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Abstract 
 
By making detailed comparisons with core data from a well located on a crosswell 
seismic profile, we examine the vertical resolution of crosswell seismic data from a 
geologic perspective. Whole-core porosity and permeability measurements are highly 
variable in our example and are not obviously related to core-based lithofacies. The 
disconnect between reservoir quality and depositional lithofacies is caused by a complex 
diagenetic overprint, primarily cementation by evaporites. Changes in porosity and 
mineralogy (predominantly gypsum and siliciclastic abundance) relate directly to the 
numerous crosswell seismic events. Although major stratigraphic boundaries (sequence 
boundaries and flooding surfaces) generally coincide with reflectors, lithofacies and 
small-scale depositional cycles recognized during the core description do not relate 
directly to the seismic data. There are strong indications that crosswell seismic data can 
be an important tool for assessing reservoir variability. 
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Abstract 

By making detailed comparisons with wre data from a 
well located on a crosswell seismic profile. we examine the 
vertical resolution o f  crosswell seismic data fmm a geologic 
perspective. Whole-core pomsity and permeability measure- 
ments are highly variabie in our example and are not obviously 
related to core-based lithofacies. The disconnect between res- 
ervoir quality and depositional lithofacies is caused by a com- 
plex diagenetic overprint, primarily cementation by evaporites. 
Changes in porosity and mineralogy (predominantly gypsum 
and siliciclastic abundance) relate directly to the numerous 
cross\vell seismic even&. Although major stratigraphic 
boundaries (sequence boundaries and flooding surfaces) gen- 
erally coincide with reflectors. lithofacies and small-scale d o  
positional cycles recognized during the core description do 
not relate directly to the seismic data. There are strong indicb 
tions that crosswell seismic data can be an imponanr tool for 
assessing reservoir variability. 

Introduction 

A joint Stanford Univmity-lndm y project. asswiated 
with a CO;! flood pilot being conducted 'n the McElmy Field 
of west Texas (Fig. I). has demonstrated t tat very high resolu- 
tion reflection images can be obtained in -arbonate reservoirs 
using crosswell seismology (Hanis et at.. '995). In this study 
we examine the vertical resolution o f  cmswell seismic data 
from a geologic perspective by making detailed comparisons 
with core data from a well located on o m  end o f  a crosswell 
profile. McElroy Field is a very mature field; i.e., close well 
spacing and advanced types of reservoir processing are either 
already in place or being planned. We feel that there are strong 
indications that crosswell ieismic data can be an imponant tool 
for assessing reservoir variability vertically and between well 
locations in the field. Therefore, it is likely that crosswell seis- 
mic will play an increasingly imponant pm in reservoir char- 
acterization of McElroy and other fields like it. 

The main reservoir in McElroy Field occurs within the 
Grayburg Formation (Permian. Lower Guadalupian), and the 
main pay interval has an approximately 80-A (24 m) gross res- 
ervoir thickness. A broad spectrum o f  deposits ranging from 
sh~oreline ad inner ramp on the west to deeper-water outer- 
ramp environments toward the easl accumulated along the 

eastern margin o f  the Central Basin Platform bordering the 
Midland Basin (Fig. I). The depositional slope across the por- 
tion o f  the shelf that now comprises the field was gmdual. pos- 
sibly interrupted only by localized ed of  carbonate sand or 
small reefs. Core studies show the Grayburg carbonate shelf 
deposits in McElroy Field to be anhydritic dolostones hat be- 
come increasingly evaporitic and silty toward the top of the 
Grayburg Formation and into the overlying Queen Formation. 
Terrigenous sediments and evaporites of the lower Queen 
Formation pmvide a cap and seal for the Grayburg reservoir 
rocks. The overall depositional succession within the Grayburg 
is a series of upward-shallowing and generally eastwardly 
prograding carbonate units (Fig. 2). The lower Grayburg rep- 
resents more open ramp environments the middle Grayburg 
reservoir zone represents shallower ramp environments, and 
the upper Grayburg represents marly intertidal environments. 
The basal contact o f  the Grayburg is a pronounced 
unconformity with the underlying San Andm Formation. 
wherw the top contact with the Queen Formation i s  a more 
subtle unconformity. 

