Volumetric Calculations
North King Camp (Devonian)
Chaves County, New Mexico
(Based On Conditions Existing As Of October 1, 1989)

Santa Fe Stevens NE/4
Holmstrom Deemar Section 9 Total
Classification #1 Fed #1 29E-14S Reservoir
Productive Acreage (acres) 80.9 38.8 87.8 207.5
Gross Reservoir Volume (ac-ft) 5,270 4,524 6,088 15,882 <~
Current Producing Reservoir Volume (ac-ft) 3,974 4,431 0 8,405
Producible Reservoir Volume Behind-Pipe (ac-ft) 864 29 0 893
Undeveloped Reservoir Volume-Regular Location (ac-ft) 0 0 5,706 5,706
“-- Total Producible Reservoir Volume (ac-ft) 4,838 4,460 5,706 pm~OOAnﬁui
Non-Producible Reservoir Volume (ac-ft) 432 64 382 878
Original Oil-In-Place (MBBL) 2,278 1,955 2,631 6,857
Ultimate Proved Developed Producing Reserves (MBBL) 601 670 0 1,271
Ultimate Proved Developed Behind-Pipe Reserves (MBBL) 131 4 0 135
Ultimate Proved Undeveloped Reserves (MBBL) 0 0 863 863
Ultimate Total Proved Reserves (MBBL) 732 674 863 2,268
Recoverable Oil In Non-Producible Zones (MBBL) 65 10 58 133
Estimated Cumulative Production As Of October 1, 1989 (MBBL) 93.1 3.6 0 96.7
Average Not Pay Thickness 65.1 bl (9.3 76 .5
Parameters Used:
BHT = 145° F
API Gravity = 46°
GOR = 40 CF/BBL
FVF = 1.05 o e e s
Average Porosity = 7.8% - EErdnk
Average Water Saturation = 25% A
Recovery Factor = 35% ! S, eEn
Bottom-Hole Flowing Pressure @ 536 BPD = 3704 psia (e ol .
Static Bottom-Hole Pressure @ August 25, 1989 = 3936 psia rwnmuﬁbm‘n\rs - EXhibE N,
O0IP = [7758(0.078)(1-0.25)] + 1.05 = 432.2 STB/cu-ft N S s
ROIP = 432.2 x 0.35 = 151.3 STB/ac-ft ponmitted by 2 a
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SANTA FE EXPLORATION COMPANY
\ NORTH LUCKY PROSPECT

Chaves County,.New Méxito

DEVONIAN
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HOLMSTROM FEDERAL #1 , 0. 9
Sec. 9, T-14-S, R-29-F | Examiney o, —2
1980" FSL & 1980' FEL | Lyed

Chaves County, New Mexico
Proposed 70 10,000'
Wildcat Devonian

DAILY DRILLING REPORT

1-21-89 TP 285#,.10/64" ck, made'259 BO & 6 MCF in 23% hrs.
1-22-89 TP 285#, 10/64" ck, made 257 BO & 6 MCF in 23 hrs.

1-23-89 TP 285#, 10/64" ck, made 269 BO & 6 MCF in 24 hrs.

1-24-89 TP 282#, 10/64" ck, made 251 BO & 6 MCF in 24 hrs.

1-25-89 TP 300#, 10/64" ck, made 259 BO & 6 MCF in 24} hrs.
1-26-89 TP 290#, 10/64" ck, made 269 BO & 6 MCF in 24 hrg.

1-27-89 TP 290#, 10/64" ck,.made 269 BO & 6 MCF in 24 hrs.

1-28-89 TP 285#, 10/64" ck, made 297 BO & 6 MCF in 27 hrs.

1-29-89 TP 285#, 10/64" ck, made 198 BO & 6 MCFvin 23 hrs.

1-30-89 TP 285#, 10/64" ck, made 269 BO & 6 MCF in 25 hrs.

1-31-89 TP 285#, 10/64" ck, made 264 BO & 6 MCF in 23} hrs.
2-01-89 TP 285#, 10/64" ck, made 241 BO, 6 MCF & 8 BW in 23 hrs.
2-02-89 TP 285#, 10/64" ck, made 270 BO, 6 MCF & 10 BYW in 241 hrs.
2-03-89 TP 264#, 10/64" ck, made 256 BO, 6 MCF & 10 BY in 234 hrs.
2-04-89 TP 290#, 10/64" ck, made 264 BO, 6 MCF. 10 BW in 25 hrs.

2-05-89 TP 285#, 10/64" ck, made 231 BO, 6 MCF & 5 BW in 26-3/4 hrs.
2-07-8S9 TP 285#, 10/64" ck, made 262 BO, 6 MCF & 10 BW in 23 hrs.

2-08-89 TP 285#, 10/64" ck, made 237 BO, 6 MCF

&
&

2-06-89 TP 285#, 10/64" ck, made 259 BO, 6 MCF & O BW in 214 hrs.
&
& 20 BW in 23-3/4 hrs.
&

2-09-89 TP 285#, 10/64" ck, made 261 BO, 6 MCF 8 BW in 244 hrs.
2-10-89 TP 285#, 10/64" ck, made 264 BO, 6 MCF & 10 BW in 23% hrs.
2-11-89 TP 285#,‘10/64” ck, made 291 BO, 6 MCF & 8 BW in 28 hrs.

2.12-89 TP 285#, 10/64" ck, made 214 BG,

(€]

MCF & 10 BW in 204 hrs.
2-13-89 TP 285#, 10/64" ck, made 259 BO, 6 MCF & 12 BW in 23-3/4 hrs.

2-14-89 TP 285#, 10/64" ck, made 225 BO, 6 MCF & 8 BW 1in 24 hrs.
2-15-89 TP 280#, 10/64" ck, made 253 BO, 6 MCF & 12 BW in 23% hrs.
2-16-89 TP 280#, 10/64" ck, made 235 BO, 6 MCE & 8 BW in 25 hrs.

2-17-89 TP 2804, 10/64" ck, made 248 BO, 6 MCF & 10 BW in 23-3/4 hrs.

2-18-89 TP 280#, 10/64" ck, made 286 BO, 6 MCF & 10 BW in 27 hrs.

2-19-89 TP 280#, 10/64" ck, made 205 BO, 6 MCF & 11 BW in 20-3/4 hrs.

2-20-89 TP 280#, 10/64" ck, made 269 BO, 6 MCF & 8 BW in 24-3/4 hrs.
2-21-89 TP 280#, 10/64" ck, made 269 BO, 6 MCF & 12 BW in 24 hrs.

2-22-89 TP 280#, 10/64" ck, made 264 B0, 6 MCF & 10 BW in 244 hrs.



HOLMSTROM FEDERAL #1
Sec. 9, T-14-S, R-29-E
1980" FSL & 1980' FEL
Chaves County, New Mexico
Proposed 7D 10,000
Wildcat Devonian

DAILY DRILLING REPORT

12-20-88 TP 320#, 10/64" ck, made 291 BO & 6 MCF in 24 hrs.

12-21-88 TP 320#, 10/64" ck, made 280 BO & 6 MCF in 24 hrs.

12-22-88 TP 320#, 10/64" ck, made 283 BO & 6 MCF in 24 hrs.

D oy O

12-23-88 TP 315#, 10/64" ck, made 264 BO & 6 MCF in 24 hrs. -

12-24-88 TP 310#, 10/64" ck, made 286 BO &

(o]

MCF in 243 hrs.
12-25-88 TP 3104, 10/64" ck, made 204 BO & 6 MCF in 23% hrs.
12-26-88 TP 310#, 10/64" ck, made 264 BO & 6 MCF in 23 hrs.

12-27-88 TP 305%#, 10/64f ck , made 281.80 & 6 MCF in 24 hrs.

12-28-88 TP 305#, 10/64" ck, made 264 BO & 6 MCF in 23} hrs.
12-29-88 TP 3004, 10/64" ck, made 300 BO & 6 MCF in 244 hrs.

12-30-88 TP 300#, 10/64" ck, made 297 BO & 6 MCF in 26% hrs.
12-31-88 TP 300#, 10/64" ck, made 198 BO & 6 MCF in 21 hrs.
1-01-89 TP 300#, 10/64" ck, made 308 BO & 6 MCF in 26% hrs.

1-02-89 TP 300#, 10/64" ck, made 275 BO MCF in 25 hrs.

o o Qo
(o)

1-03-89 TP 300#, 10/64" ck, made 275 BO & 6 MCF in 24-3/4 hrs.

1-04-89 TP 300#, 10/64" ck, madé 264 BO & 6 MCF in 23 hrs.

1-05-89 TP 300#, 10/64" ck, made 264 BO & 6 MCF in 24} hrs.

1-06-89 TP 300#, 10/64" ck, made 267 BO & 6 MCF in 24 hrs.

1-07-89 TP 290#, 10/64" ck, made 286 BO MCF in 26 hrs.

o @3 Qo Qo
(@)}

1-08-88 TP 290#, 10/64" ck, made 227 BO & 6 MCF in 21 hrs.

1-09-88 TP 290#, 10/64" ck, made 264 BO & 6 MCF in 25 hrs. (SI. 1 hr to chg over to
heater treater. Did a 1 hr pressure build-up test).

1-10-89 TP 287#, 10/64" ¢k, made 248 BO & & MCF in 241 hrs-v Ralanced out.heater
treater. ‘

1-11-89 TP 290#, 10/64" ck, made 259 BO & 6 MCF in 23% hrs.

1-12-89 TP 285#, 10/64" ck, made 285 BO & 6 MCF in 24} hrs.

1-13-89 TP 285#, 10/64" ck, made 241 BO & 6 MCF in 234 hrs.

1-14-89 TP 285#, 10/64" ck, made 286 BO & 6 MCF in 26 hrs.

B Y o O

1-15-89 TP 285#, 10/64" ck, made 219 BO & 6 MCF in 20% hrs.
1-16-89 TP 285#, 10/64" ck, made 301 BO & 6 MCF in 26 hrs.
1-17-89 TP 282#, 10/64" ck, made 275 BO & 6 MCF in 24 hrs.
1-18-89 TP 280#, 10/64" ck, made 249 BO & 6 MCF in 24 hrs.
1-19-89 TP 280#, 10/64" ck, made 283 BO & 6 MCF in 25 hrs.

1-20-89 TP 285#, 10/64" ck, made 285 BO & 6 MCF in 24 hrs.



HOLMSTROM FEDERAL #1
Sec. 9, T-14-S, R-29-E
1980" FSL & 1880' FEL
(haves County, New Mexico
Proposed TD 10,000
Wildcat Devonian

DATLY DRILLING REPORT

11-17-88 TP 325#, .10/64" ck, made 330 BO & 6 MCF in 24 hrs. Sm amt of emulsion.

11-18-88 TP 320#, 10/64" ck, made 276 BO & 6 MCF in 224 hrs. Sm amt of emulsion.
11-19-88 TP 320#, 10/64" ck, made 309 BO & 6 MCF in 25% hrs. Sm amt of emulsion.
11-20-88 TP 315#, 10/64"‘ck,'made 253 BO & 6 MCF in 21 hrs. Sm amt of emulsion.

11-21-88 TP 315#, 10/64" ck, made 330 BO & 6 MCF in 28 h%s. Sm amt of emulsion.

11-22-88 TP 310#, 10/64" ck, made 275 BO & 6 MCF in 213 hrs. Sm amt of emulsion.
11-23-88 TP 310#, 10/64" ck, made 275 BO & 6 MCF in 24 hrs. Sm amt of emulsion.

11-24-88 TP 310#, 10/64" ck, méde 281 BO & 6 MCF in 234 hrs. Sm amt of emulsion.
11-25-88 TP 310#, 10/64" ck, made 243 BO & 6.MCF in 264 hrs. !

11-26-88 TP 310#, 10/64" ck, made 226 BO & 6 MCF in 2} hrs.
11-27-88 TP 310#, 10/64" ck, made 292 BO & 6 MCF in 27 hrs.

11-28-88 TP 310#, 10/64" ck, made 299 BO & 6 MCF in 23 hrs.

