filtrate invasion), again BHGM readings
are not significantly influenced.

4. Allows studying off-hole structures (such as
remote sensing of faults, salt diapir overhangs,
and edges of thrust sheets) which no other den-
sity logging tool is capable of.

5. The BHGM enables the determination of in situ
bulk-density directly (for areas of horizontal
structure) instead of indirectly as an effect of
some other property, such as electron density
in gamma-gamma logs where a (Z/A) ratio is
assumed (Z is the number of electrons per atom
and A is the atomic weight); see Robbins (1979)
for an example in which the wrong assumed
Z/A caused a 0.1 g/cm? error in the gamma-
gamma density log for lignite.

Disadvantages of the BHGM include the following:

1. It is a costly tool in terms of initial investment
($300,000-$500,000), delivery delay (2 to 3
years), and maintenance.

2. Logging time is longer (usually about 5 minutes
per station reading) compared to most other
tools, which record continuously at relatively
high logging speeds.

3. Instrument limitations include that the ‘‘slimhole’’
BHGM is 4% inches in diameter, thus usually



requiring a minimum 5-inch-diameter borehole;
maximum temperature that can be logged is
about 120 °C (250 °F); and maximum tolerable
borehole deviation is about 12°-14°,

4. Thin beds are difficult and more costly to measure
because the field data have to be of the highest
precision possible, which requires several re-
peated occupations of each station and takes
extra time (chapter B, fig. 6).

APPLICATIONS FOR BOREHOLE GRAVIMETRY

The first consideration as to whether a BHGM
survey is useful is the characteristics of the borehole
itself. If the hole is uncased and to gauge and the for-
mation is undamaged or unaltered from drilling, then
a gamma-gamma log may provide adequate density
values. However, if the hole has been washed out,
damaged, or otherwise altered, then a BHGM survey
is likely to offer the only reliable density information
(Pritchett, 1980). If the hole is cased, then a BHGM
is essentially the only way of obtaining a meaningful
density log. The BHGM is necessary in most uncon-
solidated sediments because (1) the well has to be cased
as it is being drilled, and (2) greater mud invasion
occurs than in more consolidated rocks, because of the
greater porosity and permeability. The BHGM has
proven to be very successful in older oil fields where
the wells were drilled and cased before logging tools
as sophisticated as those available today were run
routinely (Bradley, 1976; Gournay and Maute, 1982).
Exploration Data Consultants Inc. (EDCON) (LaFehr
and others, 1979) of Lakewood, Colo., has reported
that about 20 percent of their commercial BHGM
business is in searching for natural gas behind casing.

The second consideration is the geologic struc-
ture and petrophysics of the survey area. In simple
areas, if the beds are competent and homogeneous,
and hydrocarbon detection is not a goal, then a con-
ventional density log would suffice. In heterogeneous
beds, the BHGM is the only means of obtaining den-
sity values that can be used to calculate meaningful
porosities. In studies where porosities are determined,
saturation percentages can sometimes be calculated
(Robbins, 1979, p. JJ15). Also, if BHGM surveys are
repeated in a well over a period of time, saturation
changes and (or) water/oil/gas percentage changes
may be observable. For hydrocarbon detection,
McCulloh (1967) has illustrated what the bulk densities
should be for various geologic environmental and fluid
conditions and how BHGM surveys may be of use.

In structurally complex areas, most BHGM
studies are designed to search for off-hole structures.
LaFehr and others (1979) stated that 20 percent of
EDCON’s BHGM business is for this purpose. How-
ever, few case histories in sedimentary rocks of these
types of surveys have been published (Bradley, 1976;
Clark and Hearst, 1983; Hearst and McKague, 1976;
LaFehr and Dean, 1983; Schmoker, 1977; and
Schmoker, 1980). There are several underground grav-
ity applications in mining districts that contain anom-
alous lateral mass distributions; see for example
Sumner and Schnepfe (1966). True in situ bulk den-
sities can be determined for some strata in complex
areas if the densities of nearby beds are independent-
ly known, the BHGM data are normalized to those
density values, and no complex structure exists in the
immediate vicinity of the beds of interest.

