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- ABSTRACT

1 COntinuityIOf Sandstone reservoirs‘is COntroiied by various factors‘inoiud-
ing structura] trend 'sand-body geometry, and the distribution of framework
vgrains matrix and 1nterstices within the sand body. Except tOr the iimits
imposed by fauits these factors are 1argeiy inherited from the dep051t10na1
environment and modified during sandstone compaction and cementation. Regionai
and iocal continuity of sandstone reservoirs depends on a dep051tionai and
structural hierarchy of four ieveis: (1) genetically related sandstonesicom-
monly associated with a singie depositiona1 system,f(é)'areaiiy extensiue tauit
,biockg, (3) individuai Sandstones‘within a iauit'biock, and'(4)}isoiated reser-
voirs within akfau1t-bounded sandstone..

Compiiation of published and unpubiished data for Tertiary and late Quater-
nary Gulf Coast sandstones of fiuv1a1 deltaic, »barrier-strandpiain and'subma- .
'rine fan origins suggests that volumes of sand systems (first hierarchicai
r level) range from 1011 to 1013 ft3, whereas voiumes of indiViduai sand
bodies range from 109 to 1011 ft3. The continuity and productive Timits
of the an01ent sandstones are substantiaiiy reduced by faults and 1nternai
' heterogeneity that further subd1v1de the sand body 1nto ind1v1dua1 compartments.
For the Wilcox andvFrio'trends of Texas, fauit blocks (second hierarchicai lev-
el) vary greatly in size, most being between 0.3 and 52 miZ in area; howeuer,
the distribution is strongiyfskewed‘toward small areas. Volumes ot individuai
reservoirs (fourth hierarchica]-]euei)ddetermined trom’engineering production
data are 50 percent less to 200 percent more-than‘estimates obtained from geo-
1ogic,mapoing,bvin'generai, mappedfvoiumes underestimate actua] volumes where
vfaults are»nonseaiing.and overestimate~actuaidvoiumes where iateraiiy continuous

’shaiebbreaks cause reductions in porosity andnpermeability.



Gross variations in porve properties (porosity and permeability) can be pre-
dicted on the basis of internal stratification and sandstone facies where orig-
inal sedimentological properties are not masked by diagenetic alterations. Six
basic patterns are recognized that generally describe the vertical variations in
pore properties within a sand body at a well site. Whole-core analyses show
(1) upward increases, (2) upward decreases, (3) central increases, (4) central
decreases, and (5) uniformly low, and (6) irreguiar changes in porosity and
permeability with depth. Within these trends, porosity and permeability are
generally highest in large-scale crossbedded intervals and lowest in contorted,
bioturbated, and small-scale ripple cross-laminated intervals.

Sandstone facies models and regional structural fabric of the Gulf Coast
Basin suggest that large and relatively continuous reservoirs should be found
where barrier and strandplain sandstones parallel regional faults. These condi-
tions should optimize the magnitude and rate of fluid production from geopres-
sured geothermal aquifers and maximize the efficiency of primary and enhanced
recovery of conventional hydrocarbons. Fluvial sandstones deposited by major
streams that trend roughly normal to regional faults are probably less continu-
ous than barrier sandstones, but together they serve as substantial targets for
exploration and production of unconventional as well as conventional energy

resources.

INTRODUCTION

Sandstone reservoirs are spatially confined by lateral and vertical changes
in primary rock prdperties, such as grain size and porosity and permeability,
that are largely inherited from the depositional environment. Equally important
in reservoir characterization are.postdepositional events including structural

deformation and diagenetic alteration that cause major reductions in the



transmissibility of fluids. Studies of modern clastic environments and their
ancient counterparts have led to conceptual models of the most common sandstone
facies. These models have established criteria for interpreting genetic deposi-
tional systems from well cuttings, cores, and geophysical logs (Fishér and
Brown, 1972; Fisher and others, 1969) and subsequently for predicting the geom-
etry and continuity of many sandstone reservoirs (LeBlanc, 1977; Sneider and
others, 1977).