11-30-88 TP 310#, 10/64" ck, made 265 BO

&
11-29-88 TP 310#, 10/64" ck, made 275 BO & 6 MCF in 24 hrs.
. & 6 MCF in 234 hrs.
&

12-01-88 TP 310#, 10/64" ck, made 264 BO & 6 MCF in 24 hrs.
12-02-88 TP.310#, 10/64" Ck, made 259 BO & 6 MCF in 23% hrs.
12-03-88 TP 3104, 10/64" ck, made 314 BO & 6 MCF in 24} hrs.
12-04-88 TP 310#, 10/64" ck, made 270 BO & 6 MCF in 231 hrs.
12-05-88 TP 310#, 10/64" ck, made 264 BO & 6 MCF in 21-3/4 hrs.
12-06-88 TP 310#, 10/64“ ck, made 252 BO & 6 MCF in 2]%‘hrs.
12-07-88 TP 310#, 10/64" ck, made 283 B0 & 6 MCF 1in 26 hrs.
12-08-88 TP 310#, 10/64" ck, made 312 BO & 6 MCF in 26 hrs.
12-09-88 TP 310#, 10/64" ck, made 231 BO & 6 MCF in 224 hrs.
12-10-88 SI due to weather (trucks unable to get to iocation - gil tanks full).
12-11-88 SI due to weather. When opened well TP 340#.
12-12-88 TP 315#, 10/64" ck, made 231 BO & 6 MCF in 21 hrs.

T - I P - y— T P - - - .=
S, 2 K=, I, tece ZE57 D i T o -7

- .- - — - -- =7

12-14-88 TP 330#, 10/64" ck, made 252 BO & 6 MCF in 21% hrs.
12-15-88 TP 330#, 10/64" ck, made 318 BO & 6 MCF in 26 hrs.

12-16-88 TP 320#, 10/64" ék, made 308 BO & 6 MCF in 25% hrs.

12-17-88 TP 320#, 10/64" ck, made 241 BQ & 6 MCF‘in 20% hrs.

12-18-88 TP 320#, 10/64" ck, made 253 B0 & 6 MCF in 22 hrs.

12-19-88 TP 320#, 10/64" ck, made 323 BO & 6 MCF in 27 hrs.
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10-19-88
10-20-88
10-21-88
10-22-89
10-23-88
10-24-88
10-25-88
10-26-88
10-27-88
10-28-88
10-29-88
10-30-88
10-31-88
11-01-88
11-02-88
11-03-88
11-04-88
11-05-88
11-06-88
11-07-88
11-08-88
11-09-88
1-10-83
11-11-88
11-12-88
11-13-88
11-14-88
11-15-88

11-16-88

TP 340#, 10/64" ck,

TP 335#, 10/64" ck,

TP 335#, 10/64" ck,

TP 335#, 10/64" ck,

TP 335#, 10/64" ck,
TP 335#, 10/64"
TP 330#, 10/64" ck,

TP 330#, 10/64" ck,

TP 330#, 10/64"
TP 330#, 10/64"

ck,
ck,
TP .330#, 10/64"
TP 330#, 10/64"

ck,
ck,
TP 330#, 10/64" ck,
TP 330#, 10/64" ck,
TP 330#, 10/64" ck,
TP 330#, 10/64" ck,
TP 330#, 10/64"
TP 330#, 10/64"

TP 330#, 10/64"

ck,

ck,
TP 330#, 10/64" ck,

TP 330#, 10/64"

TP 325=, 10/64"

TP 325=, 10/64" ck, made 275 BO & €& MCF in 24 hrs.

TP 3255, 10/64"
TP 325#, 10/64"
TP 3254#, 10/64"
TP 325#, 10/64"
TP 325#, 10/64"
TP 325#, 10/64"

cks

DAILY DRILLING REPORT

made 286 BO & 6 MCF

made 286 BO & 6 MCF

made 275 BO & 6 MCF

made 369 BO & 6 MCF

made 220 BO & 6 MCF
made 314 BO & 6 MCF
made 290 BO & 6 MCF

made

made 299 BO & 6 MCF
made 299 BO & 6 MCF
made 308 BO & 6 MCF
made 286 BO & 6 MCF
made 286 BO & 6 MCF
made 275 BO & 6 MCF
made 236 BO & 6 MCF
made 269 BO & 6 MCF
made 292 BO & 6 MCF

ck, made 275 BO & 6 MCF

in 24% hrs.

in 24 hrs.
in 23% hrs
in 28 hrs.
in 21 hrs.

in 26 hrs.

in 224 hrs.

275 BO & 6 MCF in 24 hrs.

in 24 hrs.
in 24 hrs.

in 25 hrs.
in 26 hrs.

in 23 hrs.

in 221 hrs.

in 25% hrs.

in 24 hrs.
in 24 hrs.

in 24 hrs.

Sm amt of emulsion.

Sm amt of emulsion.

. Sm amt of emulsion.

Sm amt of emulsion.

Sm amt of emulsion.
Sm amt of emulsion.
Sm amt of emulsion.

Sm amt of emulsion.

Sm amt of emulsion.

Sm amt of emulsion.

Sm amt of emulsion.

Sm amt of emulsion.
Sm amt of emulsion.
Sm amt of emulsion.
Sm amt of emulsion.

Sm amt of emulsion.

Sm amt of emulsion.

Sm amt of emulsion.

made 309 BO & 6 MCF in 24-3/4 hrs. Sm amt of emulsion.

made 325 BO & 6 MCF in 26% hrs.

ck, made 303 BO & 6 MCF in 241 hrs.

ck, made 254 BO & 6 MCF in 20% hrs.

ék, made 293 B0 & 6 MCF in 24 hrs.
ck, made 299 BO & 6 MCF in 264 hrs.
ck, made 292 BO & 6 MCF 1in 24 hrs.
ck, made 264 BO & 6 MCF in 22 hrs.
ck, made 309 BO & 6 MCF in 244 hrs.
ck, made 267 BO & 6 MCF in 25 hrs.

Sm amt of emulsion.
Sm amt of emulsion
Sm amt of emulsion,
Soart of eyt
Sm amt of emulsion.
Sm amt of emulsion.
Sm amt of emulsion.
Sm amt of emulsion.

Sm amt of emulsion.

Sm amt of emulsion.

(FINAL DAILY REPORT - WELL TRANSFERRED TO PRODUCTION DEPT.
TO THE MONTHLY C-115 REPORT)



HOLMSTROM FEDERAL #1
Sec. 9, T-14-S, R-29-E
1980"' FSL & 1980' FEL
Chaves County, New Mexico
Proposed 7D 10,000
Wildcat Devonian

DAILY DRILLING REPORT

9-24-88 TP 500#, 8/64" ck, made 242 BO, 4.5 MCF & no wtr in 221 hrs.
9-25-88 TP 500#, 8/64“ ck, made 266 BO, 4 MCF & no wtr in 244 hrs.
9-26-88 TP 500#, 8/64" ck, made 253 BO, 4 MCF & no wtr in 24 hrs.
9-27-88 TP 5004, 8/64" ck, made 254 BO, 4 MCF & no wtr in 23% hrs.
9-28-88 TP 500#, 8/64" ck, made 253 BO, 4 MCF & no wtr in 22 hrs (8AM on
9-27-88). Tefteller, Inc. collected f1 samples for resevoir
fluid analysis. Ran BHP. Flowed well 2 hrs on 10/64" ck, FTP
400 psi, made 27.3 BO, no wtr in 2 hrs. Flowing well 4 hrs on
12/64" ck, FTP 290 psi, 67.1 BO, no wtr in 4 hrs. Calculated
24 hrs: 403 BOPD, 13.8 MCFPD, GOR 34-1. Return to 10/64" ck
@ 5:45 PM for extended flow test.
9-29-88 TP 400#, 10/64" ck, made 320 BO, 5.8 MCF & no wtr in 23% hrs.
9-30-88 TP 375-380#, 10/64" ck, made 322 B0, 5 MCF & no wtr in 24 hrs.
10-01-88 TP 360-330#, 10/64" ck, made 313 BO, 5 MCF & no wtr in 24 hrs.
10-02-88 TP 360#, 10/64" ck, made 323 BO, 4.6 MCF & no wtr in 24} hrs.
10-03-88 TP 360#, 10/64" ck, made 53 BO in tanks (unknown amount in pit
because of malfunction in valve on seperator), 4 MCF & no wtr
in 24 hrs. :
10-04-88 TP 360#, 10/64" ck, made 248 BO, 4 MCF & no wtr in 23 hrs.
10-05-88 TP 560—375#, 10/64" ck, made 300 BO, 4.5 MCF & no wtr in 23 hrs.
10-06-88 TP 360#, 10/64" ck, made 280 BO, 4.5 MCF & no wtr in 22 hrs.
10-07-88 TP 350-360#, 10/64" ck, made 260 BO, 6 MCF & no wtr in 204 hrs.
10-08-88 TP 355#, 10/64" ck, made 294 BO, 6 MCF & no wtr in 22-3/4 hrs.
10-09-88 TP 345#, 10/64" ck, made 294 BO, 6 MCF & no wtr in 24% hrs.
10-10-88 TP 345#, 10/64" ck, made 308 BO, 6 MCF & no wtr in 24% hrs.
10-11-883 TP 345#, 10/64" ck, made 350 BO, 6 MCF & no wtr in 25% hrs.
10-12-88 Emulsion contaihed approximately 2% wtr.

' ST @ 11 AM on 10-10-88
for chemical & water analysis. ‘

10-13-88 SI

10-14-88 TP 370#, 10/64" ck, made 279 BO & 6 MCF in 21 hrs. Well is stil)
producing an emulsion (since Sunday, Oct 9th) that contains 2-5%
water., :

10-15-18 TP 360#, 10/64" ck, made 275 BO & 6 MCF in 24 hrs. Small amount of
emulsion continues with approximately 11% water.

10-16-88 TP 345#, 10/64" ck, made 302 BO & 6 MCF in 23 hrs. Sm amt of emulsion.

10-17-88 TP 340#, 10/64" ck, made 346 BO & 6 MCF in 27 hrs. Sm amt of emulsion.

10-18-88 TP 340#, 10/64" ck, made 297 BO & 6 MCF in 231 hrs.

Sm amt of emulsion.



HOLMSTROM FEDERAL #1
Sec. 9, T-14-S, R-29-E
1980' FSL & 1980' FEL
Chaves County, New Mexico
Proposed TD 10,000
Wildcat Devonian

9-12-88

9-13-88

9-14-88

9-15-88

9-16-88

9-17-88
9-18-88
9-19-88
9-20-88
9-21-88
9-22-88

9-23-883

SITP 700 psi.

flowing 6 BUPH w/no wtr.

"CONFIDENTIAL"

DAILY DRILLING REPORT

Open to tks @ 9 AM on 6/64" positive ck. At 11 AM -

TP 610 psi. Testing to tks. /N

9:30 AM (9-12-88) ck 6/64", TP 610 psi, made 154.6 BO in 244 hrs, no
wtr, 5 MCFPD.

SI & chan
10:15 AM (9-12-88).

ge bonnett on tree & open on 8/64" ck @
Making 11 BOPH, TP 500#. '

TP 500#, 8/64" ck, made 259 BO & 4 MCF in 24 hrs (from 10:15 AM on
9-12-88 to 10:15 AM on 9-13-88)

TP 500#, 8/64" ck, made 257 BO, 4 MCF & no
@ 10:15 AM).

TP

500#, 8/64"

8 10:15 AM).

TP
TP
TP
TP
TP
TP

TP

500#, 8/64"
500#, 8/64"
500#, 8/64"
500#, 8/64"
500#, 8/64"
5004, 8/64"
500#, 8/64"

ék,
ck,
ck,

ck,
ck,

ck,'

ck,
ck,

made

made

made
made
made
made

made

made

257 BO,

260. BO,
261 B8O,

258 BO,
259 BO,
251 BO,

265 BO,
271 BO,

=y

MCF

MCF
MCF

MCF
MCF
MCF

MCF
MCF

no

no

no

no

no

no

no

no

wtr in

wtr 1in

wtr in
wtr. in
wtrfin
wtr in
wtr in

wtr in

wtr in

24 hrs. (9/13-9/14

24 hrs. (9/14-9/15

24 hrs.
24 hrs.

24 hrs.
24 hrs.
23% hrs.

2481 hrs.