Conventional Core Description 
Conventional wre was taken from 2775 to 3060 A core 

depth (2779-3064 A log depth) in the 1202 well as part of the 
crosswell seismic project. The core from the well is divided 
into major depositional units (Fig. 3) that are pan o f  a se- 
quence stratigraphic framework developed for the field 
(Lindsay, 1995, pen. comm.). The bonom 20 A (6 m) o f  core 
(core depth = 3040-3060 A) consists principally of ooid and 
peloid dolopackstones/grainstones that arc organized within 
several upward-shallowing depositional cycles. Evidence for 
subaerial exposure marks the top o f  some o f  the cycles. A 
more pronounced interval with evidence for subaerial expo- 
sure - i.e.. teepee structures. breccia, and conglomerates - is 
picked as the unconformable sequence boundary separating 
the San Andres and Grayburg formations (3040 R core depth: 
3044 A log depth). 

Immediately above the formation boundary is a 21-A (6.4 
m) thick interval (wre depth = 3019-3040 A) containing a 
thin dolomitic sandstone. overlain by predominately ooid. but 
some ploid. dolopackstondgrainstones that a n  contained 
within three depositional cycles (Fig. 3). Field-wide strati- 
graphic studies by Lindsay (1995) show that this interval 
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thickens substantially to the east and is the lowermost o f  three 
small-scale sequences recognized within the Grayburg (Fig. 
2). Only the uppermost highstand systems tract portion o f  this 
lowvermost Grayburg sequence occurs in the 1202 well. The 
onlap o f  the underlying transgressive systems tract terminates 
further to the east. 

The remainder o f  the 1202 corn contains varied litholo- 
gies that comprise the middle and upper Grayburg sequences 
recognized by Lindsay (1995). The middle sequence contains 
a transgressive system tract 74 R (22.5 m) thick (core depth = 
2945-3019 A) o f  predominately dolopackstone/grainstonc 
rich in fusulinid benthic foraminifers and peloids (Fig. 3). 
Depositional cycles are delineated where the pack- 
stone/grainstona become more peloid-rich. a probable indi- 
cator o f  slight shallowing. Above a maximum flooding sur- 
face. the middle Grayburg highstand systems tract (core 
depth = 2880-2945 R) contains predominately brachiopod 
and peloid packstone/grainstones and lesser amounts o f  the 
fusulinid packstonelgrainstone. and probably represents a 
shallower-water and higher-energy depositional setting than 
the fusulinid section below. Numemus depositional cycles 
can be differentiated based on the general fusulinid-. brachio- 
pod-. and peloid-rich succession. This highstand, 65-ft (19.8 
m) thick portion (core depth = 2880-2945 A) of the core. 
along with the overlying 19 A (5.8 m) (core depth = 2861- 
2880 R). corresponds to the main pay interval in this part o f  
the field (Fig. 2). 

The upper Grayburg sequence wa: not completely cored in 
the 1202 well and, as a mult. is  more dillicult to characterize. 
The field-wide studies o f  Lindsay (199') show this sequenee to 
be more completely developed in a do-vndip direction to the 
east of the well (Fig. 2). The mgmsi . .e  systems Rack 72 A 
(22 m) thick in the core (core depih = ;80&2880 R). is p- 
dominately peloid packstondgrainstonc. with m e  ooid 
packstone/grainstone in the upper pail a d  minor fusulinid- 
rich packstonelgrainstone in the lower portion (Fig. 3). Deposi- 
tional cycler are picked by fusulinid-peloid variations in the 
lower pan, peloiddoid variations in the middle, and evidence 
for minor subaerial exposure in the upper wid-rich part. Only 
the lower 33 n(10 m) (core depth = 2775-2808 R) o f  the high- 
stand systems haa of the upper sequence is  cored in  the 1202 
well. which extends upward another 60 A (I8 m), as shown by 
log correlations with other wells (Fig. 2). The core contains al- 
ternating peloid and w i d  packsrondgrainstones. which is the 
basis for picking depositional cycles. Evidence fmm other 
we:ls shows that the upper portion of the highstand systems 
tract becomes more ooid-rich. contains numerous siliciclastic 
beds, and is generally of a much shallower water character. 

Whole-Core Analysis 

Routine whole-core analysis (285 samples) was com- 
pleted on 6-in. ( 1  5 cm: lenghs o f  fulldiameter core from al- 
most every foot along the entire length of the 1202 core (Har- 
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ris et al.. 1995: Nolen-Hoeksema et al.. 1995: Fig. 4). In ad- 
dition. permeability was measured using a minipermcamcter 
at 6-in. (15 cm) sample spacing along the full length of core. 
These data pmvide petrophysical and mineralogical informa- 
tion that. in combination with the core description. are neces- 
sary to interpret the crosswell data 