In the Gulf Coast Basin, the common sandstone facies are products of depo-
sition in fluvial, deltaic, barrier-strandplain, transgressive marine, and shelf
and slope systems. These sandstone types, which commonly occur as aquifers in
the geopressured ione, exhibit certain predictable properties. Accordingly,
studies of reservoir continuity thdt combine sedimentological characteristics
with:reéervoir engineering data for sandstone aquifers should improve those pre-
diétive capabilities.’ This report provfdes a systematic invesfigation, classi-
fication, and differentiation of the intrinsic properties of genetic sandstone
units that typify many geopressured geothermal aquifers and hydrocarbon reser-

voirs of the Gulf Coast region.
Quantification of Inhomogeneities

Identifying geological factors suitab]é for reservoir discrimination re-
quires two principal efforts: (1) compilation of selected geologic data for
ancient sandstones and modern analogs and (2) analysis and synthesis of pro-
duction data for selected reservoirs.

An exampie of the first type of data was reported by Pryor (1973), who
analyzed nearly 1,000 sediment samples taken from three modern depositional en-
vironments. From his work, Pryor concluded that point-bar and beach sands have
directional permeabilities, whereas porosi%y and permeabi]ity in eo]fan dunes

have low variability and no discernible trends.



Investigations of internal properties of sandstones from cores and outcrops
make possible a relative ranking of potential sandstone reservoirs suitable for
primary or enhanced recovery. Qualitative resqits indicate which sandstdne fa-
cies are likely to exhibit less variability owing to their internal stratifica-
tion and other physical qualities (pore space distribution, frequency and posi-
tion of shale breaks). Most studies based on outcrop samples and subsurface
cores recognize reservoir heterogeneity related to internal stratifiéation»(for
example, Polasek and Hutchinson, 1967), but the broader issue of improved pre-
dictive capabilities achieved by applying this knowledge to sandstone models hasv
not been widely reported.

Attempts fo quéhtify sand-body geométry and reservoir inhomogeneities have
been largely unsuccessful owing to the inherentldifficuities associated with
subsUrface‘correiations, lack of precise geological boundaries, and spatially
discontinuous data. In spite of these limitations, at least two numerical ex-
preséions for'reéervoir continuity and internal heterogeneity have been pfo—
}posed. |

iFu]toh (1975) used a continuity index to describe spatial variations in-
'sandstoneé of the ancestral Rio Grande delta. Hé defined horizontal continuity
as the ratio of sand-body length to cross-sectiQn length and vertical continuity
as the ratio of maximum thickness of continuous sand to total sand thickness.v

The accdracy of numerical values reported By Fulton (1975) is questionable
because the boundaries and dimensions used to calculate the ihdex were con-
strained by the cross sections themselves. Neverthe]ess, Fulton's study dembn-
strates, as do many others, that (1) fluvial saﬁds are more continudus in direc-
tions parallel to progradation than in directioﬁs perpendicular to progradation,
(2) delta-front sands are widely distributed and‘are nearly continuous both

along strike and in updip and downdip directions, and (3) prodelta sands are



thin}and high]y discontinuous with greatest continuity’in directions}paraltel to
progradation. A]though not eva]uated by Fulton, the transgressive marine sand
underlying the progradat10na1 sequence (f1g. 1) represents the most continuous
‘and areally- extens1ve sand w1th1n h1s study area.

" Polasek and Hutchinson (1967) used a heterogene1ty factor (HF) to quant1fy>
the 1ayer1ng or abundance of sha]y material 1n sand sequences. Heterogene1ty
factors‘were determined empirica11y for‘severa1 producing reservoirs,'but{they v
Were notare1ated'to sandstone facies'or depOSitional envtronmentt BeCaUSe geo-\
1og1ca1 factors were not 1nc]uded the pred1ct1ve capab111t1es of th1s met hod “
are unknown,‘ The quant1f1cat1on techn1ques of Fu]ton (1975) and of Po]asek and.
Hutch1nson'(1967) require art1f1c1al boundar1es that severely 11m1t the usefu]-
ness ofhthe data. Hence, an accurate and reproducible method,of quantifying
‘sandstone inhomogeneities has:not been developed. " '

Reservo1r heterogene1t1es have also been stat1st1ta11y treated to accommo—a
date the h1gh variability in numer1cal eva1uat1ons. ~The normal and log-norma]
d1str1but1ons that character1ze poros1ty and permeab111ty measurements grouped
by depth (Law, 1944 Po]asek and Hutch1nson 1967) are adequate for summar1z1ng
general reservoir propert1es, but they are poorer predictors than geo]og1ca1
.models that explain the var1ab111ty of pore space properties w1th1n and among