25 hrs.
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RESERVOIR SIMULATION RESULTS

]

North King Camp (Devonian) Field
Chaves Co., New Mexico
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L — — L |- — Holmatrom

Thickness Cumulative Average Average Producing
Oil  Water BHP Water Sat. Well
(t) (MBBL) (psi) (%)
1" 0 0 3941 20.0 Deemar
41 0] 0 3949 20.1
30 0] 0 3961 20.4
30 0] 0 3971 25.5 Holmstrum
39 0 0 3982 28.2
¢) 0
Thickness Cumulative Average Average Producing
Oil  Water BHP Water Sat. Well
(ft) (MBBL) (psi) (%)
11 7 0 3940 20.0 Deemar
41 0 0 3948 20.1
30 0 0] 3960 20.2
7
30 102 1 3920 245 Holmstrum
39 0 0 3981 29.4
109 1
Thickness Cumulative Average Average Producing
Oil  Water BHP Water Sat. Well
(f) (MBBL) (psi) (%)
1 84 0 3935 20.0 Deemar
41 0 0 3944 20.0
30 74 1 3957 205 Holmstrum
30 102 1 3966 24.0
39 0 0 3978 321
260 2
Thickness Cumulative Average Average Producing
Oil  Water BHP Waoter Sat. Well
() (MBBL) (psi) (%)
11 177 0 3932 20.0 Deemar
41 0 0 3942 20.0
30 124 14 3954 20.0 Holmstrum
30 102 1 3964 23.5
39 0 o 3977 34.2
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RESERVOIR SIMULATION PROJECTION
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NORTH KING CAMP (DEVONIAN)

Total % Times
Total Recoverable Per Standard Total

Reserve BBLS Cent Allowable  Allowable
Holmstrom SE/4 732,000 32.3 515 499
NE/4 Section 9 863,000 38.0 515 587
Deemar E/2W/2 674,000 29.7 515 459

TOTALS: 2,269,000 100.0% 1545 BO 1545 BO
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Comparison Of Cumulative Production
As Function Of Allowable
North King Camp (Devonian) Field
Chaves County, New Mexico

Penalized Allowable Top Allowable
Cumulative Cumulative
Time Rate Production Rate Production
(Year) {BOPD) (MBBL) (BOPED) (MBBL)
1 34 12 515 188
2 34 25 515 376
3 34 37 515 564
4 34 50 515 752
5 34 62 515 940
6 34 74 515 1128
7 34 87 515 1316
8 34 99 515 1504 Ly
9 34 112 515 1692
10 34 124 515 1880 1 ("
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Description Of Numeric Simulator Used To Model Reservoir
North King Camp (Devonian) Field

Chaves County, New Mexico

Trade Name: PC - BQOAST

Hardware: Sun 386i Engineering Workstation

Type of Simulator: Black Oil
3 - Dimensional
3 - Phase
Finite - Difference
Implicit Pressure-Explicit Saturation (IMPES)

Capability: Simulate oil and/or gas recovery by fluid expansion displace-
ment, gravity drainage and capillary imbibition mechanism.

Dimensions: Individual Grid - 330' x 330' (2.5 ac)

Layer 1 -
Layer
Layer
Layer
Layer
Layer

DU W
|

Reservoir Properties:

12 Cells - 11' thick

27 Cells - 41' thick
43 Cells - 30' thick
54 Cells - 30' thick

75 Cells - 39' thick
112 Cells - 1000' thick (aquifer)

Porosity = 7.0%

Water Saturation = 25.0% average (varies by height
above OWC)

Permeability = 1000 md (vertically and horizontally)
Relative Permeability = Empirical correlation

PVT Data = Empirical correlation

Original Solution GOR = 40 SCF/BBL

Gas Gravity = 0.8

Oil Gravity = 46° API

BHT = 145° F

n |

Volumetrics: OOIP = 6741 MBBL

Aquifer Volume = 1,940,323 MBBL
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INTERPRETATION

The dream of the geologist is to shrink to a
few inches and, with a strong flashlight,
descend the wellbore to settle once and for
all what the formation really looks like. To
fulfill this dream, various devices were
invented for imaging the borehole wall.
Television cameras work sometimes, in rela-
tively cool boreholes with clear drilling
fluid. Such devices find use in corrosion
detection. But to image the borehole wall in
a typical oil well, the major advancement
was the borehole televiewer [BHTV], devel-
oped 20 years ago by Mobil Oil Corp.!

A second imaging device, the Formation
MicroScanner [FMS] tool, caused a minor
sensation when it hit the market about three
years ago. It gave operators an alternative to
the venerable BHTV, which creates an
acoustic image of the borehole. Now they
could image the borehole wall based on its
electrical properties—a technique that com-
plements the televiewer’s acoustic image.2

This innovative technology spawned a
new field of inquiry. To find a niche for elec-
trical images, studies proliferated comparing
Formation MicroScanner logs to cores,
BHTV and other open hole logs; physicists
refined their understanding of tool response,
and engineers fine-tuned hardware and soft-
ware.3

Today, after three years of commercial
trial by fire and miles of logs, interpretation
of Formation MicroScanner images is
approaching a higher level of sophistication.
This article covers some interpretation fun-
damentals and tips gathered as knowledge

For reviewing the manuscript for this article or supplying
supporting material, thanks to Jean-Noél Antoine, Jean-
Pierre Delhomme, Alain Dumont, Herve Ganem and
Jean-Marie Lorre, Clamart, France; Ted Bornemann,
Anchorage, Alaska; Yves Boutemy, Montrouge, France;
Claudia ). Hackbarth, Shell Development Company,
Houston; Bill Newberry, Dallas; Roy Nurmi, Dubai;
Dick Plumb, Ridgefield, Connecticut; Jon Roestenburg,
Jakarta; Gordy Shanor, Kuala Lumpur; and Jacques
Tabanou, Houston.

Photos by Tony Bacchiochi
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Using Formation Micro$

Lawrence Bourke
Aberdeen, Scotland

Pierre Delfiner
Jean-Claude Trouiller
Clamart, France

Tom Fett

[Pads of four-pad (right) and two-pad Formation MicroScanner tools. The two-pad tool makes measure-
ments from pads at right angles on a Dual Dipmeter* tool (also called the Stratigraphic High Resolution
Dipmeter tool [SHDT] ). The two large electrode buttons at the bottom make the dipmeter measure-
ment; the 27 smaller electrodes make the image measurement. The four-pad design uses fewer buttons
per pad due to telemetry and data processing constraints. The closer positioning of the buttons reduces
saw-tooth effects from imperfect speed correction between button rows (see log, right). The four-pad
tool, due to its greater borehole coverage (about 40 percent of an 8'/2-inch hole, compared with 20
percent for the two-pad tool) takes less time to run because repeat passes are usually unnecessary. The
two-pad tool has a slightly higher lateral resolution. Both pads measure about 3'/4s inches square [=8

cm?].

of tool response and application improves.
To put interpretation in context, we begin
by summarizing tool function and review-
ing data processing as it bears on interpreta-
tion. The article also includes a Formation
MicroScanner case study (“Gulf Coast case
study: A marine transgressive sequence,
wildcat well, South Texas,” page 39.)

Tool Function

The Formation MicroScanner tool creates a
picture of the borehole wall by mapping its
resistivity using an array of small, pad-
mounted button electrodes (hence Micro).
These buttons examine successive small
vertical increments of the formation (every
0.1 inch [2.5 millimeters], or 120 samples
per electrode per foot) and lateral incre-
ments as the tool is pulled uphole (hence
Scanner) (above). A triaxial accelerometer

permits determination of tool position, and
three magnetometers allow determination of
tool orientation.

The tool works basically the same way as
the dipmeter. During logging, the lower sec-
tion of the tool emits current into the forma-
tion. A portion of this current flows from the
buttons on the pads, but the majority is used
to focus the button current so that the tool
has a moderately shallow depth of investi-
gation and a high resolution (see table, page
317). The button current is recorded as a
series of curves that represent relative
changes in microresistivity caused by vary-
ing electrolytic conduction as a function of
pore geometry, or by cation exchange on
the surfaces of clays and other conductive
minerals. These two effects produce varia-

The Technical Review

Corpus Christi, Texas




anner Images

Mike Grace Stefan Luthi
Dallas Riagefield, Connecticut

tions on the images in response to porosity,
grain size, mineralogy, cementation and
fluid type. The current intensity measJre-
ments, which reflect the microresistivity
variations, are converted to variable-intensi-
ty gray or color images (right). (The choice
of black-and-white or color output is a mat-
ter of personal preference. For some, it’s
easier to discern contrasts in color than in
black and white. The color, however, is syn-
thetic and does not indicate lithology or the
true color of the formation.) Black, or the
darkest color, is lowest microresistivity;
white, or the lightest color, is highest
microresistivity. For close examination, the
image is usually presented at 1:5 scalar
reduction (both horizontal and vertical),
showing detail that can be scrutinized much
like a core photograph.

The tool is designed to work in water-base
muds, although it has achieved limited suc-
cess in oil-base mud. In a study of images
made in 16 North Sea wells with oil-base
mud, noise reduced image quality, but the
tool responded to some textural changes of
the rocks, allowing recognition of bed
boundaries, carbonate concretions, calcite
streaks and other features. Application of
the tool in this environment is limited by
borehole damage, mudcake buildup and a
common lack of resistivity contrast in the
invaded zone.

Two versions of the tool are in the field
(left). One is a hybrid of the Dual Dipmeter*
tool (also known as the Stratigraphic High
Resolution Dipmeter [SHDT]) and makes
microresistivity measurements from 27 but-
tons on each of two pads positioned at a
right angle. The two-pad design was select-
ed to optimize resolution given the limita-
tions of telemetry and processing (see “For-
mation Microscanning: Evolution of an
Idea,” page 18). A newer four-pad version
has 16 buttons on each of four pads.

A single pass of the two-pad version cov-
ers 20 percent of the borehole wall of an
81/,-inch borehole. Two or three repeat

Volume 37 Number 1

Oberto Serra
Montrouge, France

. Zemanek J, Caldwell RL, Glenn EE Jr, Holcomb SV,
Norton LJ and Straus AJD: “The Borehole Teleview-
er-A New Logging Concept for Fracture Location and
other Types of Borehale Inspection,” Journal of
Petroleum Technology 2 (June 1969): 762-774.

. Strictly speaking, the tool measures current intensity,
or conductance, and data are presented as microresis-
tivity.

*Mark of Schlumberger

N

Formation MicroScanner

Gamma Ray
o M 12
Resistivity
————
Caliper
; Pad3 Pad3 Pad3 Pad4
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o ;-_H_—; _________ Normal Hilite
Nk Q
X425 Stuck
i
~qg
X426/ ;
b
il
T
B
3 Yé-yo
X427 + Y
I
]
i
! (
I

Eric Standen
Calgary, Alberta

OSaw-tooth effects on
a two-pad Formation
MicroScanner log (un-
corrected), caused by
yo-yoing and intermit-
tent tool sticking at
X426.5 to X428 feet. A
convention is to have
pad 3 data on the left
and pad 4 on the right
(pads 1 and 2 make
only the conventional
dipmeter measurment).
The output shows,from
left, microresistivity
traces, the static nor
malization (sometimes
called the “normal”
image), and the dy-
namic normalization
(sometimes called the
“enhanced”image).
HILITE image process-
ing is sometimes run in
place of dynamic nor-
malization. See pages
19-20 for discussion of
the differences be-
tween these processing
methods.
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passes are typically run in hopes of rotating
the tool, which can increase coverage to
about 50 percent. A single pass of the four-
pad tool covers 40 percent of an 81/,-inch
borehole. Although multiple passes with
adequate tool rotation may increase cover-
age, one pass of the four-pad tool is general-
ly sufficient. Data from the four-pad tool
therefore require no depth shifting, and are
acquired faster than two-pad tool data,
which offer slightly better [ateral resolution.
Details of tool function have been reported
elsewhere.4

In some heterogeneous formations en-
countered in oil and gas wells, and in
invaded shaly sands in particular, the tool’s
depth of investigation can be very shaliow,
perhaps no more than an inch or two. Theo-
retically, however, its depth of investigasion
approximates that of the shallow laterolog
(1 to 10 inches (2.5 to 25 cm]), depending
on the contrast between true and invaded
zone resistivity, R,/R,,. But this maximum
depth of investigation is reached only in
smooth boreholes with homogeneous bads.
According to modeling by Jean-Claude
Trouiller of Etudes et Productions Schlum-
berger, Clamart, France, the tool’s depth of
investigation can become very shallow: As
bed thickness decreases, the effect of inva-

sion becomes more pronounced and the
depth of investigation drops from 3 inches
[8 cm] in an 8-inch {20-cm] bed to 1 inch
[2.5 cm] in a 2-inch [5-cm] bed. Very con-
ductive shoulder beds also decrease the
depth of investigation. Rugosity reduces the
depth of investigation by diminishing the
current flow into the formation. Likewise,
the higher the spatial density of vugs, the
lower the depth of investigation.

The Formation MicroScanner’s theoretical
spatial resolution is on the order of 1 inch
[2.5 cm], but it can detect hairline features
such as fractures, stylolites and shale streaks,
provided they have sufficient resistivity con-
trast with the surrounding material and they
are separated by at least 1 inch [2.5 cm].
(See discussion on the resolution threshold
of the tool, pages 34-35.)