Carbonate reservoirs occur in both simple and
complex areas. LaFehr and others (1979) reported
that about 60 percent of EDCON’s BHGM business
is in ‘‘evaluation of carbonate reservoirs (finding
oil and gas missed by other techniques).”” Conse-
quently, many surveys utilize the simple-area approach
and some utilize Bradley’s (1976) complex-area
methods.

Data from BHGM surveys can also be useful in
improving structural interpretations that are deter-
mined from surface gravity and (or) seismic data
(Smith, 1950; LaFehr and Dean, 1983; LaFehr and
others, 1983).

Most BHGM studies have been related to petro-
leum exploration and production (Bradley, 1976;
Farley, 1971; and McCulloh and others, 1968), and
some surveys have been related to mining studies
(Robbins, 1979; Schmoker, 1979). Other topic applica-
tions are (a) ground-water studies (Head and Kososki,
1979; Robbins, 1986; and Tucci and others, 1983),
(b) radioactive waste-disposal site studies (LaFehr and
Dean, 1983; Robbins, 1986; Robbins and others, in
press; and Schmoker, 1980), and (c) other research
studies relating to structurally complex areas (Hearst
and McKague, 1976; Schmoker, 1977). Chapter C con-
tains references to all BHGM studies and case histories
presently in the literature (1986).

FUTURE STUDY POSSIBILITIES

There are many areas in which borehole
gravimetry has yet to be better tested before its full
potential can be realized. After a review of the
literature and discussions with several colleagues, a



number of potential study areas are proposed in the

following discussion:

1. Only one report has been published pertaining to
the BHGM’s use in engineering geology
(Nichols and Collins, 1986). The BHGM should
be useful in compaction studies, comparisons
with conventional logs in rock types where little
is known about the log responses, remote
sensing of caverns, measurement of water
saturation, and subsidence measurements.

2. Very little has been published on use in ground-
water problems compared to the potential that
the instrument offers in this field. Future study
possibilities include better measurements for the
calculation of maximum water yields, compac-
tion rates due to water withdrawal, physical
properties of aquifers and surrounding sedi-
ments, silting-in of aquifers, and calculations
of basin depth and shape.

3. Only 3 of the 39 articles on the use of gravimetry
in mining environments are related to borehole
gravimetry. The remaining articles describe
studies using surface gravity meters in shafts
and adits. Many more studies are needed in this
field, including rock-type comparision studies
with conventional logs (intrusives, volcanics,
metamorphics, and so forth) and remote sens-
ing of old tunnels, caverns, anomalous masses,
and structure.

4. Two reports are available on the construction of
high-temperature sondes with heat sinks for the
BHGM that would allow its use in very hot wells
including geothermal wells for short periods of
time (as long as 30 hours) (Baker, 1977; Black
and Herring, 1983). The reports conclude that
such sondes can be and are being made. One
type of sonde is now in operation by EDCON.
When further improved, it will increase the
BHGM’s useful capabilities, including the abil-
ity to monitor changes in steam-reservoir den-
sity through time where geothermal energy or
thermal recovery techniques are being utilized
(LaFehr and Nur, 1983).

5. Only one paper (LaFehr and Dean, 1983) has been
published illustrating the usefulness of borehole
gravimetry in the interpretation of surface grav-
ity surveys. Robbins and others (in press) is a
radioactive-waste disposal study where eight
shallow wells (less than 1,000 feet deep) have
been logged with the BHGM (Robbins and
others, 1983) in order to determine the lateral
changes in the near-surface sediments so that

the top of the basalts’ configuration beneath
these sediments can be determined from the
surface gravity. (The density contrasts, both
vertically and laterally, and acoustic impedances
within and at the base of the sediments are so
large that reflection seismic surveys have proven
difficult to run and interpret.) Possible areas of
study include (a) determining lateral density
changes within various alluvial basins and
glacial deposits, (b) interpreting large surface-
gravity anomalies when insufficient data are

available to understand the anomalies, and (c)

constructing density-with-depth profiles in

selected young oil-producing basins as starting
points to aid in gravity stripping for interpreta-
tion of the lower oil-producing rocks.

