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INTRODUCTION

The first-ever high-precision borehole gravity (BHG) measurements through permafrost and
possible gas hydrate-bearing sedimentary rocks were made by the Geological Survey on the
Alaskan North Slope during 1987. Three borehole gravity (BHG) surveys were made as part of a
study, sponsored by the Department of Energy, to investigate the distribution and physio-chemical
environment of gas hydrate thought to occur in the shallow subsurface beneath parts of the Arctic
coastal plain in the Prudhoe Bay-Kuparuk River region of Alaska. Two BHG surveys were made
in plugged-back, idle wells in the Kuparuk River oil field, and one survey was made in a plugged-
back, idle well at the west end of the Prudhoe Bay oil field (Fig. 1, Table 1).

The BHG surveys were undertaken, along with eight high-precision temperature surveys
(Lachenbruch and others, 1988), to investigate selected formation properties (and the thermal
regime) in the region where gas hydrate has been encountered in industry wells (Kvenvolden and
McMenamin, 1980; Collett, 1983). The direct products of the BHG surveys are accurate, large-
volume measurements of formation density and overburden stress through the interval of gas
hydrate stability within and beneath the permafrost. Reliable large-volume estimates of formation
porosity also can be calculated from the BHG data if accurate pore-fluid and grain (or matrix)
density information is independently available. Interpretation of the BHG surveys to beter
understand the environment of gas-hydrate occurrence and the mass properties of permafrost will
be the subject of future papers. This report presents only the basic data, density profiles and
preliminary porosity values from the surveys, Appendix A provides a brief summary of the
borehole gravity method.

BASIC DATA AND PRELIMINARY DENSITY AND POROSITY PROFILES

The following data set for each borehole gravity survey includes a density profile and a
tabulation of the borehole gravity data (Figs. 2, 3, 4, §, 6; Tables 2, 3, 4). Density values have
been calculated with the assumptions that anomalous gravity effects are negligibly small, rock
layers are horizontal and of great lateral extent, and boreholes are vertical. Maximum likely errors
in calculated density, explained in Appendix A, are displayed as error bars on the plotted profiles.

These error estimates do not include uncertainties due to anomalous gravity (AGg) effects which

are believed to be negligibly small for the three BHG surveys in the Kuparuk River and Prudhoe
Bay oil fields.

Preliminary porosity values have been calculated from the BHG density data with the simple
assurnption that grain (or matrix) density is 2.65 g/cm3 and pore-fluid density is 1.00 g/cm3.
More accurate values of pore-fluid and grain (or matrix) density may be used in equation 3,
Appendix A, to calculate revised values of porosity. Different assumptions about errors also can
be used with equation 4, Appendix A, to calculate revised values of porosity error. More accurate
porosity determinations will appear in a future paper.

An explanation of columns 1 through 20 of Tables 2, 3 and 4 follows:

Column
Sequential numbers for borehole gravity stations from shallow to deep.

Column 2

Elevation of borehole gravity station calculated from surveyed ground level elevation at well
site (feet). Values are not corrected for borehole deviation from the vertical.
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Table 1. Surveyed intervals and number of gravity stations and readings for
three wells in which borehole gravity measurements were made.

Interval Number Number
Weli! Surveyed  of Gravity Stations of Gravity Readings
West Sak 14 50-3,450 ft 77 124
19-11N-9E, ADL 25655
API 50-029-20419
West Sak 17
26-13N-9E, ADL 25519 118-4,398 ft 70 136
API 50-029-20542
Highland State 1
24-1IN-11E, ADL 28245  314-2,423 ft 34 69
API] 50-029-20199

Includes well name and number, section-township-range, Alaska Division of Lands lease
number, and American Petroleum Institute well number.
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Figure 2. BHG interval density profile for West Sak 14 well, Kuparuk River oil field. Natural
gamma ray (left) and resistivity (center) logs also are shown.
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Figure 2.--Continued. BHG interval density profile for West Sak 14 well, Kuparuk River oil
field. Natural gamuma ray (left) and resistivity (center) logs also are shown.



Table 2. Basic data, assumptions and calculations acquired from the BHG survey in West Sak 14
well, Kuparuk River oil field. See pages 2, 17, 18 and 19 for explanation.