Data Processing
Data processing converts current intensity
measurements of the formation into vari-
able-intensity images. There are six main
processing steps:

1) Speed correction. A two-step filtering of
microresistivity data using accelerometry
measurements accounts for curve variations
caused by irregular tool movement during
logging. The two-pad tool also fine-tunes

Formation Microscanning: Evolution of an Idea

this correction with a curve-matching
microcorrelation that works much like the
speed-button correction of the Dual Dipme-
ter tool.5

Speed correction removes or reduces
saw-tooth artifacts, which sometimes occur
when the tool sticks at high-resistivity con-
trast features because each row of sensors
does not see the feature simultaneously (see
log, page 17).

2) Voltage correction of microresistivity
traces. This accounts for the effect of the
changing current level emitted by the tool.
The tool varies this current dynamically dur-
ing logging to keep the intensity within an
optimum operating range even under condi-
tions of great resistivity contrast. It increases
the current in front of a resistive formation
to allow a significant amount of current to
flow into the formation, and reduces current
in front of a conductive formation to avoid
electrical saturation. (At present, the tool
does not give a direct, calibrated quantita-
tive value of formation microresistivity, but
this is an area of investigation.) Voltage cor-
rection removes image distortion if the tool
passes through formations of widely differ-
ing resistivities.

3) Horizontal equalization of the signal
across all buttons. This puts the same dy-

The Formation MicroScanner tool builds upon a 50-year heritage of resistivity measurements, based on a concept that focused resistivi-
ty measurements would yield more detailed information about the formation. What was new was the initial idea of arranging small button
electrodes in an array to measure “microresistivity.” The first design called for a circular array of buttons on one pad, strictly for fracture
detection. (Because open fractures are usually filled with conductive mud—when water-base mud is used—they are far less resistive
than the surrounding rock and therefore could be identified as low resistivity anomalies.) The circular array was later changed to linear
rows of electrodes when it was realized that rows could cover the same area as a circle but with fewer buttons. The intent of the tool,
however, was still fracture detection, a kind of “super dipmeter,” in which fractures would be found and analyzed by correlating microre-
sistivity measurements between pairs of buttons.

Progress on the tool stalled when engineers realized that the volume of data from the number of buttons thought necessary would be
nearly impossible for computers to handle. With the future of the tool in doubt, the third and most critical evolutionary step changed how
the tool would be used: the relative microresistivity measurements could be converted into variable-intensity images. This, tool design-
ers realized, would hold the buttons to a manageable number and permit identification not only of fractures but also of bedding dips and
sedimentary features. Now, instead of only traces, log analysts had gray-scale images that could be enhanced, changed in scale, and
even correlated with cores. With the technology now on the right track, engineers were free to concentrate on developing the one-pad
prototype into the state-of-the-art four-pad version, a task they completed in less than three years.

While refinements in tool hardware and software continue, a major effort has been the development of interactive software and hard-
ware for visualizing and manipulating logs on a workstation. Capabilities of the FMS Image Examiner* program include displaying the
image at different horizontal and vertical scales and scrolling up and down the log, automatic dip calculation, viewing the borehole and
its azimuth in three dimensions, the akility to annotate the logs within the workstation environment, interactive image processing capabil-
ity. Other areas of investigation include: semiquantitative methods for correlating images from pass to pass and from well to well, and
methods for quantifying button microresistivities.
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namic range on each button and removes
stripes in the images, which occur when
buttons record different microresistivities.
This effect is caused by marginally different
gain and offset between buttons and by
borehole break-outs or ovalization, which
can cause imperfect pad contact.

4) Conversion of current intensity to vari-
able-intensity images. Sixteen gray (or color)
scales are represented in printed versions;
almost 256 colors and shades can be repre-
sented on the FMS Image Examiner* work-
station. The conversion of current intensity
to images is done by “point-to-point” map-
ping, in which each pixel in the image has a
gray- or color-scale value associated with a
particular range of current levels.

There are two schemes for choosing shad-
ing levels, depending on what information
is needed. For corroborating images with
other information about large-scale facies
description, gray or color scales may be
chosen in the so-called static mode. In this
approach, tool response is normalized over
a long depth interval, corresponding to a
formation or reservoir. This means that a
particular shade at one depth indicates the
same resistivity as the same shade at anoth-
er depth. Logs processed this way are typi-
cally viewed at scales that result in images
1/, 0r 1 inch wide [1 to 2.5 cm] (typically
1:6 or 1:12 vertical scale at 1:3 or 1:6 hori-
zontal scale, respectively).

The advantage of this method is that it
permits comparing resistivities over depth
by comparing shades of gray or color. This
method can be used to obtain a sand count
and to infer permeability in water zones.
(High-permeability zones with salt muds
appear less resistive than low-permeability
zones.) A disadvantage of this approach is
that small-scale variations in microresistivity
may not be visible. To resolve other details,
gray and color scales are chosen in the so-
called dynamic mode. In this approach, the
mapping scheme is changed locally within
a small vertical window usually defined as 1
meter [3.3 feet] or 1 foot in the United
States. The full range of gray or color levels
is used over this window, giving maximum
detail. A limitation is that the values of gray
or color can only be considered to indicate
relative change in microresistivities and do
not necessarily indicate like microresistivity
values (right).

A variation on dynamic normalization is
HILITE, which is run instead of dynamic nor-
malization. It uses the entire gray or color
scale within a sliding window, which
enhances the visibility of small details. (In
signal processing terms, dynamic normal-
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[ODynamic (left) and static normalization of merged multiple passes of the two-pad tool, as displayed
on the FMS Image Examiner workstation screen and hard copy. The image shows a reverse fault rubble
zone (8695 to 8698.5 feet) in Arbuckle limestone, Oklahoma. (“TD: 19/347” means a true dip angle of
19°with a dip azimuth of 347°.) The microresistivity trace appears right of the dynamically normalized
image. In this image, nearly all detail of the rubble is lost, but it shows that most of the formation
immediately above and below the rubble has a similar resistivity. The dark laminations in the interval
from 8690.5 to 8694 feet are probably due to small fractures splaying off the main fault. In the merged
right-most tracks, color variation is due to changes in pad pressure. The statically normalized image
lacks detail in the rock above and below the rubble zone, but image enhancement in the rubble zone
shows that it has some laminations. The fault was identified as reverse based on a repeat section indi-
cated by other open hole logs. (For an explanation of the depth tracks, see log top left, next page.)

3. Dennis B, Standen E, Georgi DT and Calow GO:
“Fracture Identification and Productivity Predictions in
a Carbonate Reef Complex,” paper SPE 16808, pre-
sented at the 62nd SPE Annual Technical Conference
and Exhibition, Dallas, September 27-30, 1987.

Luthi SM and Banavar JR: “Application of Borehole
Images to Three-Dimensional Geometric Modeling of
Eolian Sandstone Reservoirs, Permian Rotliegende,
North Sea,” AAPG Bulletin 72 (September 1988):
1074-1089.

Plumb RA and Luthi SM: “Application of Borehole
Images to Geologic Modeling of an Eolian Reservoir,”
paper SPE 15487, presented at the 61st SPE Annual
Technical Conference and Exhibition, New Orleans,
October 5-8, 1986.

Pezard PA and Luthi SM: “Borehole Electrical Images
in the Basement of the Cajon Pass Scientific Drillhole,
California; Fracture Identification and Tectonic Impli-
cations,” Geophysical Research Letters 15 (August
supplement, 1988): 1017-1020.

Hackbarth CJ and Tepper BJ: “Examination of BHTV,
FMS, and SHDT Images in Very Thinly Bedded Sands
and Shales,” paper SPE 18118, presented at the 63rd
SPE Annual Technical Conference and Exhibition,
Houston, October 2-5, 1988.

4. Ekstrom MP, Dahan CA, Chen M-Y, Lloyd PM and
Rossi DJ: “Formation Imaging with Microelectrical
Scanning Arrays,” Transactions of the SPWLA 27th
Annual Logging Symposium, Houston June 9-13,
1986, paper BB.

Lloyd PM, Dahan C and Hutin R: “Formation Imaging
with Micro Electrical Scanning Arrays: A New Genera-
tion of Stratigraphic High Resolution Dipmeter Tool,”
Transactions of the SPWLA 10th European
Symposium, Aberdeen, Scotland, April 22-25, 1986,
paper L.

Formation MicroScanner Applications in Italy. Milano:
Schlumberger Italiana S.p.A., March, 1988.

. For details of speed correction by speed button:
Schlumberger Dipmeter Interpretation. New York:
Schlumberger Limited, 1986.
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ization performs a linear transformation of
data, whereas HILITE applies a nonlinear
transformation.) HILITE works better in frac-
tured and thin-bed intervals. The transform
does not, however, discriminate between
low-contrast information and noise. In bad
borehole conditions, dynamic normaliza-
tion may offer the best compromise
between enhancement of significant details
and suppression of unwanted features.

5) Image display. Two types of displays
are available: oriented and three-dimension-
al plots (left). Oriented plots from the two-
pad tool include waveform, or wiggle,
traces from each button and variable-inten-
sity images, sometimes presented with an
inclinometry grid. Waveform traces can be
- useful for picking bed boundaries, which
are indicated by inflection points on the
curves. Features are occasionally easier to
OOriented (left) and three-dimensional images of several passes of a two- see on the waveforms than the image. The
pad Formation MicroScanner tool, as presented on the FMS Image Examiner ~ waveform traces are not currently presented
workstation. The sinusoid indicates a steeply dipping fracture. The oriented  with four-pad tool data because of limited
plot views the borehqle as if the viewer were lns:de. the boreho{e Ic.;okmg space on the hard copy. An oriented plot
out. The eye symbol in the crossplot (right of the oriented plot) indicates the . A
view is north to south. The three-dimensional plot shows that the borehole provides a wrap-around view of the bore-
deviates slightly to the east. This plot can be rotated to choose any view, as hole with variable-intensity images, oriented
if the viewer were walking around the periphery of the borehole from inside  with respect to any chosen azimuth, usually
the formation. The Well Summary column (far left) indicates where the north. Multiple oriented plots can be

interval shown—represented as a black rectangle—lies in the well. The il bareliol Th
shaded rect-angle in the column bordering the left of the image represents Merged 1o Increaseborenole COVEAge. They

i} enan
i
| | oo

the unit of computer memory containing the part of the image shown. also show tool rotation. The FMS Image
Examiner program can interactively map the

Interpretation of Formation MicroScanner Images

Features interpretable by themselves

Diagenetic

Fractures Bedding surfaces Stylolites (sometimes)
Faults Slumps
Folds Crossbedding

i

Clasts Structural shale (clay galls,

Cementation (calcite, dolo-

Concretions chips, rip-up clasts; flaser bed- | mite, anhydrite)
Vugs ding; see photo, right) Sorting (sometimes) "
Grain size changes “Comparative” porosity UlLaminated shale clast, Frio sandstone, South

Texas. This clast, a little larger than an electrode
of the Formation MicroScanner tool, would ap-
pear on the image as black against a light back-
ground. The overlying clay-rich bed would ap-
pear a darker gray than the sand.

Bioturbation Sorting Laminations (<1/, inch [1 cm]
Grain size changes Stylolites thick)
“Comparative” permeability

=

. Structural features are considered those formed mainly by postdepositional deformation. Sedimentary features
are considered those formed mainly by processes of deposition and erosion. For more detail on these and other
features of Formation MicroScanner interpretation, see: FMS Image Interpretation Guidebook. Paris: Schiumberg-
er Limited (in press).
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strike and dip of linearly continuous features
on the image, and automatically plot bore-
hole deviation. In one study of basement
rock, this mapping permitted reorienting the
core to within 15 degrees.6

6) Image enhancement. This data process-
ing step enables the viewer to emphasize
features in a given section that have relative-
ly subtle microresistivity changes compared
to other features in the section. For exam-
ple, dip of a bed of intermediate resistivity
might be lost when it is bordered by strong-
ly conductive fractures or highly resistive
cemented zones. Image enhancement
would reduce the contrast of the end mem-
bers and enhance that of the middle mem-
ber. This enhancement is made in a moving
window in which the full gray or color scale
is applied to a limited area of the electrical
current histogram (see page 19, left log).