S

sandstone units. -

* STRUCTURAL AND STRATIGRAPHIC LIMITS OF SANDSTONE RESERVOIRS
Sand-Body and Reservoir Hierarchy

Depositiona]vand‘struotoral_conditions at various levels within a hierarchy
control the volume and areaT‘eXtent‘of sandstone reservoirs. The first level

inc]udes the entire reservoir interval, or aquifer system, that spans several
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hundred to several thousand feet of interbedded sand and shale. Sandstones
within the reservoir interval are commonly genetically related and associated
with a singie depositional system. Large fault blocks encompassing the reser-
voir interval comprise the second hierarchical level. Third and fourth levels
respectively include individual sandstones within a fault block and isolated
reservoirs within an individual fault-bounded sandstone.

Both modern and ancient sandstones can be grouped and measured according to
the first-and third levels of the hierarchy (genetically related sequences and
individual sandstones). For this reason, the dfstinction between sand trends of
regional or contfnental proportion and lTocal sand féatures is important for pre-
dicting the size and arrangement of attendant sand bddies. The fdurth hierar-
chical Tevel represents those conditions in which interbedded shales or other
permeability barriers within the sandstones reduce.the effective reservoir vol-
ume, but this level does not include potential increases in reservoir capacity

owing to external contributions such as shale dewatering or nonsealing faults.
Possible External Contributions

Marked‘decreases in permeabi]ityvdefine'the reservoir boundaries and limit
the volume of sediment from which fluids can be produced. ‘These permeability
changes usually occur along the margins of a sand body and, therefore, the
extent of fluid withdrawal is chiefly from a single sand within a fault block.
Fluids might enter producing reservoirs across faults or from surrounding
shales; however, thesé influxes are generally regarded as minor or ascribed to
rare and unique circumstances that would not affect the cumulative production
from most reservoirs. At present, the importance of nonsealing faults and the
magnitude of shale dewatering are unknown; hence faults and shales cannot be

eliminated as potential sources of additional fluid.



Theoretical considerations and field obse?vations have been used to demon-
strate that some faults do not prevent lateral migration of fluids,lespecia11y
when correlative sand bodies are juxtaposed across a fault (Smith, 1980). Al-
though much of the theory dea1s‘withkentrapmenf of hydrocafbons in the hydro-
pressured zone, the governing principles apply lequally to water movement in the
geopressured zone.

Structure maps for several Tertiary sandsﬁdne reservoirs in Louisiana
(Smith, 1980) suggest that minor faults may not be complete barriers to flow be-
cause lithologies and capillary properties across these faults are very similar.
These observations suggest that drainage areas?Of geopressured aquifers may not
be Timited by minor faults where sand thicknesﬁ exceeds fault displacement.

The areal extent of water production from geopressured aquifers is uncer-
tain. A significant reduction in reservoir preﬁsure dufing production might
cause an influx of water from shales surrounding the aquifer. In addition to
minimizing pressure decline in the reservoir, shale recharging could substan-
vt1a11y inérease the effective reservoir volume beyond the saﬁd-body‘1imits.
Theoretically, the vast surface area along sand!margins and a]ong interbedded
shales would provide multiple pathways for f]uid invasion despite the low per-
meabilities at these boundaries. Published field data (Wallace, 1969) and
reservoir simulations (Chierici and others, 1978; Garg, 1980) indicate that only
reservoirs with long 1ife expectancies would beinoticeab]y'enhanced by shale
compaction and fluid expulsion. Even under ideé] circumstances, it appears
doubtful that substantial volumes of shale water would flow to the well bore
given the anticipated high flow rates and rapid drawdown of most geopressured
reservoirs.

The vertical permeability of shale is a prime factor controlling the influx

of shale-derived water (Garg, 1980). Because in situ shale permeabilities are



poorly documented and prodUotion‘data afe scant, the re]fabi]ity of»dewatering
predicted by model studies is uncertein; Undoubtedly, new know]edgevwi]1'be‘ ‘
gained during and following production of sévera1 design wells. A major’objecf
ti?e of the Dow-DOE Sweezy No. 1 in the Paroperdue field is to detefmine’the

f'magnitude ofvshalesdewatering:in an areally limited geopressured reservoir.