USGS BOREHOLE GRAVITY SURVEY: STANDARD ALASKA PRODUCTION CO. WEST SAK 14
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I 2 3 4 s £ 7 8 9 10 11 12 13 14 15 16 17 18 19 20
T e e T S AL G Llllniiiiiiiiiiiiii il
0.943 .005 25.00 0.05 .03772 .0933%2 2. 202 L01) 2.65 .02 1,00 .02 27.2 1.9
2 57.0 75.4 0. 0.943% 003--=-==~==-=== memmmmmmemamea Seemmsmmmmm——— vmmvm—— vmmmaaa
1,059 .005 25.00 0,05 .0423& .093992 2,020 _011 2.65 .02 .00 .02 38.2).9
a 27.6 100.4 Q. 2.002 .002- ——— ——— Ame R A mAAmm AR AN A A AAAN A mAm A AR m A —————————
1,379 .004 33.80 0.05 .04104 .093993 2.072 .007 2.65 .02 1.00 .02 235.0 1. 6
4 -6.6 134.0 ©. 3.381 ,002-~=~~mmo=mmsmmmmm—a———— -- --== R LRttt R et e LR L L L T
4.829 .005 111.98 0.15 .04312 .09399%3 1.990 .004 2.65 .02 1.00 .02 40.0 1. 5
5 -118.6 246.0 0. 8.210 .003 - it - m A m AN ms s AsAmeARAsmmesmm o
S.44% 005 124,02 .15 .043D7 .093935 1.961 .004 2.65 .02 1.00 .02
§ -242.6 370.0  O. 13,651 _002-===~===msmmmm e i e L e LY Asssmmsasaan=—-a e ms o
1.613 .00¢ 237.00 0.05 .04359 .093996 1.972 .007 2.65 ,02 1.00 .02 .
7 -279.% 407.0  O. 15.264 .002-- -- R T
1.446 .005 33,00 0.05 .04382 .093937 1.963 .00% 2.65 .02 1.00 .02 ¢%.% 1.2
B =-312.6 440.0 0. 16.710 .003- o e g emma e ———— O — -——
1.870 .005 36.00 0.05 .0435) .093397 1,971 .008 2.85 .02 1,00 .02 41.1 1.7
9 -34B.5 §76.0 0. 10,280 .002-==~====-- e S L T e AN ameA e eaasAsdmmmms—aeae
2.599 .006 50.00 0.05 .044B3) .093%%8 1.325 .006 2.65 .02 ).,00 .02 44.0 1.5
10 -406.6 53¢.0 oO. 20.879 .004---- mmmmmmmem—m——— e mmmemmm———— mmmmm—————— ———
4.441 .007 104.00 0.15 .04270 .09339% 2. 001 005 2.85% .02 1,00 .02 239.6 1.5
1t -510.6 €38.0 O. 25.320 .003===smmswm=mmm e ———m—mmmm——e——mm o e EE L ammmmemmmssaeas ommamm e
3,161 .005 76.00 5,05 .04153 ,054000 2.051 L004 2.6% .02 1.00 .02 36.3 1.4
12 -586.6 714.0 Q. 28.48) .002 A R R A A AR A e e — ~—mwmem—a———a P
1.820 .004  42.00 0.05 .043d3 .094001 1.962 .006 2.65 .02 1.0D .02 40.5 1.6
13 -528.6 7%6.0 0. 30.301 .002---=- RS- - - ————
2.161 .DO4  49.00 0.05 ,DAdrO 094002 1.952 005 2.8% .02 1.00 .02 42.31.%
14 -677.6 B05.0 0. 32.462 002~~~ EEEEEERRCES g S e m—r e
2.452 .004 57.9% 0.05 .04228 094002 2.024 .004 2.85 .02 1,00 ,02 38.01.5%
15 -735.6 863.0 0. 34.914 .002----- - ————mam—— PR
0.%69 .004 12,01 0.05 .04737 .094003 1.824¢ .021 2.65 .p2 1.0D0 .02 S0.0 2.5
16 -747.8 875.0 0. 35.483 .002------ e memmm s oo B s nm————— ~——
0.509 .004 11.00 0.05 .0d628 094003 1. 067 .022 2.85 .02 .00 .02 47.4 2.6
17 -758.6 886.0 0. 35,992 .002-===am= === emeeem e em— ey m——————a - R e e m——— e —————
0.332 .004 6.00 0.02 .0413%0 654003 2 034 .024 2.65 ,02 1.00 02 36.1 2.6
18 -766.6 BS4.0 0, 36.324 .002---- s .- A m e ———— — mmm————
1.466 .004 33,50 0.05 .04376 .094003 1.366 .007 2.4%5 .02 .00 .02 41.5 1.7
19 -800.1 927.0 0. 37.790 .002 A s ——— ———————————
0.84) .00S 17.00 0,05 .0494) ,034D64 1.742 .0)7 2.65 .02 1.00 02 55.0 2.3
20 =817.1 944.0 Q. 38.63) .00% e mm s mEm e mm——————————— pmmam————— -
1.256 005 22,00 0.05 ,03709 .0%400¢ 1. 144 .014 2.6% .02 1,00 02 73.1 2.}
21 ~B839.1 966.0 0. 38.887 .002-~-=mmmsmmmcnn== AR AR AMA S .- ————————————— mmmmmmmmmacm—a sacemmmmaa -
0.767 003 16,00 0.0% .44794 .094004 1. 902 2043 2.6€5 (62 1,00 .02 S81.4 2.0
22 ~B855.1 9482.0 0. 40,654 00l ~mcammmmm e e L e e r b - ———,—— mm e mmmmmmamas —emammam ———
1.0t2 .008 23.50 0.05 .04306 .094008 1. 993 .02 02 1.00 02 39.61.9
23 -978.6 1005.0 0. A1.666 . ODd===am = o m e e e e m AR s A A A A Mmoo ceeemmeaann mmm——
0.672 .006 16.08 0.08 ,04200 .094p0% 2. o:ﬁ .020 2. 65 02 1.00 ,02 37 2.4
24 -894.6 1021.0 0. 42.338 .002-==mmmmm e e m e e mmmammmmm e — o m———
0.976 .004 23.03 0.05 04238 .084005 2. 020 .010 2. 65 02 l oo .02 33 2 1.8
25 -917.€ 1044.0 O. 43,314 .002- e e D D S Gialalaly
0.545 .004 12.9?7 0.065 .04202 .094005 2,034 .019 2. ss 02 l 00 .02 37 3 2.3
26 -530.6 1052.0 0. 43.85%9 .002- B e T R A — e ————— [ UGS S,
2,454 .003 55.00 0.05 .0453¢ .09400& 1. 904 004 2. 55 02 l 00 .02 |5 21.4
27  -985.6 1112.0 0. 46,353 .001-—-------==----=-mmmmeem—emene— e e R L LRt L = ———
0.422 .002 8.9% 0.02 .04715 .094008 1.&31 .013 2.65 .02 1.00 .02 49.% 2.0
26 -994.5 1121.0 0. 46.775 .00 e m e, a————— e mmmeMmasAMemmsRfAnmemAmAmmmmemsm——-
1.204 .002 29,08 0.05 .04145 .09400§ 2.0%6 .005 2.6% 02 1.00 .02 36.0 1.5
29 -1023.6 115%0.0 0. €2.979 D0~ —mosemsadmmmammmea oo mmmmmemmmmeam e e
1.336 .003  31.00 0.05 .04310 .0940¢7 1. 992 L0007 2,65 .01 1.00 .02 39.9 1.6
30 -10S4.6 1181.0 0. 49,315 .002-—---- et T e P L L L L L PR —m—————
2.)43 .003  45.00 0.035 .04231 094007 ). 983 ,004 2. 65 .02 1.00 AOQ 40.4 1.4
31 -1109.6 1238.0 0. 51.696 .001-- et L LT e———-= Amammmmmaenea- B L C L LR PP e
. 1.196 .0013 28.00 0.05 .04271 , 054008 2.007 .007 2. 65 .02 1.00 02 39. 0 1.6
32 -11372.6 1264.0 0. $2.894 .002--—=-~ ~-- A N e cmmm LA —acAm—an