Interpretation
The goal of Formation MicroScanner image
interpretation is to characterize formation
properties to assist sedimentologic interpre-
tation, determine the presence of permeabil-
ity paths (open fractures) and permeability
barriers (shale beds or compacted massive
beds), help calculate net pay, plan perfora-
tion and fracturing, and help decide where
to drill next. The images support these goals
by allowing the user to zone the well on a
large scale by dips, and by indicating rock
type, features of secondary porosity (vugs
and fractures), reservoir fluid contacts, and
the direction of rock stresses. Some inter-
preters also use the images to calculate
“comparative permeabilities”—estimating
the permeability of beds using core-derived
permeabilities from beds of similar resistivity
in the same well or in offset wells (right).
There are three kinds of Formation
MicroScanner images: images interpretable
by themselves, images interpretable only
with the help of other logs and local knowl-
edge, and images interpretable only after
calibration with cores (see “Interpretation of
Formation MicroScanner Images,” left). In
practice, Formation MicroScanner images
must always be interpreted after lithology
has been fairly well defined, so supplemen-
tal data are usually necessary to enhance
the confidence of image interpretation. For

6. Reference 3, Pezard and Luthi.
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[ClEvidence of a perme-
ability transition zone
in the Olmos sand-
stone, South Texas.
Conventional open
hole logs show in-
creasing shaliness with
depth and a parallel
decrease in porosity,
suggesting a “tighten-
ing up” of the forma-
tion. The statically nor-
malized two-pad
Formation MicroScan-
ner image (outer two
image tracks) shows a
high resistivity anoma-
ly just above feet
and a graduaf( 3gv1m-
ward increase in shali-
ness. The 2-inch [5-
cml] tight streak on the
Formation MicroScan-
ner image at y g1 feet
appears in the core
photograph. Core
analysis (far right track)
shows that this streak
separates a high per-
meability zone above
from a lower perme-
ability zone below.
Integrating permeabili-
ty measurements, con-
ventional open hole
logs and images could
help log analysts find
the permeable zone of
this 5-foot [1.5-meter]
bed in offset wells.
(The straight vertical
streaks on the images
are from a dead but-
ton; the horizontal
white streaks are from
folds on pages of the
log.)
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surrounded by
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hackground.,

p 1ayered nature,
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indistinct features
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porosity. In this
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[ Two-pad Formation MicroScanner logs showing a spectrum of vugginess in Canadian carbonates:
large vugs, intergranular porosity, mixed vuggy and intergranular porosity, and mixed vuggy and moldic
porosity. The examples show marginal notation permitted with the FMS Image Examiner workstation. In
the middle figure, right track, C13 and C24 refer to calipers from pads 1-3 and 2-4, respectively; the
solid green line is the gamma ray log. Vugs also appear in the image on page 26, top.
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example, local knowledge of a carbonate
usually indicates whether dark mottling is
due to vugs or shale clasts (left).

Interpretation conventions also vary local-
ly. In the North Sea, for example, most wells
are cored, so that analysis of nearly all For-
mation MicroScanner images is combined
with core analysis (see “A North Sea
Approach to Formation MicroScanner
Image Interpretation,” page 24). In Mon-
terey, California, core recovery is often so
poor that Formation MicroScanner images
integrated with other open hole logs,
drilling and cuttings data become core sub-
stitutes. In most wells, the images reduce,
but do not eliminate, the need for cores.

Images interpretable by themselves
Images interpretable by themselves present
a fairly unambiguous picture on the log.
Fractures are one of the most important of
such features.” Dark (conductive) lines that
typically cut across bedding, and sometimes
parallel it, are usually considered open,
mud-filled fractures (right). But dark lines
can also indicate fractures filled with anoth-
er conductive material. The microresistivity
trace offers clues to the type of conductive
material. The amplitude of deflection for a
mineralized fracture is generally lower than
for a fracture of the same aperture filled with
conductive mud, and much higher for a
fracture filled with very conductive material
such as pyrite, graphite or hematite (below).
Sometimes large clay-filled fractures show
an increase in thorium content on the Natu-
ral Gamma Ray Spectrometry (NGS*) log.
However, this log has a vertical resolution of
about 2 feet [60 cm] and should be used
guardedly in this application.

Sometimes fractures appear light instead
of dark, with halos near the crest and trough
(next page, left). Modeling by Trouiller

[OPyrite crystals embedded in a calcite vein.
Although these crystals are about half the size of
an electrode on the Formation MicroScanner tool,
they are highly conductive and could cause large
peaks in the microresistivity curve if an electrode
crosses them.
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Mineralized Fractures

Formation MicroScanner
Images

Pad 3

Core

Photo
Pad 4

Cross-
Cutting
Healed
Fractures

[0Open fractures shown on four-pad Formation
MicroScanner (left) and borehole televiewer logs
and mineralized fractures in a different well, on a
two-pad Formation MicroScanner log and core.
Three open fractures appear on the straight plots
of the four-pad Formation MicroScanner tool and
on the BHTV log. The scale of the Formation
MicroScanner log is slightly more compressed
than that of the BHTV. In the other well, mineral-
ized fractures apparent on the core also appear in
the Formation MicroScanner image as more con-
ductive (darker) than the surrounding rock. The
bottom of the image is about 3 feet [1 meter]
above the top of the core.

7. “Fracture Detection with Logs,” The Technical
Review 35, no. 1 (January 1986): 22-34.
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IEHEH) dipping fracture along which there has been
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e cementation along the fracture plane. The
Canadian formation shown at left also had
calcite-cemented fractures and steeply dip-
ping fractures that broke out at the wellbore,
but neither showed the halo effect. The con-
clusion was that the halo was produced by
the fracture breakout geometry and by cal-
cite cementation. Fractures like this in other
wells in the Canadian field did produce and
were therefore considered cemented
because production increased after acidiz-
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Resistive

Fracture Padl

Borehole £

Wall Ing.

Defect There are a few caveats in interpreting
images of fractures and fracture-like fea-

Mudcake tures. First, not all linear conductive anoma-

lies are fractures. Fracture-like features can
also result from grooves in the wellbore pro-
il duced by stabilizers and drill pipe. These
UA statically normalized image from three passes of a two-pad Formation MicroScanner tool, showing features have a distinctive linearity and uni-
a halo effect around a mineralized fracture in a Canadian shale (right) and the mechanism that pro- formity absent in fractures (far right). Sec-
duced it (tool not to scale). Moving up the well in the updip direction, there is a large overshoot of cur- ond, the image doesn’t tell whether a frac-
rent (low resistivity) when the pad is opposite the fracture, and large undershoot (high resistivity) when
it is above; in the downdip direction the phenomenon is reversed. This is due to compression of tool

ture contributes to reservoir production; it

current as the pad approaches the resistive layer, and expansion as it moves away from the layer. This tells only that the. fr.acture is present at the
effect produces a large black section followed by a white section. Unfortunately, since the breakout at wellbore. Determining whether the fracture
the wellbore is a couple of inches, it is below the resolution of the caliper. will produce oil or water, or act as a perme-

ability path or barrier requires integration of
more data about the well and the field.8

A North Sea Approach to Formation MicroScanner Image Interpretation

An interpretation method for Formation MicroScanner images has grown from FMS image—core integration studies by scientists at
Schlumberger and Occidental Petroleum (Caledonia) Limited, in Aberdeen, Scotland.! Excluding log quality monitoring, which is done at
all stages, the approach has six steps:

1) Zone major depositional units using open hole logs.

2) Check dipmeter arrow plots to identify tectonic features and major sedimentary discontinuities. Constrain the range of possibilities
based on local knowledge and seismic data.

3) Identify hydrocarbon and tightly cemented zones.

4) Describe core in detail. Comparing sedimentary features on core and on FMS borehole wall images permits assessment of lateral
variation of thin beds and other features at the scale of the borehole. Images also give better visualization of minor faults and slumps
that are ambiguous or absent on the dipmeter log and may be too large to interpret from core alone.

5) Using local depositional knowledge, place constraints on possible interpretations. Establishing depositional units or individual facies
from conventional logs limits the likely sedimentary features.

6) Grade FMS image quality based on core correlation in order to assign “confidence limits” to specific features. Confidence limits are
assigned a grade, 1, 2 or 3. Grade 1 features can be identified and interpreted from FMS images alone; grade 2 features can be identi-
fied from FMS images, but do not have a unique interpretation; grade 3 features have an ambiguous interpretation and require core for
interpretation. Confidence grading helps reservoir engineers and geologists weigh the importance of the images when extending inter-
pretation to uncored intervals. Knowledge of expected grading in a given formation also assists future well programming. The higher the
image quality, for example, the less emphasis will be needed on coring. Core is not essential for interpreting grade 1 and 2 images.
Where grade 3 images are expected, FMS images should be considered a supplement to core interpretation.

1. Harker SD, McGann GJ, Bourke LT and Adams JT:
“Methodology of Formation MicroScanner Image
Interpretation in Claymore and Scapa Fields (North
Sea),” Journal of the Geological Society of London (in
press).
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And finally, fracture detection is best done
at a moderately compressed vertical scale,
whereas more careful study of individual
fractures requires a finer scale, such as 1:5.

Once fractures are identified, what can
Formation MicroScanner images reveal
about them? On the FMS Image Examiner
workstation, fracture strike and dip are
determined from simple geometry, knowing
the tool orientation and borehole diameter
and deviation; fracture density and spacing
can be computed from the geometry?®
(below). Fracture aperture cannot be deter-
mined with currently available processing,
but fracture porosity can be assessed in a
relative sense: an open fracture, because it
contains more conducting fluid, will appear
darker than a tight one.

The images may distinguish natural frac-
tures from those induced by strain release
during drilling or by hydraulic fracturing,
even if the fractures have a very small exten-
sion. As a rule, zones of induced fractures
tend to parallel the borehole axis, usually
appear on the image 180 degrees apart, and
often contain a succession of small cracks
following a complex path. Schlumberger re-
searchers are investigating the effects of
loading history, rock strength and rock duc-
tility on where induced fractures originate
and how they propagate.

Logging Unit

Formation
MicroScanner
Tool

Mechanical
Latch

=

4
A3
ook
1R R A

.jks\‘

e

[0Borehole scour marks on a two-pad Formation
MicroScanner log in a Canadian crossbedded
sand-shale sequence. The uniformity of these
marks across both sands and shales suggests they
are not of geologic origin. Note the general agree-
ment between the dip magnitude observable on
the image and the dip values reported on contin-
uous side-by-side (CSB) and Local Dip processing
of dipmeter data.

Distinguishing natural from induced and
open from mineralized fractures has also
been done in basement rock by comparing
fracture intensity (how heavily an interval is
fractured) from Formation MicroScanner
images with fracture porosity obtained from
the laterolog.1® Working in basement rock
near the San Andreas fault in California,
Philippe Pezard of Columbia University and
Schlumberger colleagues found zones with
large azimuthal conductivity anomalies that
are absent on the laterolog-derived porosity
profile. They speculate that these zones may
be induced fractures. Natural fractures, both
fluid filled and mineralized, were detected
by both tools, and, again, a large conductiv-
ity anomaly on the Formation MicroScanner
log was interpreted as indicating a fluid-
filled rather than a mineralized fracture.

Recognizing subtle differences in induced
fracture morphology can corroborate infor-
mation about the stress field, obtained from
caliper data in the well or from preexisting

8. Reference 3, Dennis et al.
9. Reference 3, Plumb and Luthi.

10. Pezard PA, Anderson RN, Howard JJ and Luthi SM:
“Fracture Distribution and Basement Structure from
Measurements of Electrical Resistivity in the Base-
ment of the Cajon Pass Scientific Drillhole, Califor-
nia,” Geophysical Research Letters 15 (August sup-
plement, 1988): 1021-1024.

ONear-vertical fractures in a horizontal borehole appear as dark, steeply inclined lines on a Formation MicroScanner log in the Austin Chalk, South Central
Texas. A large fracture appears just left of X958 feet. The log was made with the Tough Logging Condition (TLC*) system (left) in which the tool is attached
to the bottom of drill pipe and operated from a wet connect.

Volume 37 Number 1
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[OModels for fracture geometries (left) and drilling-enhanced fractures in a Canadian carbonate shown
on two passes of a two-pad Formation MicroScanner image. The log shows the step-like, slanted char-
acter common to induced fractures (called en échelon arrangement) at the azimuth of maximum hori-
zontal stress. Dark spots at the bottom of the right track are pin-point vuggy porosity. (Also see log, page
22.)