CHARACTERISTICS AND DIMENSIONS OF GULF COAST SANDSTONES

.‘The northwest margfn of the Gulf of Mexico has been an area of active sedf;
_mentation for mf]]ions of years; it has also been the site of extensive explora-
t1on for and production of hydrocarbons conta1ned in the th1ck c]ast1c sequences
of the Gulf Coast Basin. Thergeology of the Gulf Coast has been recorded in de—
taiT:because thevafearfs acéessible, the depositional environments are diverse,
and the geology is app11¢ab1e to energy resouroe exploration e1seWhehe.V.Studies
:of modern and anc1ent depos1t1ona1 systems a]ong the Gulf Coast have resulted in
1mproved capab111t1es for pred1ct1ng the external geometry and 1nterna1 proper -

ties of sandstone.reservo1rs.

Limitations of Data

/

There are many advant ages tonresefvoir studies that utilize surface expos-
ures, electric logs, seismic sections,'and SUbsurfaee cores. Beoause no sihg]e
data base is 1nc1us1ve ‘their 1ntegrat1on prov1des a more complete p1cture of
‘rock properties inherited from the or1g1na1 depos1t1ona1 env1ronment and subse-
quent d1agenet1c modifications. |

In the Gu]f Coast reg1on modern sand- r1ch environments are commonly ana1-

ogous to anc1ent sed1mentary depos1ts. Surf1c1a1 exposures of sand bod1es

provide excel lent control on.textures;.directiona1 propertjes,ibed continuity,



spatial relationships with surrounding sediments, and the like. On the other
hand, modern sand bodies tend to overestimate certain reservoir pfoperties
(volume, porosfty, permeébi]ity) because compaction, cementation, and structural
deformation have not reached advanced stages in modern sediments. In contrast,
ancient sandstones are more realistic approximations of reservoir conditions
because they represént what is actually preserved over broad areas. Common dis-
advantages of subsurface studies are (1) the lack of dense and deep subsurface
control, (2) the necessity of indirectly méésufing geological parameters, and
(3) the uncertainty of log correlations in strdctura]]y complex areas. These
factors greatly influence stratigraphic interpretations and paleogeographic
kreconstructions, which in turn affect general éharacterizations and volumetric
estimates of particular sand bodies (tables 1 to 3). The volumetric estimates
are on]y accurate within an order of magnitude;because sand-body dimensions are
averaged, and at Teast one dimension 1s‘usua11j an arbitrary truncation (dip
,direction‘fbr channels, strike direction for barriers) or represents the limit
of available data.: However, even with these diécrepancies, the data show that
individual sand bodies (third hierarchical 1ev§i) contain from 109 to 1011 ft3
of sand, whereas sand systems (first hierarchical level) are on the order of

1011 to 1013 ft3 in volume (tables 1 to 3).
Late QUaterﬁary Sediments

Most sands deposited during the late Quatefnary Period remain unconsolidat-
ed and exhibit éharactefiStics established whenzihey were 1nitial1y deposited.
These geologically young sand bodies serve as a baseline for understanding phys-
ical and chemical changes that occur during burﬁal. It should be noted, however,
that Holocene sand systems (table 1) are generally 1éss voluminous than their
ancieht countefparts (table 2)‘be¢ause re]ativeésea-]evel changés have been

minor and vertical stacking of multiple sand bohﬁes has been minimized.
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Feature
Mississippi
River

Mississippl
delita

Mississippi
delta

Rio Grande
Rio Grande

Rio Grande
delta

Rio Grande
delta

Brazos River
Brazos River
Brazos River
Brazos River

Brazos Delta

Padre Island

Galveston
lsland
Grand Isle

South Padre
Isltand

Texas barrier
islands

Ingleside

Sand
point bar
distributary-

mouth bar

delta-front

-system
fluvial channel
fluvial system

delta front

transgressive
marine

point bar

fluvial channel
fluvial system
fluvial system

delta system

barrier

barrier

barrier

barrier

barrier system

strandplain
system

Table

Age

*system scale

1e Dimensions of

Thicke
ft

75

i00

40

15
65
10

30

55
40
40
25
25

40
30

20
12

40

60

Length

iate Quaternary Gulf Coast sand bodies.

f+ x 107

26

21

317

40
237
17

53

53
264
316

105
137

20
105

1,056

528

H

Width

£t x 103

21

80

10
53
15

16

63
158
10

26
13

15

53

Holocene

Sand vole.
x 109 13

41
11

1,014%

816%

25

17
665%
1,248%
2*

109
53

633%

1,679%

Reference

Frazier and Osanik, 1961
Fisk, 1961

Fisk, 1955

Fulton, 1975

Brown and others, 1980
Figure 1, and Fulton,
Fulton, 1975

Bernard and others, 1970
Bernard and others, 1970
Bernard and others, 1970
Winker, 1979

Figure 2, and

Bernard and others, 1970
Fisk, 1959

Bernard and others, 1970
Conatser, 1971

Morton and McGowen, 1980
Morton and McGowen, 1980

Winker, 1979

P - Pleistocene

1975
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Table 2. Dimensions of Tertiary Gulf Coast sand bodies.