0.991 .004  23.00 0.0% .04309 .0%4008 1. 992 -010

33 -~1160.6 1267.0 0. 33.885 .
1.412 .004 32,50 0.05 .04345 094009 1. 913 .007 1.00 .oz w.? 1.7
34 -1183.) 1319.5 0. $5.297 .002--=m--me=mmmmmmmmcmmmamca—aa— ~- U R O,
0.85) .00 20,50 0.08 04151 094009 2.054 .0)2 1,00 02 6. 1 1.9
35 -1213.6 1340.0 0. 56.140 .002-=---mmcememmmmcmmmememmmme— s ———aaa A A A mE A AMALCrmm e memmAmA e ALt~ Am——
2.823 ,003 59.98 0,08 04113 090009 1.4967 .003 2. 65 02 1.00 02 (3 4 1.4
3§ -1273.6 1400.0 O, 58,77} .00)--mommrmn Amwe e m A ——————— ~emmmmmacmm——— N mm A At mmsAmAm— N ———— —mmmm—
1.670 .002 42.02 0,05 .03374 ‘094010 2.12% .060¢ 2. 65 02 1.00 oz 31.9 1.4
37 -1315.6 1442.0 0. 60,441 .00)===- - -mmmmmm e cm e s s s sl m s amsA ma .- g S DO U S
0.30% .002 8.00 0,02 .03812 .0%4011 2.197 ,014 2.65 02 1.00 .02 28,1 2.0
38 -1323.6 2450.0 0. 60,748 ,00) == mmmmm e m e A A e A A A e A m e A e mm AR m—smm e mm =y e =~
1.970 .002 47.00 0,05 ,041%2 .09401)1 2.038 ,003 2.65 .02 1.00 .02 37.% ).4
3% -1370.6 1497.0 O. 82.716 .00N~===an ————— mmm e a—— - ——
0.60) .002 19.0% 0.035 .04235 .094012 2.029 .008 2.65 .02 1.00 (02 37.51.7
10 -1389.7 151é.0 0. 61,519 00l -=rcmnm e A e mm s A A mE A M AASAA AR mmm e ———— o —mrpam—n————— “namm-
. 002 105.9% 0.18  .04166 .094012 2.048 ,003 2,65 .02 1.00 .02 36.5 1.4
41 -1495.6 1622.0 Q. 67.933 00 ==mmmmmememmmm e e A mAANAS e E e —— e vmrmarmnmm—aan. ammmm——
0.648 002 18.00 0.0% .04050 .094013 2,094 .010 2.65 ,02 1.00 02 33 71.8
42 -151%.6 1836.0 O, 68,581 ,00i—~a-mancmrammmesa s me e v NN A mEM LR mAmm e amANSmmmsAmAmAmmAmamamm e e————
2, 044 002 67.50 0.05 .04213 .094013 2.030 .002 2.65 .02 1.00 .02 37.6 1.3
43 -1579.1 1705.0 0, 71,425 .00 -—vrmemmmm - B et et kLD L T LT ] Ammmmmm————— Aem———
0. 58) .anx 14,00 0,03 04350 094044 2,055 .0J1 2.65 .02 1.00 .02 36.1 1.9
44 =13%93,1 1iNM9.0 0, 72.008 .00)=mmmcummmrmrmvrm e e m e N A A AR A e m AR Mmoo — = ———

0,010 .002 10.00 0.05 .0€200 093013 I.074 .016 2.65 .02 1.00 .02 34.9 2.2

7



Table 2.--Continued. Basic data, assumptions and calculations acquired from the BHG survey in
West Sak 14 well, Kuparuk River oil field. See pages 2,17, 18 and 19 for
explanation.
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Figure 3. BHG interval density profile for West Sak 17 well, Kuparuk River oil field. Natural
gamma ray (left) and resistivity (center) logs also are shown.
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Figure 3.--Continued. BHG interval density profile for West Sak 17 well, Kuparuk River oil
field. Natural gamma ray (left) and resistivity (center) logs also are shown,
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Table 3. Basic data, assumptions, and calculations acquired from the BHG survey in West Sak 17
well, Kuparuk River oil field. See pages 2, 17, 18 and 19 for explanation.

USGS BOREHOLE GRAVITY. SURVEY:

LOCATLON:
.i.. AP
R
2
3 -205.%
4 -313.4
S -474.9
& -542.¢0
7 ~592.9
b} =749.9
L} -815.4
10 -826.4
1} -967.4
12 -1067.¢
13 -1081.4¢
14 -1105.4
18 -11%1.0
16 =-1160.9
17 -1182.9
18 ~1224.9
19 -1258.9
20 -1339.9
21 -1360.9
22 -1382.¢
23 -1428.4
24 -1501.4
25 -1561.4
26 -1597.4
27 -1607.4
28 ~-1628.0
29 -1830.0
0 -1879.%
31 -1698.0
32 -1730.4
33 -1737.9
3¢ -1782.0
33 -1826.4
36 -1979.4
37 -1969.4
g -2003.4
39 ~2154.9
40 -2275.4
41 -2415.2
42 -245%6.0
43 -2506.4
4¢ -28637.9

53¢.¢
601.8

652.1

p08.6
874.0

€85.0
102%.7
1125.5
1139.4
1163.3
12008,8
1218.8
1242.7
1282.6
1316.5
1397.3
1418,
1440.2
1485.7
1558.4
1618.3
1654.2
1664.)
1684 .(
1706.7
1736.6
1754.8
1787.0
1794.4
1008.5
1882.8
2035.%
2045.4
2059.4
2214.6
2331.0
2471.7
2551.1
2561.5

2694.7

0.

0.

0.

0.

0.

=g

9.

STANDARD ALASKA PRODUCTIO!