The whole-core samples were cleaned using a low- 
temperaNre tolueM-CO2 extraction method. The low tem- 
perature (less than 10401: or 400C) produced minimal dehy- 
dration o f  the gypsum (CaS04.2H20) in the rock (Hurd and 
Fitch. 1959). Fluid saturations were determined fmm the 
fluids collected during the core cleaning process. After each 
sample was cleaned and dried. the pomsity. permeability. and 
grain density were determined. This first porosity measure- 
ment is refmed to as the "low-temperature porosity" 
(LTPor). The core samples were then heated to a high tcm- 
perature to drive off  the water o f  hydration in the gypsum. 
After cooling, the "high-temperature porosity" (HTPor) was 
measured. Gypsum content was calculated from the weight 
loss and increase in porosity. i.e.. pore volume, that resulted 
from reheating the sample (Hurd and Fitch. 1959). This a ~ -  

sumes that both effects are the result o f  the alteration of gyp- 
sum to anhydrite (CaS04) by dehydration. which causes a 
decreav in grain volume. 

For the 285 full-diameter core samples. the LTPor ranged 
fmm 0.5% to 20.9% and averaged (arithmetic mean) 7.4%. 
whereas the HTPor ranged from 0.8% to 21.1% and averaged 
9.7%. Steady-state permeability to air ranged from less than 
0.01 md to 217 md and averaged (geometric mean) 0.6 md. 
As expected. LTPor. permeability. and oil saturation are 
higher overall in the main pay interval (average 12%. 5 md. 
and 32% respectively): however, isolated zones above and 
below the main pay interval also have good reservoir charac- 
teristics. The highly variable nature o f  porosity and. to a 
greater degree, permeability are evident in Figure 4. 

Variable amounts (0-25%) o f  gypsum are present 
throughout the core. although gypsum abundance does not 
appear to be lithofacies-specific based on whole-core meas- 
urements. Two general observations can be made regarding 
the stratigraphic distribution o f  gypsum. First. the highest 
frequency variations in gypsum content occur within the 
middle and lower Grayburg sequences (2885-3044 fl). which 
have the best reservoir quality. Second. the greatest volumes 
o f  gypsum cement occur almost immediately above the silici- 
clastic beds at 2861 and 3041 R (Fig. 4). 

Figure 5 shows crossplots o f  whole-core data by lithofa- 
cies. The peloid dolopackstone, brachiopod-peloid dolopack- 
stone, and fusulinid-peloid dolowackestone are the primary 
reservoir lithofacies. whereas the dolomitic sandstone. w i d  
dolograinstone. and teepee lithofacies are mostly nonreser- 
voir. Figure SA shows a good correlation between porosity 
and permeability, except for a group o f  samples on the left 
that may be fractured. Figure 5B and C shows porosity plot- 
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red against gypsum and grain density respectively, :o ilius- 
trate the complicated disgenetic overprint present in McElroy 
samples. In particular. Figure 5B shows there is little-twno 
systematic relation between gypsum content and pornit)., 
except that the highest porosity samples uniformly conrain 
ess than 5% gyp-sum. Figure 5C shows that there is a signifi- 
cant amount of anhydrite as well as gypsum reducing porosity; 
the highest porosity samples have uniform grain densities. 
which is consistent with the conclusion that porosity has hem 
modified by pondepositional mentation. Figure 5D shows a 
very close m l a t i o n  between grain density and gypsum con- 
tent, except for samples that may be cememed with calcite or 
contain significant amounts of siliciclastic material. In fact, 
Figure 5B and D shows that the dolomitic sandstom sampks 
uniformly have little or no gypsum cement which suggem tha~ 
the dolomitic sandstones may have been conduits for diage- 
mtic fluids. Summarizing the impoftant points: cementation by 
gypsum and anhydrite is ubiquitous and not lithofacies- 
specif%; siliciclastics and calcite cement arr present in a few 
samples in variable amounts. 

Comparison Of Crasswell Seismic And Core Data 

Crosswell seismic reflection images can be related to the 
stratigraphy, lithofacies, porosity, and mineralogy rrcognized 
in the 1202 core. Changes in porosity and mineralogy (pre- 
dominantly gypsum and siliciclastic abundance) relate di- 
rectly to the numerous seismic events. Although major sbati- 
graphic boundaries (sequence boundaries and flooding sur- 
faces) generally wincide with reflectors, lithofacies and 
small-scale depositional cycles recognized during the core 
description do not relate directly to the seismic data 

The apparent resolution in the P- and S-wave reflection 
images of Figure 6 is quite striking; the wavelengths an on 
the order of 9 to 13 A (3-4 m). In conbast, traditional surface 
P-wave seismic data in che study area usually have an upper 
frequency limit on the order of 100 Hz. resulting in wavc- 
lengths of approximately 150 to 200 A (45-60 m), assuming 
P-wave velocities of 15.000 to 20,000 Ws. Therefore. the 
main pay interval in McElroy Field is less than onc-third 
wavelength on the surface seismic data. 