FLUVIAL

DELTAIC

¢l

BARRIER-STRANDPLAIN |

CHANNEL

SUBMART NE
AND FAN

Poros. - Perms  Thicke Length Width Sand Vol.
Area Form. 4 md ft £t x 103 £t x 105 x 109 §13 Reference

East Texas Wilcox — - "~ 300 106 53 1,685% Fisher and McGowen, 1967
Seeligson, TX Frio - - 40 40 13 21 Nanz, 1954
Central Texas Coast Miocene - - 200 106 185 3,922% Solis, 1980
Central Texas Coast Miocene - - 150 211 37 1,171* Doy le, 1979
Austin Bayou, TX Frio 21 211 60 26 26 42 Morton and others, 1980
Central Louisiana Wilcox -- - - 130 32 8 33 Gal loway, 1968
Main Pass, LA Miocene 34 3,000 35 16 2 1 Hartman, 1972
South Cook, TX Wilcox 25 242 60 74 16 71 Bebout and others; 1979
,Austin Bayou, TX Frio 20 40 60 106 37 235 Bebout and others, 1978
Austin Bayou, TX Frio : - - 400 106 53 2,247* Bebout and others, 1978
Central Texas Coast Miocene - - 500 317 79 12,522% Solis, 1980
Central Texas Coast Miocene - - 300 686 105. 21,609% Doy le, 1979
South Texas ) Wilcox - — 100 211 79 1,667% Edwards, 1980
E. White Point, TX Frio - - 300 20 15 90 Martyn and Sample, 1941
Upper Texas Coast Vicksburg - - 30 700 150 3,150% Gregory, 1966 -
Louisiana Onshore . Miocene - - 300 370 105 11,655% Curtis, 1970

1" SoW. Lake Arthur, LA " “Frio” "~ 7 300 72,000 15 40 8 5 Gotautas and others, 1972
Chandeleur Sound, LA Miocene 33 1,680 60 7 5 2 Woltz, 1980
Milbur, TX Wilcox 34 600 15 35 10 5 Chuber, 1972
‘Hardin, TX Yegua 27 2,200 35 10 1 <1 Casey and Cantrell, 1941
Jim Hogg, TX Jackson - - 35 158 53 292 Freeman, 1949
Central Texas Coast - Wilcox - - 400 400 158 25,280*% Fisher and McGowen, 1967
Central Texas Coast Frio - —-= 1,000 317 68 21,556% Boyd and Dyer, 1966
Central Texas Coast . Miocene - - 450 21 53 5,032% Solis, 1980
N.E. Thompsonville, TX Wilcox 20 140 75 32 4 10 Young, 1966
Katy, TX Wiltcox 12 ~1 100 = 32 25 80 De Paul, 1980
McAllen Ranch, TX Vicksburg 15 ~1 60 30 15 ) 27 Berg and others, 1979
Port Arthur-Port Acres, TX  Hackberry 29 275 -~ 450 23 16 165%* Halbouty and Barber, 1961
NeE. Thompsonville, TX Wilcox 15 28 50 22 15 17 Berg and Tedford, 1977
Port Arthur-Port Acres, TX  Hackberry. - - 300 32 11 105% Weise and others, 1981

*system scale
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FLUVIAL

DELTAIC

BARRIER

Tabfe 3.

Dimensions of non-Gulf Coast sand bodies.