26~138-9% Ruparuk River uait Rlnmska

N CO. WEST SAXK 17

3 & 7 8 9 10 11 13 14 15 1?
002 amm e m e e B T Ot emmmmm e ———— m——————— -
74.52 0 05 ,04344 .093994 1,978 .003 2.6% .02 1.00 .02 40.7 1.4
2.72D0 .004 13.50 0.05% .03701 .0939%5 2.230 ,003 2.6% .62 1.00 .02 25.5 1.¢
5.957 .002-==-== mmmama ——m—— v Ammamam
4.45¢ .004 107.93 0.15 04129 .0939% 2. 052 004 2,65 .02 1.00 .02 35.6 1.4
10,413 .002 mem e memmmmmemmasacammmaoesan Ammm et oo et L Lt L b
6.524 .004 161.57 0.15 .04032 .093997 2. 100 .002 2.65 .02 1,00 .02 233.) 1.4
16.927 .0D2===v=== - - —————— ==
2.842 003 €7.02 0.05 .04240 .09399% 2.019 003 2.6%5 .02 1.00 ,02 38.3 1.4
19.769 ,001 ———— ———- mesane -
2.112 .003 50.93 0.05 .0q147 .094000 2.055 ,004 2.65 .02 1.00 .02 36.0 1.4
21,881 .002 --- ~——— —— -~ --
6. 557 L004 156.95 0.15 .04178 .094001 2.043 003 2.65 .02 1.00 .02 36.8 1.4
28.438 . 002v-~v-vm- - B b e R L L
2. 623 . 005 65.55 0.05 .04002 .054003 2.112 004 2.65 .02 1.00 .02 32.6!.5
31.061 .003-===n== smmmmmm—— - e e ——mmna _—
0.440 .006 11,00 0.05 .04000 .094004 2.11) 029 2.6% .02 1.00 .02 32.52.9
3).501 .003=-—cmmmmemmmmmm e e At A e m e ———————— -
5.696 .007 141.03 0.15 04039 .094004 2.098 ,004 2.65 .02 1.00 .02 33.5 1.4
37.197 .004 ———- A mm e e ——— -
4.049 ,005 99.93 J.15 .04048 .0894006 2.054 noa 2. 65 .02 1,00 .02 33.7 ). 5
41.245 .001 —-an B s e e L P R R ROV v amveesmm—————
0.611 .002 14.01 0.05 04361 .094007 1.372 012 2. 6& .02 .00 ,02 41,1 %, 9
11.B56 00l-rmee—r o mmmm e s mmm e asmmm e aamasa s ~- -—
1.029 ,042 23.98 0.05 .04291 .094007 1.999 .007 2. 65 .02 .00 .02 39.4 1. ﬁ
42,885 .001--=—==-~ mmamem—n m———— ———
1.821 .002 45.55 0.05 .03998 .09¢008 2.114 003 2.65 .02 1.00 .02 32.5 1.4
44.706 .00)=======s=manm ~ m—~—mmm- e em -
0.375 ,002 9.97 0.02 ,03761 .094003 2.207 ,011 2.68 .02 1.00 .02 25.9 1.9
45.081 .00 - a— ——=a
0.594 .002 24.0) 0.05 .04140 .094003 2.058 .007 2.65 .02 1.00 .02 35.91.§
46.075 .00) -—- =~ - -
1.631 .002 39.98 0.05 .04079 .094003% 2.082 _004 2.85 .02 1.00 .02 34.4 1.5
47.706 .01 ———— . ‘.
1.428 .002 33.97 0.05 .04204 .0%¢009 2.034 005 2Z.63% .02 1,00 ,02 37.4 1.5
49,134 .001------- - - ————— -- A
3.312 .002 81,02 0.05 .04088 .0940)0 2.07% 002 2.65 .02z 1.00 .02 34.6 1.3
52.446 .00)===-—--ummammmann —————— -
0,879 ,002 2).01 0.05 .De1B4 .09401) 2.041 .008 2,65 .02 11.00 .02 36.5 1,7
83,325 .00)l==mmmo s mm e m s mmmamea o smmmmamamamasa e e e E L L L S e ommmmman
0.531 .002 22.01 0.05 04230 .09401 2. 023 007 2.8%5 .02 1.00 .02 33.0 1.7
56,256 2001 -~ e e e e - -
1.974 .003  45.50 0.0% .04338 .094012 1.981 ,Q04 2.65 .42 1.00 .42 40.6 1.S
56.230 .002 T oo
3.007 .004 72.93 0.0% 04123 ,094012 2.06% .003 2.65 .02 1.00 .02 35.4 1.4
§9.237 \00Z2-—--—mrrveme—m— e —m—aa - e mmam———,—— o ———— P —
2.4%6 ,004 €0.05 0.05 .040%0 .094023 2.078 ,00¢ 2.65 .02 1.0D .Dz 34.7 1.5
61.693 .002-- -- v w = m————————— ——mmm———
1.410 .003  35.99 0.05 .03918 .09402d 2.146 005 2.65 .02 1.00 02 30.6 1.5
63.103 .001---- —— maceamm—
0.433 ,002 10.02 0.05 .04322 .084014 1.988 ,016 2.6% .02 1.00 .02 40.2 2,2
63.536 .00 mmmmmmmmammmsanm———
0.807 .002 20.53 0.03 .04418 .094015 1,950 .008 2.65 .02 1.00 .02 2.4 1.7
64.441 (001 - ——————— PO
0.932 ,002 22.00 0,05 .04236 .0%40)5 2,021 007 2.65 .02 1,00 .02 38.4 1.7
65.375 .001 - —
1.226 .002 29.97 6.05 .04091 .09401% 2.078 ,00% 2.65 .02 1.00 .02 34.7 1.5
£6.601 .001----- — P au ————
0.715 .002 18.06 0.03 09959 .094016 2.130 .009 2.65 .02 1,60 .62 31.51.7
67,316 001~ —mmmemm— v mmmmm—mmammman e . ol
1.272 .D02 32.44 0.039 .03921 .093026 2.144 _00% 2.65 .02 ).00 02 30.6 1.5
68.508 .00)=---=-- smm——— -— .- ———- N m A
6.312 .003 7.51 0.02 .04154 .094016 2.0%3 .020 2.65 .02 1.00 .uz 36.2 2.4
66.500 .002 --- e —ama ---
0.606 .003 14.02 0.03 A04323 .0840Y6 2.987 034 2.55 .D2 ).00 ,02 40,2 2.2
69.505 .0Dd~—m~-- e m e e m e —~—— -- —————————
2.920 .003 74,45 0,05 .03922 (094014 2.1A4 003 2,65 .02 1.00 .02 20.7 1.4
72.426 .002--- A s A e ———— em e ———————————
6.42) .DO( 163.01 0,15 04196 054017 2,037 .00 2.65 .02 1.00 .0z 23%,2 1.¢
78.847 .00Z=mmmemmemm= mm———————— Amamm—— - c————
0,519 004 10.00 0.0% .05190 094020 1.648 026 2.85 .02 1,00 .02 60.7 2.8
18.366 .002~ ——a e e e AR N e m v mmm—————
0.552 .004 13.99 0.0% .039!6 ,094020 2.13S5 .017 2.65 .02 1,00 .02 31.2 2.2
79.910 .002 swmea - Sem-- ammemra —— A mm—
6.451 .004 135,52 0.15% .0!148 -094020 2.0%6 .003 2.65 .02 1.00 .02 236.0 1.4
86.369 (002-~-=—-=rmmminmnnnaas Sanommm- —-s ~——-
€.816 .004 116.5) 0.15 04133 .094022 2. 062 003 2.65 .82 1.00 .02 35.7 1.4
91.185 .002---- NAAN e mevmmemamsammmaA—a - ———mrw ———
8.B821 .004 140.96 0.1% ,04130 094020 2. 063 .00) 2.85 .02 1.00 .02 3%.6 1.4
$7.006 .002 mmmaan ———— PP
3.311 .004 79.58 0.05 ,04161 09!025 2.05) 003 2.65 .02 1.00 .02 36.3 1.4
100.317 .002-=-=—mmrm===rma- R AR A e evmme v s e mm g mamm——————— AL Memtemmanm s
0.534 .00« 10.41 9.0% 05130 .094026 1.572 625 2,65 (02 1.00 .02 59.3 2.7
100.6851 .002 rear~e ———— - —— mmmmmmamm——
5.312 .00¢ 131.51 .15 04039 .094027 2. 099 oo) 2.65 .02 1,00 .02 33.4 1.4
106.163 .002-=v—mmmm---o - T A R A A A m——————— ———— A AmmAmammam———— —
1, 2x7 .00)  20.09 0,05 04333 ,094020 1.990 007 2.65 .02 1.00 .02 40,4 1.8
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Table 3.--Continued. Basic data, assumptions, and calculations