[JReverse faults in
limestone of a Blanco
County, Texas well
(left, between 3059
and 3060 feet) and in
a Paris basin carbon-
ate, shown on an
ALBUM presentation of
two-pad Formation
MicroScanner images,
pad 3 image (see just
left and below the pad
azimuth diagram). In
the ALBUM presenta-
tion, the 70°angle be-
tween the bedding and
fracture suggests that
the direction of maxi-
mum principal paleo-
stress is near vertical.
ALBUM logs are pre-
sented in booklets that
can be read horizon-
tally, rather than in
scrolls that are read
vertically. The format
is intended to make
Formation MicroScan-
ner images easier to
compare with core
photographs, which
are often presented in
fold-out albums.
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surveys in the area. Fracture morphology
can indicate stress orientation and rock
strength, according to studies by Richard A.
Plumb at Schlumberger-Doll Research,
Ridgefield, Connecticut. Plumb has found
two kinds of induced fractures on Formation
MicroScanner images (left). Fractures that
parallel the direction of maximum horizon-
tal stress tend to form en échelon (in a step-
like, overlapping fashion), are confined to a
relatively narrow azimuth, extend up to
hundreds of feet, and form characteristic
hooks at their ends. Fractures that form nor-
mal to the maximum horizontal stress occu-
py a wider azimuth, the width of which is
controlled by the magnitude of the horizon-
tal stress differences and rock strength. (For
a given stress difference, the lower the rock
strength, the wider the azimuth; for exam-
ple, fractures in higher porosity rocks tend
to have a greater azimuthal range.) Individu-
al fractures in zones normal to the maxi-
mum horizontal stress are often inclined to
the wellbore axis by 10 to 30 degrees, and
extend up and down the borehole wall no
more than 1 foot [30 cm]. In the context of
the borehole stress field, this geometry sug-
gests a mixture of shear and extensional
components. In general, fractures that are
normal to the maximum horizontal stress
are thought to represent incipient wellbore
breakouts that appear on Formation Micro-
Scanner images as diamond-shaped features
or as vaguely diagonal lineaments.

Fractures along which there has been dis-
placement are apparent where beds have
been visibly moved (left). Open fractures
may be hydrocarbon conduits, whereas
cemented fractures can be used to deter-
mine paleostress direction when fracture dip
and strike can be calculated.

Three other groups of features can be
identified from images themselves, given
good resistivity contrast and favorable bore-
hole conditions. They are listed here in
order of increasing scale—not necessarily
the order in which they are considered dur-
ing interpretation. Interpreters typically
move back and forth among scales.

Formation/bedding thickness is the
largest scale interpretable on Formation
MicroScanner images. The images can
reveal the beginning and end of whole
depositional sequences, such as those of
aeolian, fluvial or deltaic environments.
This allows grouping beds within sequences
into meaningful units, for example, the
channels of a delta and its outwash plains.
Narrowing the focus further, the images
allow finer subdivision within each group,
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Resistivity

XX700

O Two-pad Formation MicroScanner images, white light and ultraviolet core photographs and open
hole logs of a Louisiana sand-shale sequence. The more resistive sands show clearly as white areas with
planar and irregular bed boundaries. The white specks may be calcareous concretions within the shale;
they are not visible on the core photographs. Divisions by the core photo are 1 inch [2.5 cm].

[JA vertically compressed For-
mation MicroScanner presenta-
tion for estimating sand count,
from a two-pad tool measure-
ment of a sand-shale sequence
in a Canadian heavy oil zone.
This “threshold-derived” 1:60-
scale image places thresholds
on conductivity based on core
calibrations. Cemented zones
are white, sand is brown and
shale is black. This output
includes a histogram showing
the relative ratios of cemented
to uncemented sand, and unce-
mented sand to uncemented
shale. The vertical scale is fre-
quency, the horizontal scale is
conductivity from low to high.
The bars below the histogram
are scales the operator adjusts
to determine the conductivity
thresholds.
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zones are white, sand is brown and shale is
black (53.4m to 64.8m8.

54.8

! E——
—

all the way down to beds about 0.5 inch
[1 cm] thick, given good borehole condi-
tions, sufficient resistivity contrast, and suffi-
cient spacing between thin beds. In thin
beds, the highest resolution can be obtained
with dynamic normalization or HILITE pro-
cessing, whereas static normalization is best
suited for doing a sand count in convention-
al bedding (below). A change in bedding
composition can be identified from images
alone especially where a sharp resistivity
contrast exists, such as where sands overlay
shales (see page 19 log and left).

Sedimentary structures often parallel
microresistivity patterns, and may hold the
key to understanding the type, shape and
size of the reservoir and direction of prefer-
ential drainage. On the large scale, discern-
able sedimentary structures include erosion-
al contacts and unconformities (where one
sequence ends and another begins). The
images also reveal whether bedding con-
tacts are abrupt or gradual, parallel or
lenticular. The local dip of discontinuities
can be measured from images, but have to
be used carefully since many discontinuities
are highly nonplanar at a larger scale.

On the medium scale, within beds,
slumps may be determined without ancil-
lary data. When slumps are large enough to
be detected, they appear as compressed,
folded and swirling features, often interlay-
ered with clay and sand (/eft). On the small
scale, images can reveal bedding types,
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A core photo and ALBUM presentation of a two-
pad Formation MicroScanner log of a slump. The
core is a shaly sand; the left track of the log shows
a sandstone with a high-resistivity cement. The
slump appears as folded and overturned beds.

Pad 3

Pad 4

i Pod Azimuth

Hole Deviaticn

such as crossbedding, massive bedding,
bioturbation, and imbrication (tilting of
clasts in the same direction; below left).

Crossbedding is particularly important
because it reveals paleocurrent direction,
which can indicate preferential permeabili-
ty direction and the orientation of the sand
body.1" Crossbedding may be more obvious
on the images than on the core when the
microresistivity contrast is greater than the
visual one (right and opposite page). Biotur-
bation often appears as a vague mottling
and can be confidently identified only
when individual burrows are visible (page
30, left). Flaser bedding, when large enough
to image, appears as crescent-shaped wisps
of clay. Graded bedding is a fining upward
or coarsening upward sequence (page 30,
right).

Rock texture is the size, shape and
arrangement of the components of a sedi-
mentary rock. Although the Formation
MicroScanner tool is sensitive to microfea-
tures, its resolution is on the macro scale.
Therefore, the only texture it can describe is
that of a conglomerate or other rock with
isolated clasts larger than its electrodes.
Based on visible differences in texture, one
can distinguish, among other things, angu-
lar clasts larger than about 1 inch [2.5 cm]
from rounded ones, small clasts from large
and whether the clasts are clast- or matrix-
supported. Textures visible on images also
include those formed by diagenetic nodules
and by large shells (see “Images inter-
pretable after calibration with core data,”
page 36).

Artificially produced features can also be
identified from images alone. Sidewall core
holes and holes from the probe of a forma-
tion tester show up clearly, and can be used
for depth correlation and determining
azimuth of the core or tester sample (page
30, upper left and right). Additionally,
drilling-induced fractures can be identified
(page 26, upper left), as well as grooves, bit

[DTwo passes of a two-pad, dynamically normal-
ized Formation MicroScanner log and core pho-
tographs of matrix-supported conglomerate,
Scapa field, North Sea. Conglomerate is clearly
identifiable from images where the resistivity
contrast is great between the matrix and clasts.
Clast diameter in this sequence is '/2 inch
[=1cml] to 12 inches [31 cm]. The image shows
the clasts to be reverse-graded, although this is
not clear from the core. The white areas from
X117 to X118 meters are closely interlocked,
clast-supported clay pebbles. The poor image
definition results from poor resistivity contrast
between pebbles and matrix. Between X126 and
X128 meters are calcareous nodules, distin-
guished from the conglomerates by their shape,
orientation, sharp bed boundaries and resistivity.
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11. For statistical modeling of aeolian sand body geo-
metry, see reference 3, Luthi and Banavar.
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b Cross-bedding
defined hy rip-up
clasts

plarge shale clasts
in the base of a |
channel deposit.

. T0:7/264

pShale drape feature |
over laying

cross-bedding |
dipping ta the WwW. |

. TD:22/296

. TD:18/312

TD:16/328 |

OFour expressions of crossbedding. The core photo shows that crossbedding
in sandstone can be so faint as to nearly escape detection in a hand speci-
men. The black-and-white logs show two types of crossbedding in Texas
sandstones: bimodal, in which beds dip in any two directions (top log,
between XX39 and XX41 feet and at XX42 feet), and a subset of bimodal
called bipolar, in which they dip 180° apart (bottom log, around XX87 feet).
Bipolar bedding is common in tidal environments; bimodal is common in
fluvial environments and is characteristic of trough crossbedding. [Current
azimuth models after Selley RC: “A Classification of Paleocurrent Models,”
Journal of Geology 76, (1968): 99-110.] The FMS Image Examiner presenta-
tion (color) illustrates a crossbedded fluvial channel overlain by a shale
drape, from the Glauconitic formation, South Alberta, Canada. The presenta-
tion shows, from left, two caliper logs, a gamma ray log, an uncalibrated
conductivity log obtained from measurement by one of the Formation
MicroScanner buttons, and two passes of the two-pad tool. The conductivity
trace shows the shales as more conductive than the sands; the image shows
shale rip-up clasts and appears to be a better shale indicator than the gamma
ray log. Also see log, page 25, top.
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XXX1

XXX2

XXX3 4

XXX4

XXX5

XXX6 -

XXX7 -

4 HOMOGENIZED BIOTURBATION
¥ BURROWS

= CLAY CLASTS

EZ3 SILTSTONE

[OTwo-pad Formation MicroScanner images (1:5
vertical scale) and core photographs of a sand
(white, high resistivity) and shale (dark, low resis-
tivity) in a bioturbated oil-bearing interval in a
Southeast Asia well. The column headed “Mud
VF Fine” refers to grain size based on core analy-
sis. Clay clasts visible in the core appear as lense-
shaped spots on the Formation MicroScanner
image. A mineralized fracture just below XXX5
meters appears on the left image and core photo-
graph. Several fractures on the core have no
counterpart in the electrical image and so proba-
bly occurred during or after core retrieval. The
images reveal broad variation in porosity and per-
meability of this otherwise average shaly sand
reservoir. Combining Formation MicroScanner
images and core enabled sedimentologists to
characterize lithofacies changes in other wells in
the field.
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[JA two-pad Forma-
tion MicroScanner log
of a fining upward se-
quence in the Frio
sandstone, South
Texas, and a hand
specimen of South
Arkansas sandstone
showing flaser bed-
ding formed in a
delta. In the statically
normalized images
(outer tracks), the
shale content can be
seen gradually in-
creasing upward to
the shale bed at the
top of the log. The dy-
namically normalized
images show a diago-
nal trend probably
due to borehole dam-
age from vibration of
drilling equipment.
Holes from a forma-
tion tester probe are
visible at XX87,
XX85.5, and XX89.5
feet.

NN

Density-Neutron

The Technical Review




X293

X495 1
”==
l» & i * .
S‘- Fa u_; ., 'gﬁ\
- 5 . 1
ﬂ «
X497 7 !, m—

[Nearly complete borehole coverage from two
passes of a four-pad Formation MicroScanner tool
in a Paris basin carbonate, showing stylo-
lites—dark, jagged bands that parallel bedding.
The vertical gash above the stylolite near the top
of the log could be a tension gash. A near-vertical
fracture appears at about X496 meters. The core
is a mudstone-wackestone from the Maiolica for-
mation, Italy, with numerous stylolites that paral-
lel bedding. Holes in the core are from plug sam-

pling.
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Depth of Investigation, in

CNL*- Compensated Neutron tool

DPT*- Deep Propagation tool

Dual Dipmeter* tool— Also known as the Strati-

graphic High Resolution Dipmeter [SHDT] tool.

EPT*- Electromagnetic Propagation tool

FDC*- Compensated Density tool

FMS— Formation MicroScanner* tool

GR- Gamma ray

GST*- Gamma Ray Spectrometry tool (capture
and inelastic modes)

HDT*- High Resolution Dipmeter tool

ILD— Dual Induction Laterolog (DIL*) tool, deep

LDT- Litho-Density* tool

LLD- Dual Laterolog (DLL") tool, deep

LLS— Dual Laterolog (DLL*) tool, shallow

MSFL- Microspherically focused log
(MicroSFL)

NGS*— Natural Gamma Ray Spectrometry tool

Phasor*— Induction log (high vertical resoiution)

SFL*— Spherically Focused Resistivity log

Sonic— Borehole compensated sonic tool

TDT*- Thermal Decay Time tool

OThe relationship between vertical resolution and depth of investigation for some Schlumberger tools.
Seismics would fall about an inch above the upper right corner, and scanning electron micrography
about an inch diagonally below the origin. The borehole televiewer has a depth of investigation of
zero and vertical resolution of about 1 inch [2.5 cm] given optimal borehole conditions. The bar next
to some measurements represents the range of the depth of investigation. Depth of investigation typi-
cally varies with diameter of invasion, drilling fluid resistivity, and resistivities in the invaded and virgin
zones. Vertical resolution also varies with these parameters and, for some tools, with the effect of
shoulder beds. In homogeneous formations, the High Resolution Dipmeter (HDT*), Dual Dipmeter and
Formation MicroScanner measurements can penetrate as deep as the shallow laterolog (LLS), but in the

usual setting they are very shallow.

scraping, key seating, and helicoidal marks
cut by the bit. Stylolites, which are typically
found in tight rock, can be identified by
their jagged character, although they some-
times must be found on core first (left).

