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Borehole gravity meter surveys in drill holes
USW G-3, UE-25p#1 and UE-25c#1,
Yucca Mountain Area, Nevada

by

D. L. Healey, F. G. Clutsom and D. A. Glover

ABSTRACT

The borehole gravity meter (BHGM) measures a larger volume of rock than
conventional logging tools and provides an independent measurement of the in
situ bulk density. Drill holes USW G-3, UE-25p#l, and UE-25c#1 were logged
with the BHGM and free-air gradient (FAG) measurements were made at UE-25p#1
and UE-25c#1. The BHGM data in these two holes was reduced using the measured
FAG values. Windy conditions prevented measuring a FAG at USW G-3 and these
data were reduced using the assumed "normal" value of 0.3086 mGal/m. At UE-
25p1l and UE-25c#1, respectively, the measured FAG values are 1.8 and 0.97
percent higher and the calculated densities are 0.07 and 0.04 mg/M higher
than values calculated using the "normal" value. These calculated differences
in density are not insignificant and indicate the need to measure the FAG at
each logged hole. The interval densities calculated from the three BHGM
surveys are presented herein.

INTRODUCTION

The Yucca Mountain site, located in the southwestern quadrant of the
Nevada Test Site (fig. 1) is being investigated for its suitability as a
repository for high-level nuclear waste. As part of this continuing study,
borehole gravity meter surveys were conducted in drill holes USW G-3, UE-
25p1, and UE-251 (shown in fig. 1) during November 1983 by the U.S.
Geological Survey (USGS). These holes were logged in cooperation with the
U.S. Department of Energy (DOE) as part of the Nevada Nuclear Waste Storage
Investigations (NNWSI). Drill hole USW H-1 was also logged with the borehole
gravity meter as part of this investigation, but at an earlier date (Robbins,
Schmoker, and Hester, 1982).

LaCoste and Romberg slim hole borehole gravity meter (BHGM) BH-6 was used
to log each of the four holes logged to date at Yucca Mountain.

Purpose of Study

The primary objective of these three drill hole surveys was to measure
the in situ bulk densities of the lithostratigraphic units penetrated by drill
holes USW G-3, UE-25p#1, and UE-25c#1. The interpretation of these data will
focus on geologic structure adjacent to the borehole.

Accurate density determinations require data that are not significantly
affected by casing, drill-hole rugosity, or drilling induced conditions. The
borehole gravity meter (BHGM) is primarily a density logging tool. However,
the BHGM has a very large radius of investigation compared with conventional
logging tools (McCulloch, 1966, p. 4). Therefore, a BHGM survey provides an
independent measure of the in situ bulk density of the rocks surrounding the
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Figure 1.-Index map of the Yucca Mountain area showing the locations
of drill holes USW G-3, UE-25pl, and UE-25c#l.
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drill hole. A better understanding of the subsurface rock properties and
structure can be gained from an integrated study of the data from conventional
logs and (or) cores and the BHGM data.

Acknowledgements

Our thanks are extended to R. W. Spengler and M. D. Carr, USGS, who
graciously permitted the use of some unpublished lithologic data. Also, the
logistic support provided by the USGS Core Library staff is appreciated. Open
discussions with colleagues from the USGS and Fenix & Scisson were most
helpful. A special thanks is extended to T. E. Niehoff, USGS, who served as
the "top" man when the free-air gradient measurements were made, to J. E.
Kibler, USGS, who made the computer plots of the interval densities in each
drill hole, and to P. S. Powers, USGS, who was able to get the BHGM data
reduction program operational. We are indebted to A. H. Cogbill, Los Alamos
National Laboratory (LANL), for giving us access to his computer program
BHGRAV.77.

REDUCTION PROCEDURES

Numerous references concerning the fundamentals of BHGM logging and data
interpretation have been published. A selected listing of reports that cover
work done at, or adjacent to, the Nevada Test Site include: Robbins, 1980;
Robbins, Schmoker, and Hester, 1982; Schmoker and Kososki, 1978; Kososki,
Robbins, and Schmoker, 1978, and Healey, 1970.