acquired frorn the BHG survey in

West Sak 17 well, Kuparuk River oil field. See pages 2, 17, 18 and 19 for explanation.

U3GS BOREHOLE GRAVITY SURVEY:

LOCATION: 26-138-9B FRupsruvk River Unit Alaska

1

P
46
497
48
45
80
5
52
33
54
33
38
57
38
59
60
&1
62
€3
64
(1)
1]
3]
({4
69
70

-2671.3
~2803.9
~28171.5
-2934.9
~2955.4
-3068.0
-3082.9
=3117.0
~3142.0
~3180.4
-3316.4
=3331.4
~3405.4
=3161.0
=3304.0
~3546.0
~3361.9
~3591.0
+3660.0
=3671.4
-3711.9
“3741.9
-3910.4
~4108.4

=4)47.0

SRR

2722.%8
2728.5
2857,8
292721
2970.3
3010.§
di12z2.8
31317.6
31718
3198.5
3234,8
3370.3
3383.2
3459.0
3514.4
3557.2
3599.2
3615.¢0
3644.0
inz.s
3730.7
3764.5
37194.4
3962,3
4159.8

R T L VI

BTANDARD ALASKA PROGUCTION CO. WEST SAX 17

"W

10

4 - 6 7 ] 9 10 11 12 16 17 18 )%
207,380 001 mmsmnmamacmmaeonollll 0L ——— mavmusan .
0.239 .042 £.81 Q.02 .04043 .Q94029 2,037 .019 2.45 .02 1.00 .02 33.% 2.3
107.619 .001 EEESS ————— m—ama -
5.042 ,003 129.98 0.15 .03479 .09402% 2.151 .003 2.6% .02 1.00 .02 29.5 1.¢
112,661 .Q02%ew—wmunmn AmA N A et AR S e e e v ——ar
2.789 .00¢ 69.57 0.05 .0400% .09403) 2.111 .003 2. 65 .02 1,00 .02 32.7 1.4
318,450 002~ v svmvmmmemv e s R s emeNvvaCmvEvLS——amm—amm— DYOUE A
1,655 .004 43.45 5,05 ;03609 (094031 2,189 .00% 2. 65 .02 1.0D .02 27.% 4.5
117,105 .002acmamancansansasaamasan o aaanan MR e NASE A m Ay m v ————————— A
1,577 .00¢ 40.50 .05 .03&90 -084032 2.1%6 .006 2.6% .02 1,00 .02 30.0 1.6
118,882 .002 o -—— wm—m - [
4,228 .003 1)2.56 0.15 ‘03156 .D54033 2.210 .003 2.65 .02 1.00 .02 26.7 1.4
122.910 ,DOL=~rmmmmsunn mmmasm—mm e amn—man R .e- ————a .-
9.610 ,002 14.91 40.05 .0(091 084034 2,079 .0J1 2,63 .02 1.00 .02 3¢5 1.9
123.520 001 vemwevavou—— ———- aa “emmau
1.390 .002 34.09 0.05 .04077 .094034 2.082 008 2.84 .02 1.00 .02 34.31.%
124.910 .001~~-~ “AMAmmmesursama e vom———— vm———— Mm—————— e
1.016 002 24.98 0.05 .04067 .09403% 2.086 .006 2. SS .02 1.06 .02 384.1 1.6
125.926 .00lmemnrsuraa-cadamenonan——an N ———— A NN a e S m A AR —— vm———— TSP,
1.540 ,003 230.44 0.05 .04005 .094035 2.312 .00% 2. 65 .02 1.00 .02 32, 6 1.8
127.466 002 - L L i R T S SN L m——— o——————— .=
4.924 003 135.87 0.15 .03621 .094036 2.26%2 .002 2.6y .02 1.00 .02 23.5 1.4
132.390 001~ --- R et om—— A————
0.590 .003 15.02 0.05 .033268 ,094037 2.14) .01} 2.65 .02 1,00 .02 30.8 2.0
132.980 .00Z-~avevmanscavansanas D LEXN em—antm——an
2,731 .004 74.01 0.05 ,03663 .094038 2.246 .003 2,65 .02 1.00 .02 24.5 1.4
135.6%1 .002 - R PRS-
1.923 .003 $5.58 0.05 .03460 ,0940)% 2,326 .003 2.6% .02 1.00 .02 39.7 1.4
137,614 .00 m~arrmaana cravan T
1.612 .003 42.98 0.05 .03751 .094039 2.212 .00&4 2.45 .02 1.00 .02 26.51.%
139.226 .002 —AmAsmtmceemeemm————— R
1.826 ,003 42.04 0.05 .03630 .094040 2.2%% .00¢ 2.6% .02 1.00 .02 23.7 ).%
240,752 003~ nam—mmoamm .- — —emmman
6.€10 .003 15.94 0.05 .03877 .054041 2.16€3 .0312 2.€% .02 1.00 .02 29.5 1,9
141.370 .9Q02 Ammmvs e avm———
1,072 .003 23.05 0.05 .03890 .094041 2,236 .007 2 65 .02 1.00 .02 23.1 1.6
142.442 ,001 an P N — ———
2.45% 003 68.99 0.05 .03559 ,09404) 2,287 .003 2 63 .02 1.00 .02 22.0 1.4
144,837 .002--==v-~ - S s ARAMCEmRA A~ oo smmmmmAmm mm A
0.657 004 17,83 0.05 .036&4 094042 2.246 .0)1) 2.65 .02 1.00 .02 24.5 2.0
14%.554 .002 rmm—~ e i L D e i R PN
3.171 .004  33.97 0.0S5 .Q3447 A0940t2 2,331 .007 2.6% .02 1.00 .02 19.3 1.6
146.725 002=vm= mrmvmvmmsummm—mu e e A MM B G MR MM A RS A AN =AY P —
1,122 (004 29.99 o 05 03741 (094043 2.2)6 .008 2.65 .DZ 1.00 .02 26.3 1.7
107,847 . 002mmvranvermmnmem o mm e m o ————— S LT Sy .
6.158 .004 168.55 0 15 .D3I6ST 094043 2.230 .002 2.685 .02 2.00 .02 24.2 1.3
154.005 .002~wew L -
7.05) .004 197.92 0.15 .0356% 094043 2.205 .b02 2.6% .02 1.00 .02 2.1 1.3
161.659 ,002-+r~rromwun= e i ieied R L EE LSS P T N
8.2089 ,004 23€.5& 0.15 .03473 ,0394048 2,320 ,002 2.6% .02 1.00 .02 20.0 1.3
168.347 .002
1
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Figure 4. BHG interval density profile for Hightand State 1, west end Prudhoe Bay oil field.
Natural gamma ray (left) and resistivity (center) logs also are shown.
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Table 4. Basic data, assumptions, and calculations acquired from the BHG survey in Highland
State 1 well, west end Prudhoe Bay oil field. See pages 2, 17, 18 and 19 for
explanauon.