Images interpretable with the help of other
open hole logs
Highlights of integrating Formation Micro-
Scanner and other logs appear in “Differen-
tiating Causes of Spots and Mottling on For-
mation MicroScanner Images,” (next page).
A few points can be elaborated on here.

A chief consideration when integrating
electrical images with other logs is the com-

parability of tool responses (above). Only
the Dual Dipmeter and the High Resolution
Dipmeter (HDT*) tools have responses that
approximate that of the Formation
MicroScanner tool. Most other tools view
much larger volumes of the formation, both
vertically and horizontally. Consequently,
they support Formation MicroScanner data
only for the largest features. If they respond
to a feature at their resolution threshold;,
they may exhibit a “general trend” indicat-
ing that feature. For example, a 1-inch-
diameter [2.5-cm] granite clast in conglom-
continued on page 35
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Differentiating Causes of Spots and Mottling on Formation MicroScanner* Images
(Decision points in heavy outline)
This flow chart outlines some of the thinking that a geologist undertakes when analyzing images from the Formation MicroScanner tool. It
touches on only the high/'ths of the most common situations, and does not include more complex modes of analysis nor the intuition and local
knowledge that is integral to the art of log interpretation.

Log quality control: Can you see similar features on all pads? If not, some features may
be artifacts from, for example, pad standoff on the high side of a hole deviated > 15°.

v

Are the features sharp or diffuse? Sharp features visible on both pads are most
Diffuse Sharp |—»{likely formation features, not borehole artifacts.

May be reading mudcake. Check
density log for mudcake build up,
especially if diffuse image only on
high side of a deviated hole. Also
check that tool rotation is <1 per

= You want to determine what causes light (high resistivity) and dark (low re- /
sistivity) spots on a Formation MicroScanner Image

20 feet (excessive rotation Slitics Cathons
wedges mud between the pad
and borehole wall). Borehole
breakouts may also produce dif- Examine gamma ray, resistivity and SP logs
fuse images and tool sticking. to grossly distinguish sands from shales.
Examine the shape| "\, cfAre the spots lightf No |Examine the dark spot- Are very conductive

and fabric of the spots.
fabric

ted (lower resistivity) in-
terval on other open-

(high resistivity)? peaks visible on Dual

Dipmeter” log or re-

shape

[Are they rounded? hole logs. sistivity traces of the
! Formation MicroScan-
%Yes No Suspect Yes | ner log?
pyrite nodules
Suspect a conglomer-| [Angular light spots sug-| |®A few white spots suggests a debris or crystals. No
ate or anhydrite nod-| |gest: flow, where matrix-supported pebbles or
ules; compacted shale| [eShells (not commonly| [boulders tend to be spread out; upward
clasts often are round-| |seen) coarsening common. eDoes the gamma ray increase?
ed. Examine the spot-| |eBreccia @A high density of white spots that touch and
ted interval on other| |eDebris flow each other suggests a grain-supported eDo thorium and potassium increase?
open-hole logs. @Anhydrite in-filling conglomerate; clasts that are well-round- and
eBorehole rugosity ed, well-sorted, imbricated and clast-sup- els there separation of neutron-porosity
* ported suggest a high-energy depositional [¢n] and density-porosity [¢p] curves?
environment, such as a beach.
Conglomerate at the bottom on a sand unit No
ols Py < 3‘?a Al suggests lag. Yes
oClasts larger than the borehole diameter
ols the gar::‘n; ray 50 to 80 API? ;Inay look like beds; thley suggest at?igh" Susped ugs” In], [Suspest shale— Ex
il ; . low regime, commonly seen in submarine ) . =
v o b canyon sl rare o fiaal setings, sandstone, which| |amine shapes of con-
PO (Examine the boundary shape to distin- can occur if peb- ductive spots and mot-
guish clasts from beds. Clasts often have a bles fall out of the| tiing on the Formation
No Yes concave top and convex bottom, whereas borehole wall. MicroScanner image.
v y E:Ad; <'$o rot) bed I Flat Rounded
ttling ma ue to a conglomerate
P,>3, decrease in neu- Erobably Ia e of oomgacle);l clay clasts. .
tron-density porosity tic conglomer-
[#npl, gamma ray< 50 ate.
AP, and slight increase - -
iN Pma suggests anhy- To differentiate anhydrite and A small increase gﬁ;ﬁrmtg::g s‘(’ggr?vs;: Rounded to
drite or calcite nodules —— calcite nodules, examine the | no | N Pma usually in- s g 9 ot 11 oval spots
in sanstone. Matrix Identification Plot (CP- dicates calcite. rom fines deposited in & | suggest
21, Schlumberger Chart-book); trough; laminations some-| | burrows
alternatively, is there a large in- times visible; common in| | (common
crease in p 2 2 de'tas); angular spols or in barrier
™ mottling suggests struc-| | systems).
tural shale (shale in the
Yes l form of chips, grains, or
both) or rip-up clasts; may
Probably anhydrite nodules, but be a low volume of pyrite.

because anhydrite and calcite have
a similar P,, a medium amount of
anhydrite will look the same as a
large amount of calcite nodules.

32

The Technical Review




Are the spots "9;“ Is P, the same in the spotted
(high resistivity)? | _Yes o land unspotted parts of the log?
Does p,, remain unchanged?

No

| J No
Dark spots can be patches of
argillaceous material (indicated by
increased gamma ray reading),

intergranular porosity, vugs, or a| (A slight increase in p,, 5
mixture. Examine the shape of the| [suggests anhydrite nod-
spots. ules.

Y

Are spots spherical Nonspherical spots sug-
or nearly spherical? No gest moldic or large
- (patches of intergranular
porosity.
Yes

Probably vuggy porosity, especially if rock is dolomitic,
if there is evidence of tool sticking, or if ¢ np > dsonic -

ark of Schlumberger

Yes

Probably cementation by
dolomite or limestone of different
resistivity than the surrounding
rock.
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Olidentification of a normal fault in Canadian Mississippian carbonates and shales using the Dual Dip-
meter tool (above, right) and one pass of the four-pad Formation MicroScanner tool, static normaliza-
tion over 1 meter. The tracks in the dipmeter log are, from left, gamma ray, two calipers and conductiv-
ity. The dipmeter log shows random dips above the fault zone, a jump in conductivity at the fault zone,
then dips decreasing with depth below the fault. The decrease in dips is clearly visible on the straight
(left) and three-dimensional Formation MicroScanner outputs. The gamma ray track clearly marks the
change in lithology above and below the fault at XX52.5 feet.

erate is far below the resolution of the NGS
tool, but if the granite is rich enough in tho-
rium and potassium, and there are enough
similar clasts over a large enough interval,
an increase in the thorium and potassium
curves may register across the conglomer-
ate. Likewise, the Litho-Density* tool can
help distinguish coal and nodules of anhy-
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drite, calcite and pyrite if they represent 5 to
10 percent of the rock volume, depending
on the mean atomic number of the nodules.

Which open hole logs are integrated with
images varies tremendously. In some devel-
opment areas, for example, the log analyst is
lucky to have more than a gamma ray, a
spontaneous potential (SP) log, and a resis-
tivity log. In more complex formations, a
complete suite of nuclear, electrical and
sonic logs may accompany the Formation
MicroScanner images—as well as core pho-
tographs and comprehensive drilling and
mud logs. The typical well lies somewhere

between these extremes—with some excep-
tions. In a study of a Canadian carbonate
reef, adding flowmeter data to a full logging
suite and Formation MicroScanner images
enabled engineers to identify zones of well-
developed intergranular porosity, where
flow into the wellbore was greatest.12

The four-pad Formation MicroScanner
tool will eventually replace the convention-
al dipmeter because it allows dip determi-
nation in all types of borehole drift, even in
the presence of fractures and when lateral
continuity is partially lost. Until then, how-
ever, the Dual Dipmeter tool is one of the
most useful ancillary logs, since it is made
from the same pads as the two-pad Forma-
tion MicroScanner measurement and
requires minimal depth shifting. The dipme-
ter is used to estimate the shape, depth and
azimuth of the sand body to help position
offset wells. In a US Gulf Coast study of
braided stream environments, integrating
dipmeter and Formation MicroScanner data
resulted in hitting the target sand in 73 per-
cent of offset wells, whereas the typical suc-
cess rate without the two logs was 26 per-
cent (left).13

With the industry trend toward deep-
water and younger reservoirs, often of tur-
biditic origin, more attention is being paid
to analysis of “thin beds "—for logging pur-
poses beds below the resolution of conven-
tional open hole logs. This is a key area
where Formation MicroScanner and other
open hole logs can work together (right, far
right). Formation MicroScanner images have
received mixed reviews in thin beds: some
report that FMS images are not much better
than BHTV images;4 others find that FMS
images can compensate for deficits in BHTV
Iogs'12,15

In some thinly bedded reservoirs of the
Middle East, North America and the North
Sea, conventional logs will report an accu-
rate porosity across a given interval, but
won't reveal its distribution. When beds are
more than 1 inch [2.5 cm] thick, Formation
MicroScanner images can help determine
the distribution of porosity anisotropy and
assist in estimating the location of vertical
permeability barriers (next page, top). Expe-
rience in thin turbidites of the Scapa field in
the North Sea shows that Formation
MicroScanner images can assist calculation
of net pay of porous zones determined by
high-resolution sampling (1.2-inch, rather
than 6-inch) of porosity logs.16 The key to
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BHTV BHTV
Amplitude

Time of Flight

[Two-pad Formation MicroScanner images at
their resolution threshold in a thinly bedded sand
and silty shale interval in a US Gulf Coast well.
Comparison of borehole televiewer images, com-
puted stratigraphic Stratim* imaging from the
Dual Dipmeter tool, Formation MicroScanner
images, and white-light and ultraviolet core pho-
tos (with 1/10-foot divisions) shows that the thin-
nest beds consistently reported by all tools is 11/2
inches [=4 cm]. No tool measurement represents
each bed, but the resistivity logs more accurately
reflect the true number of beds seen on the core
photographs. In general, one would expect the
televiewer to show more sand beds than the resis-
tivity tools, which tend to show conductive fea-
tures more clearly than resistive ones. The Forma-
tion MicroScanner image was processed in the
dynamic normalization mode, which maximizes
locally the number of gray shades for the microre-
sistivity contrasts. This processing blurred the dis-
tinction between sands and shales, since similar
gray shades do not indicate similar resistivities.
Reprocessing with static normalization solved this
problem but did not change the bed resolution of
the images.

Volume 37 Number 1

XXX1

XXX2 1

XXX4

XXX5

XXX6

X436

X438

Core Photos

OWell-defined alternation of thinly-bedded sand-
stone and siltstones in an oil-bearing zone of a
Southeast Asia well. Shallow marine shales
appear dark red on the Formation MicroScanner
image; fine- to very fine-grained siltstones appear
as white or yellow streaks. Wide spacing of these
beds, some as thin as 1 inch [2.5 cm], permits
good correlation between the images and the
core. Clay clasts appear in the image as white
ellipses and thin lenses.

12. Reference 3, Dennis et al.

13. Grace LM and Stephens WC Jr: “Exploration in
Braided Stream Environments Using Dipmeter Anal-
ysis,” AAPG Bulletin, 71 (1987): 238-239 (abstract).

Grace LM, Luthi SM and Pirie RG: “Stratigraphic Inter-
pretation Using Formation Imaging and Dipmeter
Analysis,” paper SPE 15611, presented at the 61st
SPE Annual Technical Conference and Exhibition,
New Orleans, October 5-8, 1986.

14. Reference 3, Hackbarth and Tepper.

15. Laubach SE, Baumgardner RW Jr, Monson ER, Hunt
E and Meador KJ: “Fracture Detection in Low-Per-
meability Reservoir Sandstone: A Comparison of
BHTV and FMS Logs to Core,” paper SPE 18119,
presented at the 63rd SPE Annual Technical Confer-
ence and Exhibition, Houston, October 2-5, 1988.
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this application of Formation MicroScanner
logs is using images with static normaliza-
tion, in which like porosities are indicated
by like gray or color scales, rather than
dynamic normalization (see page 19).