6. Several areas remain within the oil and gas in-
dustry where there apparently has been little
testing of the BHGM’s. In the area of reservoir
engineering, fluid modeling and changes (Gour-
nay and Maute, 1982), coning (Al-Khafaji and
Schultz, 1983), pumping-down, compaction,
and enhanced oil-recovery problems could be
more completely understood if BHGM surveys
were repeated over a period of time. As
previously indicated, more studies are needed
in complex areas. Studies at sites within high
fluid-pressure areas, both in and outside the
Gulf Coast, would help to better understand
these environments (Pritchett, 1980). BHGM
surveys could also help in studies of diagenetic
changes, and secondary porosities. Some oil
production occurs in atypical rock reservoirs
(such as volcanics and intrusives); BHGM
surveys, when compared with conventional logs,
would aid in gaining a better understanding of
the conventional log responses in unusual
environments.

Comparisons between BHGM density profiles
and borehole acoustic logs (sonic logs) and (or) ver-
tical seismic profiles (VSP) can lead to better
understanding of the elastic response of sedimentary-
rock sections in terms of porosity and lithology. Such
comparison can also promote understanding of the
strengths and limitations of the acoustic impedance
and reflection coefficient determinations of each of the
different seismic measurements.

Borehole gravimetry’s usage in scientific research
has only begun. Its potential remains large and in-
cludes earthquake risk, hazard, and prediction studies,
crustal studies, regional studies, and heat-flow studies.
In heat-flow studies, for example, few temperature



measurements are made in deep-sedimentary-basin
wells because of the uncertainty of the porosity of the
rocks penetrated and the subsequent effect of incor-
rect values on the thermal conductivities used in the
heat-flow calculations. The BHGM should be able to
provide the needed porosity values used in these
calculations. This would also allow us to better under-
stand the thermal conditions prevailing in these deep-
sedimentary basins. As borehole gravimetry becomes
better understood, more refined, and is used more,
other areas of use not listed here will become evident.
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INTRODUCTION

This compilation lists 246 reports that contain
information pertaining to subsurface gravity and the
corresponding in situ rock density determinations.
Most of the reports are on borehole gravimetry.
However, 55 reports listed discuss gravity measure-
ments in mine shafts and underground diggings, such
as coal, copper, and salt mines.

A little more than half the reports were published
with abstracts that are reproduced here; many
abstracts are abridged because of their length.
Asterisks represent ellipses in original abstracts. For
other reports, short abstracts have been added. Sev-
eral in foreign languages have only a translation of the
title.

The reports are divided into four categories:
theory, instrumentation, case histories, and basic
data. Author and title indexes are provided at the
end. A report pertaining to more than one cate-
gory is referenced in each section, and its abstract
appears only in the first section in which it is
referenced.

I compiled this list by searching the reference lists
in the borehole gravimetry reports already known to
me and then by checking the references in these
reports, and so forth. Cumulative indexes for Geo-
physics and the Society of Professional Well Log
Analysts (SPWLA) publications were searched. Col-
leagues were asked if they knew of any reports. This
list is quite comprehensive, although a few papers may
have been overlooked.

I wish to acknowledge L.A. Beyer’s (of the U.S.
Geological Survey) assistance in locating many of these
references.

Reports on subsurface gravimetry started ap-
pearing with regularity about 30 years ago. Only four
reports (1, 5, 89, and 191) predate 1947. Figure 1, a
graph showing the number of reports published each
year, shows three progressively larger periods of
activity. The first peak was in the late 1940’s to
mid-1950’s, and a number of good theoretical papers
were published, including report 105, which is con-
sidered by some to be the classic in the fundamentals
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