Poros. Perm. Thicke Length Width Sand Vol,

Area Age 3 md ft f+ x 103 ¢t x 105 x 109 #43 Reference
Elk City field, Okla. Pennsy lvanian 10-15 75~1,500 50 10 4 2 Sneider and others, 1977
Rhone River, France Holocene — ——— 7 10 8 <1 Oomkens, 1970
Clinfdn delta, Ohio Sifurian —-— ——— 20 16 2 <1 Overby and Henniger, 1971
Coyote Cresk field, Wyo. Cretaceous 15 200 50 20 4 4 Berg and Davies, 1968
Fry area, Ill. Pennsyivanian  14-25 10-1,200 30 12 3 1 Hewltt and Morgan, 1965
lenfon'detfa, Ohio Silurian - - 35 64 1 25 Overby and Henniger, 1971
Rhone delta, France Hofocene ——— o 33 163 65 350*% Oomkens, 1970
Bartlesville Sand;fone, Okias Pennsylvanian -— e 50 475 158 3,752% Visher and others, 1971
Elk City field, Okla. Pennsylvanian 16-24 10-1,000 40 8 7 2 Sneider and others, 1977
Bell Creek fleld, Mont. - -— ~— 20 60 7 8 Berg and Davies, 1968




Fluvial Sandstones = |
Along the Gulf Coastal Plain, f]uvia1 chadne1s differ from distributary
channels in that the former commdnly meander , Qhereas the latter are relatively
siab]é owing to lower gradiehts and the mud-riéh delta-plain deposits that in-
hibit latefal-migration of the channels. Eithéﬁ channe]vtype may contain clay
plugs as'abandohed channel fill. The locations;of such major diséontinuities are
1argeTy uhpredicﬁablé unless well control is fdik]y dense. However, as shown by
Galloway (1968) and others, clay_p1ugs‘are well documented and easily distin-
guiéhed on electric logs. ,within a fluvial system, grain size geheral]ybde-
~creases downstream, but at the scale of most réservbirs, vertical and cross-
,chahné1 cﬁanges ih‘gfain size are more fmpoktaﬁt to resérvqir performahce.

Mississippi River

‘Point-bar deposits of this major river wehé described by Fraiier and Osanik
| (1961). They reported that sédimentary structdre$ for the middle and Tower
»‘poiht—barvdepoéitS"of the Misgiésippi RiVer were mainly festoon crossbeds or
1arge-sca1e scour ahd’fi]T features. Moreover,'their‘diagrams-show rapid lat-
eral'fhinning_of fluvial sands dhd‘fepTacement?by si]ts‘and clays deposited as
‘nétura1'1évees and abéndOnédichannél £i11.  These fine?grained discontinuities
would disrupt fluid flow across thé sand body but would not necessarily ihter-
feré with fluid movement parallel to thevchannéT axis. |

The‘Mississippi River pdint-bar deposit deﬁcribed by Frazier and Osanik
(1961) is.75 ft thick, about 5 mf wide, and contains approximately'40 bil-
lion ft3 (Bcf) of sand. 'As'eXpected, ﬁhe dimengions and volume are large by
comparison in other 1ndiv1dua] fluvial sands (téble 1).

Rio Grande | -

Frequent discontinuities in fluvial sands were also recognized by Fulton
(1975), who utilized numerous borings and e1ect}ic logs to delineate the geome-

try of sandstone facies of the Rio Grande fﬁuvih] system. A cross section
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(fig. 1) through the same stratigraphic'interval'studied by Fulton ({975)'111us- :
trates ‘the th1ckness and cont1nu1ty of Holocene and P1e1stocene f]uv1a1 sands in
a downstream (d1p) d1rect1on. » _
Channels of tne Holocene Rio Grande average‘ISIto 30 rt thfck'(table 1),
v progressive1y younger channeYS‘being‘thinner. Such ehronologica1're]ationshipsa
are common where thin_but areally extensive alluvial plain and upper‘delta-plain
sediments were deposited over older and more stable f1UViaf deposfts; Channel
sands of 1ate'P1eistdcene age varylwide1y in thickness owing to fhé abundance of
clay plugs that separate thick'f]uvial‘sands (fig. 1). Channel sands up to
,65‘ft'thick and containing?aboutISOO‘Bcf of sand renresent a.major river system
that;buflt a.reYativeTy 1arge delﬁa (70 t0 160 ft thick) that extended more than -
50;mi along strike and more thaanO mi across the inner‘sheIf. Because of their
‘depositional setting, the late Pleistocenevchanneis are probab]y good anaiogs
_ for many of tnevTertiary»f]uvia]rsandstones;assOciated with stab]e‘p1atform' |
deposits. v | | |