The in situ bulk density in megagrams per cubic meter (mg/m3) between two
points, vertically separated, in a drill hole (assuming near horizontal beds)
is given by

There F is the free-air gradient (FAG of gravity in mGals/ft, g is the
measured difference in gravity, corrected for the effect of adjacent terrain,
Earth tides and instrument drift, between two points, z is the vertical
distance separating the two points.

The BHGM observations are corrected for the effects of Earth tides,
instrument drift and terrain. The BHGM reduction program BHGRAV.77, written
by A. Cogbill, LANL, calculates the effects of Earth 'tides and instrument
drift and applies appropriate corrections to the gravity data. The terrain
correction, determined for each observation point downhole, is carried out to
a radial distance of 21.944 km. The inner zone compartment elevations
(through zone H, Hammer, 1939) are determined by hand from topographic maps
and from sketches of the drill site. Digitized topography (digitized at 30
second intervals of latitude and longitude) is utilized by the reduction
program to carry the terrain correction out to the specified radial distance
from the drill hole.

The corrections for instrument drift are calculated from the replicate
observations made at base stations (repeated stations) downhole.
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Free-air gradients

An inspection of equation 1 shows that the free-air gradient (FAG) has a
direct effect on the calculated interval density. Experience in Yucca Flat
and on Pahute and Rainier Mesas has shown that the measured FAG can vary from
the assumed "normal" value of 0.3086 mGal/m by plus or minus () several
percentage points (Healey, 1970, p. B61; Schmoker and Kososki, 1978; Robbins,
Schmoker, and Hester, 1982, p. 9, 11, 14, 16; and Healey, 1984, (written
comm.).

Changing the FAG causes a shift in the calculated interval densities. If
we were only concerned with relative differences between points down hole this
shift would not matter. However, we are concerned with the true bulk density
which necessitates measuring the FAG, if at all possible.
The FAG is determined from the following relationship.

where F - FAG; g is the difference in gravity (mGal) measured on the ground
and at some point above the ground; TC is the difference in the terrain
correction between the two points, and ; is the vertical distance
separating the two points.

At Yucca Mountain there are no elevated structures on which to measure
the FAG. Also, several attempts to measure the FAG on the "Monkey board" of
the REECO Ideco 525 drill rig were unsuccessful due to excessive vibrations
(operator movement, wind, generators, etc.). The inability to measure the FAG
in areas lacking elevated structures (Yucca Flat and now Yucca Mountain) has
long been a problem.

Over an extended period of time, several schemes to circumvent this
problem have been proposed and each has been discarded as inadequate.

Briefly, these schemes considered building a platform on the tines of a
large fork lift, the use of a boom truck, and planting a tall telephone
pole. Only the boom truck was field tested and it proved to be far from
stable.

Recently we found that the Bureau of Land Management (BLM) has a truck-
mounted, hydraulically-hoisted survey tower used in timbered areas. The tower
is designed as a tower within a tower. The inner tower is independant of the
outer (free-standing) and has a raised pedestal on which to set the gravity
meter. The operator stands on the outer tower which prevents his movement
from being transmitted to the inner tower. Preliminary testing indicated that
during periods of little wind, and if the inner tower was guyed, gravity
observations could be obtained on top of the tower.

Arrangements were completed with BLM to take the truck to the Nevada Test
Site (NTS) for field testing. Using the tower gravity observations were made
34.8 feet (10.61 m) above the ground at drill holes UE-25p#l and UE-25c#1.
Windy conditions prevented gravity observations at USW G-3. This height is
considered as minimal for the measurement of the FAG. Therefore, at least
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four observations were taken on the ground (bottom) and three observations on
the tower (top) at each site. These observations were then averaged to obtain
the Ag values shown on table 1. At USW G-3 the "normal" value of 0.3086
mGal/m (0.09406 mGal/ft) for the FAG was assumed. The calculated FAG at UE-
25p#1 is 1.8 percent and that at UE-25c#1 is 0.97 percent higher than the
"normal" value assumed at USW G-3. At the earliest opportunity we plan to
return to USW 0-3 and again try to measure a FAG there. Table 1 lists the
results obtained from the FAG measurements at Yucca mountain.