USG5 BOREMOLE GRAVITY SURVEY:

LOCATION: 2¢~-1IN-11E Prudhoe

..i ...... é.. ...... &,..,,.\;....
T sl T male’ el
2 -764.0 016.3 0,
3 -1108.1 1161.6 0.
4 -1M)7.0 1370.0 0.
5 -1363.1 1416.1 0.
& =-1300.5 1853.0 0.
7 -13M.1 1623.6 0.
8 -1604.9 163%7.1 0,
¢ =-1642.6 18594.8 D.
16 -1822.0 1729.0 O,
11 -1658.1 1786.0¢ 0.
12 -1M0.1 1762.1 0.
13 -1748.1 319%.8 0.
14 -17724.0 1825.¢ 0.
15 -1848.0 185%%.8 0.
16 ~1966.1 2018.0 0,
17 -2)16.0 2166.3 0.
18 -2120.0 2176.3 0.
19 -2124.0 224.3 0.
20 -2128.0 2178.2 0.
21 -2)32.0 21B2.2 0.
22 -2136.0 2196.23 0.
23 -2140.0 2190.3 0.
24 -2144.0 2154.% O,
25 -2148.0 21%6.3 o,
25 -2193.0 2243.0 0.
27 -2254.0 2303.80 0.
28 -2326.0 237178 0.
29 -7333.6 28382.5 0.
30 -2340.0 2389.% o.
31 -2354.0 240).5 0.
32 -2350.0 2409.% 0.
33 -2366.0 2415.3 0.
3¢ =270 2423.3 0.

ARCO Alaska Inc. Highlapg State )
BAy Unit Alasks
5 [ 7 8 S 10 11 12 13 1 15 16 17 18 15 20
0. 005-_-._.-....-.... ------------- S et lae L e wvm————— R e Hmmm s mmmee—
20.987 .0)% 505.04 0.15 .04150 .0539%7 2.0%¢ .002 2 63 .02 1.00 .02 36 1 1.3
20.957 L010---=rancaramum A e e Men— MRS s Te s U m e m i a e n et LA D b b ] -
14.057 (037 J44.06 0.1S .04086 .034003 2,079 .003 2 63 .02 1.00 .02 )! 6 1.4
35,004 .007--—vrmvrrmiamuvmm Ak m e v n N AR SR A s e n vm————— B
0.4)3 043 208.95 0.15 .0403) ,094068 2.093 .004 2.65 .02 1.00 .02 3).4 X.4
43.449 ,006--=~swvmnmvremoummmna -- - J N LT ST o
1.978 , 030  46.04 0,08 .0423¢ 094011 1,997 .00 2.65 .02 1. 00 .02 35.6 1.8
05.427 .00d—==vancmarmaranassnngar e N T L marmeAmoa——
5,827 003 137.44 0.15 .pd4021 .08401) 2.10% _003 2.65 .02 1.00 ,02 33.0 1.4
50.954 .00)-m-nasaacrnccsnmconn O N d e - B
2.765 ,001 70.58 0.05 .03918 .094033 2,146 .003 2.85 .02 1.00 .02 30.6 1.4
53,719 002 . iy -- —mmemsmamm e —aeeo
1,417 L0085 33.75 0,05 .04354 .09014 2,036 .00B 2.65 .02 1.00 .02 3I7.) 1.7
$5.136 .003 .- P
1.5%2 .006  37.69 0.05 .04:18 .094015 2.067 .008 2.6%5 .02 1.00 ,02 35.3 1.7
56.8B8 .D03----m-anascmarasmics oo B et D R T et
1.182 003  29.44 0.05 .03913 .094015 2.147 .008 2.65 .02 1.00 .02 30.5 1.8
§7.840 .002-—-mmanam e eUR A R et NAMANL SV me g ——— .- ——vema-
0.919 ,00) 26.04 0.05 .03529 BQIO)G 2,298 .007 2.65 .02 1.00 ,02 21.4 1.6
58.789 Q01---~mvemvaniacnnama—n B e e T I e vum——
0.450 002 12.06 0.05 .037)) .0960!6 2,21% .013 2.65 .02 1.00 .02 246.1 2.0
59.209 .0f weremveveovivn - DTt LR L R Ll
1,345 .003  37.95 0,05 .0407) .09401:6 2.086 .005 2.65 .02 1, 00 .02 3¢.2 1.5
£0.754 ,002~——rvwanmvivnrn J OV [N
1.067 .004 25.98 0.05 .04307 .0%4017 2.072 .009 2.65 .02 DO .02 3.0 1.8
6).821 .002--~-mmana~ooa - . -—-- —mmammom—
3.046 .005 73.92 0.05 .04121L 094017 2.066 .004 2.55 .02 1.00 .02 35,4 1.4
64.067 .003———~-vvn - e v pA A ————
4.780 .005 120.09 0.15 .03380 .094018 2.121 .004 2.65 .02 1.00 .02 32.0 1.4
69.647 002 vmaavm - S erurn e m——
5.936 .006 147.%6 0.15 04012 031020 2.10% .003 2.65 .02 1.00 .02 32.8 1.4
75.583 .004===anammn=nas - - PN RO OP— ————
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Figure S. Detail of BHG interval density profile for Highland State 1 between 2166 and 2198 feet.
Spontaneous potential, resistivity, natural gamma ray and interval transit time logs also are
shown.
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shown.
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Colump 3

Measured depth of borehole gravity station adjusted to depth scale of open-hole well logs
(feet)

Column 4
Terrain corrections calculated out through Hayford-Bowie zone O using variable terrain
density (Beyer and Corbato, 1972) (milligals) (not needed for Kuparuk River and Prudhoe
Bay region).