The main pay interval is from 2860 to 2940 A on the P- 
and S-wave reflection images from profile 1 (Fig. 6). The P- 
wave image has about five wntinuous events within the 80-A 
(24m) main pay interval, w h e w  the S-wave image has 
about eight continuous events. Both images came from the 
same dataset (Harris et al.. 1995). and the frequency content 
is about the same in both. Therefore, to some extent, the 
higher resolution of the S-wave image results because S- 
wave velocities are lower than P-wave velocities: hence S 
wavelengths are shoner than P wavelengths. 

Most positive amplitude (filled) events in the reflection 
images seem to correlate with changes in porosity and miner- 
alogy as described in the core and measured during core 

kta  
analysis. The positive amplir~de. continuous xfiecrlonr nezr 
the top of both the P- and S-wave images (2725-2775 ft: zll 
depths arc log depthsj are rrlated to the interbedded silici- 
clastic and carbonate beds straddling the Grayburg-Queen 
boundmy (Fig. 6). The mu interval, bezween 2775 f r  and the 
top of the main pay, has few events because the interval is 
mostly tight and pamphysically fairly homogeneous. Positive 
S-wave reflations in this zone sppear to be related to 2 de- 
uurse in porosity in the fim high-porosity zone (-2800 ft). the 
base of two lower-porosity zons (-2825 and -2835 A), and 
the base of a gypsumoemented. lower-porosity zone (-2854 ft) 
rewgnized in the core. Positive P-wave reflections coincide 
with the depths described above except for 2835 A. which may 
be masked by the vay high-ampliie. positive P-wave reflec- 
tion at -2842 A. This reflector. which is not present on the S- 
wave image, coincides with the top of a gypsumemenled in- 
m. 

The positive modaate to high amplitude, fairly continu- 
ous reflections within the main pay interval. which arc win- 
cident mostly with the highstand systems tract of the middle 
Grayburg sequence, arc primarily related to the high degree 
of porosity and gypsum cement variation. For example. the 
first positive event on the S-wave image in the main pay in- 
terval coincides with the bare of the first high gypsum streak 
and a porosity decrease (-2874 A). The underlying positive 
event on the S-wave image corresponds !o the top of a tight 
streak (-2883 A) that coincides with the sequence bwndary 
between the upper and middle Gnyburg sequences. Similarly 
almost all of the S-wave positive events in the main pay in- 
terval cornspond to decreases in porosity andlor gypsum 
(2888.28%. 2902,2912.2922.2929, and 2935 A). Positive 
P-wave reflections coincide with many of the depths de- 
rribed above; however, some of the other positive S-wave 
reflections combine in groups of two into a single, positive P- 
wave reflection (e.g.. S-wave at 28% and 2902 A = P-wave 
at 2900 A). 

The positive m o d e m  to high amplitude. fairly wntinu- 
ous reflections between the bax of the main pay and 301 5 ft. 
which coincide with the mostly fusulinid-rich transgressive 
system tract of  the middle Grayburg sequence, arc also re- 
lated to the high degree of porosity and gypsum variation. To 
illuseate this, the fim positive event on the S-wave image 
below the main pay interval is coincident with the base of a 
gypsum-cemented zone (-2945 ft), which also corresponds to 
the maximum flooding surface that separates the more peloid- 
rich highstand system tract above from the more fusulinid- 
rich transgressive system tract below. Another positive event 
on the S-wave image coincides with a major porosity de- 
crease (-2956 A). As described for the interval immediately 
above, almost all of the positive even& on the S-wave image 
in this interval correspond to decreases in porosity andlor 
gypsum. Similarly most of the positive P-wave reflections 
appear to represent groups of two S-wave reflections. 
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The positive. moderate amplitude. fairly continuous S- 
wave reflections fmm -3015 A to the San AndreslGrayburg 
contact are associated with the w i d  and peloid dolopeck- 
ston&grainaona o f  the lowermost Grayburg sequence. 
These reflections are related to gypsumsemented zones. ;he 
dolo~nitic sandstone bed. and porosity variations. For exam- 
plc. the first positive event on ihe S-wave imace in this inter- 
val is related to the base of  a high gypsum n& (-3022 
A) that also coincides with the sequence boundary between the 
lower and middle Graybug sequences. Another positive event 
on the S-wave image is coincident with a decrcax in porosity 
and gypsum cement (-3028 ft). The next positive event on the 
S-wave image coincides with the bare of a gypsumsemented 
m e  and thc top o f  the dolomitic sandsicne bed (-3040 A). 
Positive P-wave reflections are present for the first two depths 
described above. No reflection i s  apparent at 3040 A. possibly 
because it is  masked by the stmng positive reflector at 3045 fi. 