The degree of sorting is sometimes appar-
ent on images alone. When it is equivocal,
however, porosity logs can provide a rough
indicator. In general, if total porosity is less
than 25 percent, suspect poor sorting; if it
exceeds 25 percent, suspect good sorting. In
carbonates, images do not reveal the nature
of the cement (calcitic, dolomitic or anhy-
dritic), which is needed to understand dia-
genetic events that may indicate the loca-
tion of the oil leg. In general, a high
photoelectric cross-section index, P,, and
low matrix density, p,,,, indicate calcite, a
high P, and high p,, indicate anhydrite,
and a low P, and high p,,,, dolomite. As a
further test (on cuttings, for example) hydro-
chloric acid [HCI] will dissolve calcite,
slightly attack dolomite, but not anhydrite.

Images interpretable after calibration with
core data

Core calibration of Formation MicroScanner
images is needed in many heterogeneous
formations in which mottling has no self-
evident pattern and no conclusive signature
on open hole logs. For example, bioturba-
tion that is conductive may show up as an
increase in the gamma ray log if the crea-
tures concentrated clays. But the burrows
may be filled with calcite (low neutron
porosity, bulk density of 2.71 gm/cc) or coal
(high neutron porosity, bulk density less
than 2 gm/cc.) Once bioturbation is identi-
fied, the orientation of the burrows tells
something of the depositional environment.
Vertical burrows suggest a high-energy, shal-
low-water environment, in which the ani-
mals “dig in” vertically to escape scouring
currents. Horizontal burrows suggest a low-
energy, deep-water environment.

Fossils are often key indicators of deposi-
tional environment, not only by species, but
by sorting, distribution, and orientation.
Once they are identified on core, they may
be recognizable on Formation MicroScan-
ner images, which can help extend interpre-
tation to offset wells (right).

Stylolites are jagged, teeth-like sutures
that occur in carbonates and occasionally in
sandstones. They contain insoluble compo-
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nents of the rock—clay, carbon and iron
oxides—and are usually parallel to bedding
in tight zones, acting as vertical permeability
barriers. They are also known to be paths for
diagenetic processes and as such become
sites for development of secondary porosi-
ty.17 Once identified on core, they may be
correlated on images and may become
powerful predictors of vertical permeability
barriers.

Emerging interpretation methods

The cutting edge of Formation MicroScanner
interpretation is concerned with the integra-
tion of images with data from several tech-
niques. A particularly active area of investi-
gation is how to use information about rock
texture provided by the images.

In carbonates, identifying heterogeneities
in porosity can be crucial for reservoir
development. These heterogeneities often
have a textural component that is evident on
Formation MicroScanner images. Scientists
with Schlumberger Middle East have inte-
grated these images with core data and
porosity logs run at high sample rate, and

MicroScanner image,
Shuaiba chalk, Middle
East. Porosity is black
in both presentations.
Although the GLoBAL
output correctly pre-
dicts the average po-
rosity value, the For-
mation MicroScanner
images show porosity
distribution and strong
anisotropy caused by
thinly bedded layers.
Porosity in conductive
and resistive beds
varies by up to three
orders of magnitude,
from 2 porosity units
(p.u.) to almost 9 p.u.
Evaluating thin beds
like these is also cru-
cial in the US Gulf
Coast where half the
oil in some wells is in
sands thinner than 2
inches [5 cm].

proposed a geometrical classification of
“porosity heterogeneities.” This classifica-
tion focuses on the distribution and density
of features on the decimeter scale (about 4
inches)—such as vugs, molds, fractures and
micropores.'8 The purpose of this classifica-
tion is to assist mapping and correlation of
facies, identify permeability anisotropy, and
aid modeling of depositional environment
and diagenesis.

In this scheme, carbonate porosity is
grouped into three geometric types: layered,
isolated and interwoven. Layered porosity
beds have maximum flow parallel to bed-
ding; isolated porosity beds have poor per-
meability in any direction even with medi-
um to high porosity; and beds of interwoven
porosity have a mixture of porous and non-
porous intervals. This scheme is useful for
reservoir engineers who average porosity
data with mathematical models. They
model layered porosity as a parallel perme-
ability system, isolated porosity as a series
permeability system, and interwoven porosi-
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[JAn oil-water transi-
tion zone between
glauconitic sands with
and without fossil
shells, Olmos forma-
tion, South Texas.
From conventional
open hole logs and the
two-pad Formation
MicroScanner images,
it is impossible to tell
that shells are abun-
dant below X475 feet.
Shaliness increases
and porosity drops
from X476 to X480
feet; the large kick in
the induction indicates
a limy interval; the
cross-over between
shallow and other
measurements signals
the shaly interval, and
the curve separation
below flags a clean
sand. No definite fea-
tures are visible on the
images. The core,
however, shows the
top of the shell debris
section, which marks
the top of the oil-water
zone. The sand below
the shell debris was a
marginal producer,
yielding no more than
20 barrels of oil per
day and some water.

ty as either parallel or series, depending on
how the porous components are oriented
with respect to flow. Formation MicroScan-
ner images supply useful information about
each of these porosity types (see “Identifying
Carbonate Porosity Types with Formation
MicroScanner Images,” next page).

Another development is a texture-recogni-
tion computer program that permits inter-
preters working on the FMS Image Examiner
workstation to quickly and interactively pick
key lithofacies.’® Now users must do this
manually, scrolling sometimes through hun-
dred of feet of images. The program was
devised mainly to save time, but it can also
provide, for example, an automatic sand
count based on the texture differences
between sands and shales.

The program assumes that textures dis-
cernable on Formation MicroScanner
images correlate with lithofacies characteris-
tics. In this system, the user selects an image
texture of interest (for example, a conglom-
erate or a mudstone) and the computer finds
similar Formation MicroScanner images
using a histogram-similarity transform.

In tests, S.A. Wong of Texas A&M Univer-
sity and Schlumberger coworkers, found
that the algorithm located 30 to 50 percent
of the lithofacies it was expected to find.
The success rate increased to 65 percent if
two targets of the same lithofacies were
selected, giving the system better knowl-

16. McGann GJ, Riches HA and Renoult DC: “Forma-
tion Evaluation in a Thinly Bedded Reservoir A
Case History: Scapa Field, North Sea,” Transactions
of the SPWLA 29th Annual Logging Symposium,
San Antonio, Texas, June 5-8, 1988, paper V.

17. Carozzi AV and Von Bergen D: “Stylolitic Porosity
in Carbonates: A Critical Factor for Deep Hydrocar-
bon Production,” Journal of Petroleum Geology 10,
(1987): 267-282.

18. Nurmi R, Charara M and Waterhouse M: “Hetero-
geneities in Carbonate Reservoirs: Detection and
Analysis Using Borehole Electrical Imagery,” pre-
sented at the London Geological Society, London,
June 1988.
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Porosity Type

Characteristic Features Visible on Images

“Layered”
Crossbedded grainstone

Thin beds

Resistive vs conductive cementation (“selective cementation”)

Stylolites (after core calibration)

“Isolated”

Anhydrite nodules (after conventional open hole log calibration)
Patchy distribution of cements

Vuggy porosity (with open hole and caliper data)

Leached fossils (after core calibration)

“Interwoven”

Dual (or multiple) porosity system indicated by various shades on
statically normalized images. Although usually free of clay, the higher
porosity component appears darker (more conductive) than the lower
porosity componerit. (Images can help determine the vertical extent

of high and low porosity components. For example, fractures often pre-
dominate in the lower porosity component.)

edge of the texture. Due to natural varia-
tions within lithofacies, the limited resolu-
tion of the scanner and other data process-
ing constraints, Wong and colleagues
suspect that an 80 percent success rate may
be the limit.

A method for calculating fracture aperture
at the borehole has also been developed
using information from conventional logs
and the Formation MicroScanner tool.19 The
core of the method is an algorithm
developed by Stefan Luthi of Schlumberger-
Doll Research, Ridgefield, Connecticut,
which extended work begun by Philip
Souhaité, formerly of Etudes et Productions
Schlumberger, Clamart, France. The algo-
rithm relates aperture to the additional cur-
rent flow from the tool caused by a fracture,
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mud resistivity (R,), and R,. Based on stud-
ies of a well in granite-gneiss in Connecti-
cut, fracture apertures calculated by this
method are close to those calculated from
an investigational sonic method using Stone-
ley wave reflection data.20 This method
takes a step toward calculating fracture
hydraulic permeability, but much remains to
be done before a commercial service is
available.

The Formation MicroScanner tool has
ushered in an era in which improving the
resolution of other log measurements has
become a priority. But solving an oil compa-
ny’s problems involves more than seeing the
well in finer vertical detail. Scientists are
hoping that the better they can see features
that intersect the well, the better they will be
able to find ways to quantify their lateral
extent. The ultimate goal is not only to char-
acterize the borehole wall—that infinitesi-
mally small but critical part of the reser-
voir—but also the unprobed territory
beyond. —JMK

19. Luthi SM: “Width Determination of Fractures Inter-
secting a Borehole,” U.S. Patent Application Serial
Number 252,958, filed October 3, 1988.

20. Johnson DL, Hornby BE, Winkler KW and Plumb
RA: “Fracture Evaluation from the Borehole Stoneley
Wave,”1987 AGU Fall Meeting Program, Eos 68
(1987): 1503 (abstract T51C-07); Geophysics (in
press).

Plumb RA and Hornby BE: “In-situ Stress Directions
and Permeable Fractures in the Moodus #1 Well:
Measurements from Experimental Ultrasonic Image
and Stoneley Wave Logs,” SDR Research Note, May
11, 1988.

The basic question in interpreting logs of
wildcat wells is what depositional environ-
ments the well intersects. Local knowledge
suggested this well was probably in a re-
gressive or transgressive sequence or a
delta, so the interpreter, Tom Fett, of
Schlumberger, Corpus Christi, Texas, at least
had a place to hang his hat. Here is how he
approached the logs and core.

Beginning at the bottom of the interval,
from 7396 to about 7372 feet, the logs show
a mottled, heterogeneous shale with round-
ed conductive features that suggest burrow-
ing. At 7371 feet, the gamma ray and spon-
taneous potential logs kick to the left,
indicating a drop in shaliness. The image
shows a corresponding sand pulse at 7371.5
feet, and another at 7370 feet. With each
sand comes a decline in mottling in the
image. At 7367 feet, a resistive (bright
white) feature appears on the image and as
a low point on the density logs. This is pos-
sibly a cobble indicating a lag deposit, and
an increase in depositional energy. The
image above 7366 feet shows a nonbur-
rowed sand, possible crossbedded, also sug-
gesting an increase in depositional energy.
At 7363 feet, a pulse of shale intrudes into
the sand, but the next 12 to 15 feet are
largely shaly, silty sands. This is supported
by the high permeabilities of sidewall cores
from 7347 and 7348 feet (core holes are vis-
ible on the statically normalized image).

The story changes again at 7345 feet,
where the dark, homogeneous images indi-
cate a marine shale. (Continental and near-
shore shales tend to be gray and mottled;
deep-water shales are usually dark black
and nearly featureless.) Analysis of a side-
wall core at 7341.5 feet bears this out—a
massive, low permeability silty shale. (The
hole from this core is visible on the image.)

This is the most basic interpretation—pri-
marily a description of what is seen on the
logs and images. This interpretation can be
expanded to include depositional environ-
ment. A probable scenario is a lagoonal
deposit, rich in bioturbation, followed by an
influx of silty, muddy sand, which choked
off the organisms living in the mud, fol-
lowed by intermittent pulses of silty, muddy
sand. Finally, the sea encroached over the
land, burying the sand in deep marine sedi-
ments which became shales.
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Gulf Coast Case Study: A Marine Transgressive
Sequence, Wildcat Well, South Texas
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Cover

Bob Demicco (pointing), associate professor of geologic
sciences at the State University of New York at Bingham-
ton, discusses a thinly bedded Devonian limestone of the
Catskill (New York) delta with Russ Hertzog (left), a
nuclear physicist with Schlumberger Houston, and Ulf
Bayer, a visiting mathematical geologist at Schlumberger-
Doll Research, Ridgefield, Connecticut. The subtidal lime-
stone, with beds 1 to 10 centimeters thick |2.5 to 25
inches] 1s known locally as ribbon limestone. The outcrop
is part of the indian Ladder escarpment, Manlius forma-
tion, Helderberg group, in john Boyd Thatcher State Park,
about 20 miles southwest of Albany, New York. At right
is a core photograph and Formation MicroScanner log of
a thinly bedded sand-shale sequence from Southeast Asia.
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