STRATIGRAPHY

The major lithostratigraphic units penetrated in drill holes USW C-3,
UE-25p#1, and UE-25c#1 are shown as simplified stratigraphic columns on tables
2, 3, and 4, respectively.

INTERVAL DENSITIES

The in situ interval bulk densities calculated from the BHGM data are
shown on tables 5, 6, and 7. The input parameters, depth in feet and meters,
and the relative gravity (in mGals) are listed in columns 2, 3, and 4.
Columns 5, 6, and 7 list the calculated values for the vertical gradient
(mGal/m), the interval density (mg/m ) and average density (mg/m).

The data for USW G-3, UE-25p#l, and UE-25c1 are shown in tables 5, 6,
and 7, respectively.



Table 1--Summary of data obtained from Free-air gradient measurements
at Yucca Mountain, Nevada Test Site
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Table 2.--Summary of major lithostratigraphic units and contacts
in drill hole USW G-3 (from Scott and Castellanos, written comm., 1982)

Stratigraphy Depth Thickness
of interval of interval

meters (feet) meters (feet)

Paintbrush Tuff
Tiva Canyon Member

Bedded tuff
Paintbrush Tuff-cont.

Topopah Spring Member
Bedded tuff
Tuffaceous beds of Calico Hills
Bedded tuff
Crater Flat Tuff

Prow Pass Member
Bedded tuff
Crater Flat Tuff-cont.

Bullfrog Member
Bedded tuff
Crater Flat Tuffcont.

Tram Member
Bedded tuff
Lithic Ridge Tuff
Bedded tuff
Older tuffs

0-114 (0-374)
114-129 (374-424)

129-428 (424-1404)
428-431 (1404-1414)
431-459 (1414-1506)
459-475 (1506-1558)

475-608 (1558-1995)
608-613 (1995-2011)

613-796 (2011-2612)
796-800 (2612-2625)

800-1173 (2625-3848)
1173-1182 (3848-3878)
1182-1458 (3878-4783)
1458-1488 (4783-4882)
1488-1533 (4882-5031)

114 (374)
15 (50)

299 (980)
3 (10)
28 (92)
16 (52)

133 (437)
5 (16)

183 (601)
4 (13)

373 (1223)
9 (30)
276 (905)
30 (99)
45 (149)
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Table 3--Preliminary summary of major lithostratigraphic units and
contacts in drill hole UE-25p#1 (from M. D. Carr, written comm., 1983)

Depth Thickness
of interval of interval

Stratigraphy meters (feet) meters (feet)

Alluvium 0-39 (0-128) 39 (128)

---unconformity--

Timber Mountain Tuff
Ranier Mesa Member 39-52 (128-170) 13 (42)

-- unconformity-

Bedded tuff
Paintbrush Tuff

Tiva Canyon Member

52-55 (170-180)

55-81 (180-267)

3 (10)

26 (87)

---fault--

Topopah Spring Member
Tuffaceous beds of Calico Hills
Bedded tuff
Crater Flat Tuff

Prow Pass Member
Bedded tuff
Crater Flat Tuff--cont.
Bullfrog Member

Bedded tuff
Crater Flat Tuff--cont.
Tram Member

81-381 (267-1250)
381-422 (1250-1385)
422-436 (1385-1430)

436-546 (1430-1792)
546-558 (1792-1830)

558-683 (1830-2240)
683-690 (2240-2265)

690-873 (2265-2863)

300 (983)
41 (135)
14 (45)

110 (362)
12 (38)

125 (410)
7 (15)

183 (598)

---fault---

Lithic Ridge Tuff
Bedded tuff
Older tuff

Unit A
Unit C

Conglomerate
Older tuff
Calcified tuff
Tuff of Yucca Flat

873-1063 (2865-3488)
1063-1067 (3488-3502)

1067-1100 (3502-3610)
1100-1138 (3610-3733)
1138-1172 (3733-3844)