One very striking feature on the P- and S-wave images is 
the two prominent positive reflectors (3045 and 3060 A) that 
co~ncide approximately with the sequmce boundary between 
the Grayburg and San Andres formatiom at 3040 R (Fig. 6). 
Although this sequmce boundary i s  a pronounced 
unconfonnity and is quite clear in the reflection images. the 
houndan. is often difficult to identify in core logs and 2-D sur- 
face seismic. The high-amplitude. continuous reflectors at the 
San AndresKjnyburg contact and the dipping reflectors al- 
most in~mediately below correspond with the interbedded 
siliciclastic and dolostone beds o f  the upper San Andres. 
Conclusions 

By comparing changes observed and measured in the core 
from the 1202 well to cmsswell seismic nflection images we 
conclude that (I) total porosity has the monges~ influence on 
velacity and acomic impedance: therefore. changes in porosity 
are a primary cause o f  rcflecrions: and (2) changes in mineral- 
ogy. including variations in the amount o f  evaporite cement 
and siliciclastics. also affect velocity and acoustic impedance. 
A significant result o f  the diagenetic complexity o f  the McEI- 
my reservoir is that reservoir quality does not match original 
depositional f a c k  but is instead controlled by a complicated 
mixlure of depositional and diagenetic eflccts. This is parricu- 
krly true for the main pay interval and makes interpreting the 
cmsswell images in terms o f  lithofacies. or the small-scale dc- 
positional cycles that they are grouped in. somewhat meaning- 
less. However. since the crosswell images do appear to be re- 
sponding to fine-scale variations in porosity. perhaps log-bawd 
stratigraphic units based on porosity are the most appropriate 
"flou* unit" or "reservoir engineering" type of facies to be 
identified for nxrvoir characterization. 

Bawd on our comparison o f  core and cmsswell seismic 
data. we conclude that crosswell seismic i s  capable o f  high- 
resolution reservoir delineation. and its usefulness for reservoir 
analysis should continue to be investigated. 

Acknowledgments 

We acknowledge the help of many who made our wofi 
anC publication possible: Richard C. Noh-Hoekutna (C~ii- 
versity o f  Michigan) for collatnration on many aspects o f  cur 
cmsswell investigations: Bob Lindsay (Chewon U.S.A.) for 
dam and valuable discussions on McElroy Field: Bob l.angan 
(Chevron Petroleum Technologv Company) and Jeny Hams 
(Sranford) for valuable technical discussions and vlsion: and 
Spyros Lazaratos (Tornoseis) for the reflection images at vari- 
ous stages of processing im- 
provements. We especially thank Chevron Petmleum Technol- 
o g  Company for technical suppan and permission to publish. 

References 

Hams J. M., Nokn-Hoeksema R. C.. Langan. R. T.. Van 
Schaack. M.. Lazarator S. K.. and Rector. J. W.. Ill. 
1995. High resolution imaging o f  a west Texas car- 
bonate reservoir: Pan 1 - Project summary and inter- 
pretation: Geophysics. v. 60. no. 3. pp. 667-68 1. 

Hurd. B. G. and Fitch. J. L., 1959. The effect o f  gvpsum on 
core analysis mulu: Petmleum Transactions. 
AIME. V. 216. pp. 221-224. 

Lindsay. R. F.. 1995. Carbonate sequence stratigraphy on the 
development geologv scale: outcrop and sahsc~rface 
examples from the Permian Grayburg Formation. 
Permian Basin (abs.). in Pause. P. H. and Candelaria. 
M. P. (eds.). Carbonate Facies and Squence Stratig- 
raphy: Practical Applications o f  Carbonate Models: 
Permian Basin Section SEPM Publication 95-36. p. 
205. 

Nolm-Hoeksema R. C., Wan& 2.. Harris. J. M.. and Langan. 
R. T.. 1995. High molution imaging o f  a west Texas 
carbonate reservoir: Part 5 - Core analysis: Geo- 
physics. v. 60. no. 3. pp. 7 12-726. 