Colymn 5

Relative gravity with uppermost station set equal to zero (milligals). Correctons for tidal
gravity, instrument drift and terrain have been applied.

lumn 6

Estimated uncertainty in gravity value in column 5 based on quality of reading(s) at station
and drift behavior of gravity meter (milligals).

lumn 7
Gravity difference (Ag) between successive stations (milligals).
Column §

Uncertainty in gravity difference (Agerroyp) that is the sum of gravity reading uncertainties
(colurnn 6) due to gravity reading quality, gravity meter repeatability and drift correction
(milligals).

Jurnn 9

Depth difference (Az) between successive borehole gravity stations (feet). Values are not
corrected for borehole deviation from the vertical.

Colurnn 10

Estimated uncentainty (Azeryor) in depth difference (feet). Azerroyr is estimated to be .02 feet
for Az <10 feet, .05 feet for 10<Az <100 feet and .15 feet for Az >100 feet.

luymn 11

Interval vertical gradient (Ag/Az) milligals/foot).
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Colump 12

Theoretical free-air vertical gradient (F) for latitude and elevation of borehole gravity station
(milligals/foot). Values are calculated from

F = .094112 - .000134 5in20 - .134 x 10-7h

where 6 is latitude and h is elevation in feet. Equation is from Heiskanen and Moritz (1967)
with constants of the 1967 Geodetic Reference System.

Column 13
BHG density (p) calculated from
Ag/Az =F - 4rkp

where k is the gravitational constant (g/cm3). Assuming a mean value for F, this equation
becomes

p = 3.680 - 35.127 (Ag/Az)
Colump 14

Maximum likely error in BHG density (Perror). See equation 2 in Appendix A. perror i In
g/em3,

Column 15
Assumed grain (or matrix) density (pg) (g/cm3).

Column 16

Assumed uncentainty of 0.02 in grain density (pg error) (g/cm3).
Column 17

Assumed pore-fluid density (pg) (g/cm3).

Column 18
Assumed uncertainty of 0.02 in pore fluid density (pf erpop) (2/cm3).

Column 19
BHG (apparent) porosity (¢) calculated from

¢ =100(pg-P)/(Pg-P1) (%)
where pg is set equal t0 2.65 g/em3 and py is set equal to 1.00 g/cr3



Column 20

Maximum likely error in BHG (apparent) porosity (¢) due to uncertainties in BHG density
(p), grain density (pg) and pore-fluid density (pf). See equation 4 in Appendix A. derror is
in porosity percent.

ACKNOWLEDGEMENTS

Permission to conduct the borehole gravity surveys in industry wells required 15 months of
negotiations with ARCO Alaska, Inc., and Standard Alaska Production Company (SAPC) and the
execution of an agreement to which British Petroleum Alaska Exploration, Inc., Exxon Company,
USA, and Mobil Oil tion also were signatories. We are indebted to many people who,
between March 1986 November 1987, assisted our work cither tangibly or intangibly. ARCO
Alaska, Inc., people who were especially helpful included Gerry Amold, Jon Wood, Mike
Winfree, Diane Suchomel, and Jim Lawler. Standard Alaska Production Company personnel who
were especially helpful included Al Schmoyer, Jean Dickey, Barney Dotson, Ross Werner, and -
Sudi Shelar. Additional Standard Oil people who were helpful included Norm Standish and Gor-
don Tinker. Peter Roberts and Ken Pisciotto of BP Alaska Exploration, Inc., provided key assis-
tance, We also thank BP Alaska Exploration, Inc., Exxon Company, USA, and Mobil Oil Corpo-
ration, as nonoperating partners, for their permission to enter wells.

The field work was difficult, and we are indebted to Mark Stuble and Brad Womack
(Western Atlas Co.) and Duane Schloesser (Crowley All Terrain ration) for helping us with
the surveys. In addition, the Western Atlas Company facility in orse kindly furnished
indoor space to mobilize and demobilize our logging operation and provided temporary parking
space for our logging truck. Other crucial support came from Ken Langford and Steve Komp of

uparuk Industrial écntm’ and Scott Calhoun of CAMPCO at Deadhorse.

APPENDIX A: The Borehole Gravity Method

Smith (1950} recognized that borehole gravity measurements are responsive primarily to the
vertical density variations in the rocks traversed by the survey and secondarily to lateral rock
density variations (anomalous density structure) of detectable magnitudes that may occur in the
region surrounding the surveyed well. However, the development of a reliable borehole gravity
meter with high precision came much later and the use of surveys for reservoir evaluation soon
followed (Howell and others, 1966; McCulloh and others, 1967a, 1967b, 1968).

Barehole gravity surveys are conducted by stopping and reading the borehole gravity meter at
a series of downhole stations. These stations are selected from examination of well logs usually to
bracket distinct units in a manner that meets the survey objectives. This technique leads to a set of

gravity difference (Ag) and depth difference (Az) measurements that constitute the interval vertical
gradient of gravity (Ag/Az) between successive stations (Fig. 7).

In a practical sense, the factors that affect measurements of Ag/Az are given by the following
equation:

Ag/Az =F - 4rkp + AGg + AG¢ + AGy, (McCulloh, 1966) (1)

F is the so-called free-air vertical gradient that varies from the equator to ¢ither pole by less than
0.2% and with elevation by about 0.01% per 1,000 feet or 0.05% per kilometer (Hammer, 1970;



Figure 7. Schematic diagram showing measurement of gravity (Ag) and depth differences (Az) in
the borehole.
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Robbins, 1981). These variations generally are negligible for borehole gravity surveys and F usu-
ally is assumed to be constant (.09406 mGal/ft or .30859 mGal/m).

The second term on the right-hand side of eq. (1) involves the constant coefficient 4nk which
equals .025558 (units of feet, mGal, g/cm3) or .083850 (units of meters, mGal, g/cm3) when the
Newtonian gravitational constant k equals 6.6726 x 10-8cm3sec-2g-1 (Luther and Towler, 1982).