1172-1204 (3844-3950)
1204-1244 (3950-4080)

190 (62.3)
4 (14)

33
38
34

Lone Mountain Dolomite
Roberts Mountain Formation

1244-1667 (4080-5470)
1667-1805 (5470-5923)

433 (1390)
128 (453)
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Table 4. Preliminary summary of major lithostratigraphic units and
contacts in drill hole UE-25c#1 (from R. W. Spengler, written comm., 1984)

Depth Thickness
of interval of interval

Stratigraphy (meters) (feet) (meters) (feet)

Paintbrush Tuff
Tiva Canyon Member

Bedded tuff
Paintbrush Tuff-cont.

Topopah Spring Member
Rhyolite Lavas & Tuffs of
Crater Flat Tuff

Prow Pass Member
Bedded tuff
Crater Flat Tuff--cont.

Bullfrog Member
Bedded tuff

Tram Member

0-93 0-305
93-96 305-315

96-406 315-1332
406-516 1332-1692Calico Hills

93
3

310
110

130
10

165
7
86

305
10

1017
360

427
34

542
21
284

516-646 1692-2119
646-656 2119-2153

656-821
821-828
828-914

2153-2695
2695-2716
2716-3000
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Table 5.--Summary of borehole gravity data showing calculated
interval and average densities in drill hole USW G-3.
Free-air gradient used 0.3086 mGal/m (see table 1)
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Table 6. Summary of borehole gravity data showing calculated
interval and average densities in drill hole UE-25P#1.
Free-air gradient used- 0.3146 mGal/m. (see Table 1)
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Table 6. cont.--Summary of borehole gravity data showing calculated
interval and average densities in drill hole UE-25p#l.
Free-air gradient used- 0.3146 mGal/m. (see Table 1)
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Table 7.--Summary of borehole gravity data
interval and average densities in drill
Free-air gradient used 0.3116 mGal/m.
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Drill hole USW G-3

Drill hole USW G-3 was logged with the BHGM on November 16-17, 1983. A
total of 48 gravity observations were made between depths of 15.24 and 665.99
m. A total of 36 stations had been established after replicate readings were
adjusted to a single value at each base station.

On April 12-13, 1984, an attempt was made to measure the FAG at this site
using the BLM truck. Windy conditions at this exposed site on the ridge of
Yucca Mountain prevented us from getting useable readings. Because of this
the USW G-3 data were reduced using the "normal" value of 0.3086 mGal/m for
the FAG. A computer plot of the USW G-3 interval densities is shown in figure
2 (in pocket).

Drill hole UE-25p#1

Drill hole UE-25p#1 was logged on November 18-19, 1983. A total of 91
gravity observations were made between depths of 27.43 m and 1972.22 m in this
hole. It was not possible to obtain an observation shallower than 27.43 m
because of windy conditions. After the replicate readings at the base
stations were adjusted to a single value at each base, 68 stations had been
established.

The FAG was measured at UE-25p#1 on April 13, 1984. The measured value
of 0.3146 mGal/m was then used to calculate the interval densities shown in
table 6. As mentioned previously, this FAG is 1.8 percent higher than the
assumed "normal" value. Using this FAG in the density calculations results in
interval density values that are 0.07 mg/m3 higher than would be calculated
from the normal value. Although 0.07 mg/m3 is a relatively small error in
density, approximately 2 percent for most rocks, it is on the order of the
difference in density between dolomite and limestone, limestone and sandstone,
or a zeolitized tuff and a non-zeolitized tuff Also, porosities calculated
from densities which are in error by 0.07 mg/m are in error by about 5
percent.

Detailed gravity observations between 1191.77 m (3910 ft) and 1244.19 m
(4082 ft) were made to study a fault that was penetrated by the drilling.
This zone was unstable and could not be logged open hole. The only accurate
and reliable data that was obtained in this interval was gravity and gamma
ray. The gradational transition from Tertiary tuff to Silurian dolmomite is
plainly seen in fig. 3 (in pocket) which is a computer plot of the UE-25p#1
interval densities. Lower density values at 1244 m corresponds to the fault
itself. Lower density values at the top of the gradational transition zone
1195-1199 m may be a secondary related fault, and is a permeable porous zone
that is evident in a core through this interval (verbal communication M.D.
Carr, 1984). The resul s of this fault study will be included in the planned
interpretation report of the BHGM data.