Brazos River

~ The Blasdel point bar of the Brazos River (Bernard and others, 1970)'dis;
p1ays'an upward-fining sequence aCeOmpanied by an upward decrease'in_scale of
primary sedimentary structures. The vertica1 succession of,structures from |
10wer point-barvto f]oodbasin depositsﬁis as follows: (1)‘1arge—SCa1e trough
cross-stratified»sand with some minor ¢1ay nartings separating foresetvunits,
(2) horizdnta]]y'stratified sand with»interlaminated silt and clay, (3) small-
scale trough cross-stratified sand and silt with clay drapes, and (4) 1aminated
sandy clay. and silt. The Blasdel point bar and the Wallis point bar, descr1bed
by Morton and McGowen (1980), show that the th1ckness and frequency of mud part-
ings increase toWard the top of fhe'deposit and the. proport1on of mud to sand
1ncreases in a downstream directidn. Correlat1on of the SP responses 1n these

depos1ts (Bernard and others, 1970) 1nd1cates that most of the shale breaks are
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discontinuous, but a few extend as much as sevéral-thousand feet normal to the
channel axis. |

Although individual point-bAr deposits cohtain less than one Bcf of sand,
the channel segments of which they are a part cohtain considerably more sand ow-
ing primarily to the greater length of the chaﬁnel segment. vOne channel segment
of the Modern Brazos River contains about 17 B@f.of sand, whereas the fluvial
system containsbabout 600 Bcf of sand (table 1). By comparison, a‘part of the
,P]eistocenevBrazos‘River systemvcohtains,near]&'twice‘as chh saﬁd (1,200 Bcf)

‘because of greater meanderbelt width and s]ighfly greater length (table 1).

Deltaic Sandstones
" Sediment dispersal within a delta system fs cbhtrol]ea 1argeTy by thé in-

teraction ofvastronomiCaT tidés, fluvial proceésés,toceanic waves, and']ittora]
~currents. 1In addition to these physica1 probesées; the depfh of water and*fﬁe
nature of underlying sediments also control th§,1aferai extent of deltaic sand
b@dies. For example, sheetiike‘sand‘bodies éré typica]_bf shé]Tow-Waﬁer dé]tas
(Fisk, 1955)3deposited onbéheTf‘p1étforhsxw1thire]ati&e]y stab]e‘substrates‘
Sha]low-Water ae1ta§ a%e also'éharacteriied by}fhin prodeita muds aﬁd fe]atively
thick delta-plain sequenceé that contain numéro@s alluvial and distributary
channels. fhese fluvial facies commonly accouni fbr the greatest volume of sand
“preserved in shallow-water dé]tas (Morton and Dbna1d$on, 1978).

‘ In contrast, sandstbnes deposited by deep?Qater deltas typicé]]y parallel
the fluvial axes and are highly elongate; Thick‘bar-finger sands (Fisk, 1961)
~are protected from.latera1.rework1ng as they subside into the underTying |
prodelta/éhelf;and slope muds, which are'unstab]e’becaUSe of their great thick-
ness, high water content, and re1a£ive1y steep grédient. Under these conditions,
'sandstone‘continuity is disrupted'by slumping, grdwth fau]ting, shale diapirism,

and sediment deformation within the sand itself (Coleman and Garrison, 1977).
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Patterns of sedimentation and their control on the distribution of Sandy
sediments within.MOdérn deltas are well known. Periods of actﬁve»delta growth
are interrupted by intervals of nondebosition or local mud-deposftion as distri-
butaries become inactive and minor reworking of abandoned lobes begins. Subse-
quent reactivation of distributaries or renewed outbuilding marksvthe béginning
of another delta construction cycle. The largest deltas of the northwest Gulf
of Mexico (Mississippi, Brazos-Colorado, Rio Grande) are lobate to elongate, at-
testing to fluvial dominance, abUndant sediment supply, and relatively 10W wave
energy. Except for the Missiésippi bird's-foot delta, which is building into
deep water near the shelf edge,>these~de1tas were deposited in shallow watér
fo110W1ng the Holocene tranSgression.' Each of these f]uviaT-deTtaic systéms is
fed by é large drainage area. These systems are analogous to the high-
constructive deltas that prograded basinward throughout the Tertiary period.
They are also substantially larger than the coastal plain rivers and de1ta$
located between major depocenters.