The last factor, p, in this term is the BHG (apparent) density that is discussed in the following
paragraph. Anomalous gravity effects caused by lateral density variations in the area of the well,
as well as more regional anomalous effects that usually are negligible or very small, are represented
by the gradient term AGg in eq. (1). Corrections for gravitational effects due to the borehole

(AGp) and topography (AGy) usually are not needed or can be easily calculated with high accuracy
(Beyer and Corbato, 1972; Beyer, 1979).

In many geologic settings BHG (apparent) density p is the only significant factor that affects

Ag/Az because the formations surrounding the borehole are level (or nearly so) and possess
relatively uniform densities in lateral directions. In such areas, borehole gravity data are easily
converted to highly accurate and unique BHG density profiles. The word "apparent” is omitted
from BHG density in this case because the BHG densities are believed to accurately represent the

densities of the rocks penetrated by the well. In cases where AGg, AGh and(or) AGy¢ are
significant but ignored in the calculation of p, BHG (apparent) density is used.

BHG density is the gravitational average dcnsitg of the horizontal layer between each pair of
gravity measurements and, in theory, can be caused by groups of beds in which density is rea-
sonably constant in a horizontal direction for radial distances of at least five to ten times the interval

thickness Az. Under these circumstances p can be considered a linear average of any vertical vari-
ations of density over the Az interval. Error in p is related to survey errors in depth (AZeergr) and
gravity (Agerror) difference measurements and is given by the following equation:

Perror = 1/ATk (Ag/Az) (AZerror/A2 + Agerror/Ag)  (@em3)  (2)

Lateral density variations (the AGg term) may be significant where, for example, folded
strata, faults, unconformities, intrusions, ice wedges or lateral variations in lithology, porosity, or
pore fluids (due to selective depositional or postdepositional processes) intersect or occur within
detectable distances of the borehole. Analysis of the borehole gravity data in these cases is more
difficult because equal density surfaces generally are poorly known and may be complex in shape.
Separation of normal and anomalous components of the BHG survey and development of density
models from independent geological and geophysical data to fit the "anomalous” part of the BHG
survey are necessary steps to a more complete interpretanon. Anomalous or “structural” effects
usually (but not always) are small or change slowly with depth so that high relative accuracy
between proximal intervals is seldom affected.

A very important application of borehole gravity surveys is the accurate and representative

evaluation of formation or reservoir total porosity in the vicinity of the well. BHG porosities are
calculated from BHG densities using the familiar equation for porosity:

¢ = 100(pg - PY(pg- PO 3)



where ¢ = total porosity (percent), p = BHG density (g/cm3), p; = average grain or mamix density
of the solid constituents of the rocks contained in the interval (g/cm3), and pg = average density of
the pore fluids contained in the interval (g/cm3). If p is provided from the borehole gravity
survey, pg and pr must be estimated from independent data in order to calculate BHG porosity ¢.

Accurate determination of BHG porosity requires an understanding of the effects of errors in
the three variables on the right side of equation (3). An error equation is

= 100 -~
¢crm1 (p._ p/)[(l ¢)I p(m,l + ¢] P['mrl"'lp,,ml ] (4)

where pp. o Pferror 80 Perror represent the errors or uncertainties in the values of grain den-
sity, pore-fluid density, and BHG density, respectively, expressed in g/em3. §is given fraction-
ally. §error is the resultant error or uncertainty in calculated BHG porosity expressed in porosity

percent. Absolute values of pg.... . Pferro, a1d Perror are summed in equation (4) to give the
maximum ermor case. In practce, the signs of these three errors may cause sorne compensation SO
that Qerror is actually less than estimated from equation (4). Note that the magnitide of each error
on the right side depends on the inverse value of (pg - pf) which, for practically all economically
important sedimentary rocks, ranges from about 0.77 t0 0.35 (g/cm3)‘1‘ Also. Pgerror is larger in

lower porosity rocks than in higher porosity rocks and the converse is true for pg, . Careful
borehole gravity surveying and the acquisition of sufficient independent downhole data to describe

mineralogy and pore fluids almost always will cause ¢eymor to be less than 3 and frequently less
than 1.5 porosity percent.

Density and porosity profiles caiculated from BHG densities are particularly important
because of the large volume of formation investigated and high relative or absolute accuracy that is
inherent and unique to the borehole gravity method. Comparative radial distances from the
borehole and corresponding rock volumes investigated by conventional cores, gamma-gamma log,
neutron log, sonic log, and borehole gravity meter over a 3-m (10-ft) interval are shown in Table 5.
There is no doubt that the borehole gravity meter provides a unique glimpse of the rocks
surrounding the borehole and can be very important for formation and reservoir analysis where
conventional logs give faulty or ambiguous results.

Suggested references for the theory and mechanics of borehole gravity surveys are Smith
(1950), Beyer (1971, 1983), and Rasmussen (1973, 1975). Applications of borehole gravity
surveys include formation evaluation, reservoir en gmeerm g evaluation of well log and core
analyses, surface gravity and seismic studies, and engineering or rock property investigations.
Useful references for applications include Smith (1950), McCulloh (1966), McCulloh and others
(1968), Jageler (1976), Bradley (1976), Beyer and Clutsom (1978), Schmoker (1979), Robbins
(1979), Tucci and others (1983), and Beyer (1987a, b).



Table 5. Radial distances investigated (to encompass 90% of the effects) by gamma-gamma
neutron, and acoustical type logs, and borehole gravity survey with corresponding

formation volumes over a 10-ft vertical interval. Beyer (1987a).

Radial distance inves-

Formation volume

tigated for 90% effect investigated
Logging method' (in.) (cm) (%) (m3)
Conventional 5.25-in. (13-cm) core 2.6 (6.8) 1.5 (.04)
Gamma-gamma log 8 (20) 17 (0.5)
Neutron log 14 (36) 40 (1.1)
Sonic log 18 (46) 59 (1.7)
Borehoie gravity survay 600 (1500) 78,532  (2,224)

‘Borehole radiius Is assumed to be 6 In. and gamma-gamma, neutron, and acoustical logs are assumed to invastigaie ane-hali of the cir-
cular annutus around the borehole. Conventional 5.25-In, core is Included for comparison. Investigative radii of gamma-gamma, neu-
tron, and acoustical (098, chosen very liberally, are from Sharmsn and Locke (1875), Antkiw (1978), Jageler {1976), Baker (1884), and

Bateman (1885).
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