Drill Hole UE-25c#1

Drill hole UE-25c#1 was logged on November 20-21, 1983. A total of 48
gravity observations were made between depths of 19.81 and 900.68 m in this
drill hole. It was not possible to obtain gravity observations shallower than
19.81 m (65 ft) because of windy conditions. A total of 39 stations had been
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established after replicate readings at the base stations were adjusted to a
single value at each base.

The FAG was measured on April 13, 1984. The measured value of 0.3116
mGal/m was then used to calculate the interval densities shown in table 7.
This measured FAG is 0.97 percent higher than the "normal" value, and results
in interval densities that are 0.04 mg/mr higher than would be calculated from
the "normal" FAG. This is a significant difference, and if the incorrect
value was used in tonnage calculations for mining purposes an error of about 2
percent could result. A computer plot of the UE-25c#1 interval densities is
shown in fig. 4 (in pocket).

CONCLUSIONS AND RECOMMENDATIONS

(1) BHGM surveys at Yucca Mountain provide excellent density data. The
measured gravity values do, however, need to be reduced using a FAG measured
at, or near, each logged hole.

(2) Additional holes at Yucca Mountain should be logged with the BHGM,
especially those holes close to the proposed shaft and repository.

(3) A pilot hole at the shaft site should be considered. If drilled,
BHGM and gamma-gamma logs should be made. From these logs an accurate
overburden density could be determined for mining purposes.

(4) Structure adjacent to a drill hole may be evaluated by comparing BHGM
and gamma-gamma density logs. Good correlation between BHGM and gamma-gamma
densities can be interpreted to indicate a lack of structure adjacent to the
drill hole. Conversely, poor correlation can be interpreted to indicate the
presence of structure (faulting, horst, graben, etc.).

(5) The BHGM is a useful tool and should be fully utilized to help
resolve the problems that remain regarding the structural setting of Yucca
Mountain.

15



REFERENCES

Hammer, Sigmund, 1939, Terrain corrections for gravimeter stations:
Geophysics, v. 4, no. 3, p. 184-194.

Healey, D. L., 1970, Calculated in situ bulk densities from subsurface gravity
observations and density logs, Nevada Test Site and Hot Creek Valley, Nye
County, Nevada, in Geological Survey Research 1970: U.S. Geol. Survey
Prof. Paper 700-B, p. B52-B62.

Kososki, B. A., Robbins, S. L., and Schmoker, J. W., 1978, Principal facts for
borehole gravity stations in test well Uel9z, exploratory drill hole PM-
1, and water well 5a, Nevada Test Site, Nye County, Nevada: U.S. Geol.
Survey Open-file Report 78-983, 16 p.

McCulloh, T. H., 1966, The promise of precise borehole gravimetry in petroleum
exploration and exploitation: U.S. Geological Survey Circular 531, 12 p.

Robbins, S. L., Schmoker, J. W., and Hester, T. C., 1982, Principal facts and
density estimates for borehole gravity stations in exploratory wells
Ue4ah, Ue7j, Uelh, Uelq, Ue2co, and USW-H1 at the Nevada Test Site, Nye
County, Nevada: U.S. Geological Survey Open-file Report 82-277, 33 p.

Robbins, S. L.,1980, Bibliography with abridged abstracts of subsurface
gravimetry (especially borehole) and corresponding in-situ rock density
determinations: U.S. Geol. Survey Open-file Report 80-710, 47 p.

Schmoker, J. W., and Kososki, B. A., 1978, Principal facts for borehole
gravity stations in test wells UelOj, Ue7ns, and Ue5n, Nevada Test Site,
Nye County, Nevada: U.S. Geol. Survey Open-file Report 78-22, 11 p.

16