Mississippi delta

The primary subde]fés of the Mississippi River are some of the most inten-
sively studied de]taié deposits in the world. Areally extensive and closely
spaced borings (Fisk, 1955, 1961; Scruton, 1960; Frazier, 1967, 1974) provide
abundant control on the thickness, lateral extent, and textures of major deltaic
sand bodies. Delta-front sands of the shoal-water Lafourche subdelta are rela-
tively thin (25 to 50 ft) but widespread (>15 mi) along depositional strike and
contain about 1 trillion ft3 of sand (table 1). Delta-front sands gfade up-

ward from prodelta clayey silts with sandb1aminae to well-sorted sands; They

are typically crossbedded, bioturbated, and interiaminated with thin layers of

organic detritus as well as silt and clay (Gould, 1970).
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In contrast, distributary-mouth bars of the bird's-foot delta are relative-

1y thick (100 to 200 ft) bu% narrow (1 mi) ribbons of sand that parallel the
distributary channel. Distributary-mouth barstcoarsen upward and exhibit an up-
ward decrease ih thickness and frequency of siit and clay interbeds. Bar sands
grade from interlaminated silts and sands with organic detritus to clean cross-
bedded sand near the‘bar crest (Gould, 1970).’;As shown by Frazier (1967, 1974),
the offlapping arrangement of deltaic facies causes physicé] disruptions in sand
continuity é;en though delta-front and distributary-mouth bar sands appear at

the same stratigraphic horizon.

Rio Grande delta

Similar disruptions in sand COntinuify océur in the anéestré] Rio Grande
delta compiex. However, in contrast to the Mississippi delta, sand bodies with-
in the elongate-Tobate Rio Grande delta are thihner and less extensive. The
largest delta-front sands are 5 to 15 ft thick ﬁnd 2,500 to 4,500 ft wide,
whereas other lenticular sands are less than 5 ft thick and 500 ft widev
(fig. 1). |
‘ The underlying transgressive marine sand 1§ thicker and 1atéra11y more con-
tinuous than’any of the deTtaic sands. It extends a minimum of 3 mi in a dip
direction (fig. 1) and 10 mi along strike and cgntains about 25 Bcf of sand
(table 1). This widespread unit may be partly é mar ine deposit and partly a
reworking of the sandy fluvial facies of the préceding progradational cycle.
Regard]eés of its origin, this sand body exhibits the greatest continuity of any
individual sandstone within the Rio Grande system.

Brazos delta

Although naturally occurring wave-dominated deltas are absent in the north-
western Gulf of Mexico, the new Brazos delta (fig. 2) embodies many of the prop-
erties that are attributed to intensive marine reworking. The delta exhibits an

upward-coafSening sequence of textures beginning with shelf and prodelta muds
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Figure 2.  Subaerial distribution of subenvironments and subsurface distribu-
tion of sediment types in the new Brazos delta. SP patterns and boring
locations from Bernard and others (1970). »
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and ending with shoreface and beach ridge sandéithat are products of winnowing
by waves. On closer examination the SPvéurvesiahd grain-size analyses (Bernard
and dthers, 1970) show ubward:coarsenihg in thé Tower progradatiOnavaacies fol-
Towed by upwérd;finihg aggr adat ional sedimehtsfdebosited in natural 1évée;,
marsh, and béck—barfsubenvironmehts, Ponds‘and}swales between the beéch ridges
also trap mud thatvcbversvthe“delta plain duvjﬁg coastal f]ooding; Along sohe
segments of thé delta margin a thin, upward-coqrsening sequenCe overlies the
ffine-graihed delta-plain depoéits where tranﬁgnesSive beach and washover sands
’wefe laid down during shore]ine’retreat. In}pfan view, the dé]ta—piain environ-
ments occur 1n:para11el and broadly arcuate-to-ﬁuspate patterns tﬁat are charac-
teristic of ané-dOminated'deltas (FiShér"and'oihérs; 1969); |
Sﬁccessive périods of rapid Sediment inf]uk followed by wave réworking and
sediment sorting give rise to clean, we11-50rtea¥sénds that are interlaminated
and interbedded with muds that disrupt the 0vér§11 sand continuity. Because of
the orderly arrangement of begéh ridges and 1ntérvening swales, these zones of
lTower permeability may be laterally persistent,iespecia]ly neaf the river mouth.
The influence of high silt ahd clay concentratiéns introduced by riverine flood-
ing progressively diminish away from the river mouth, whére mar ine processes
dominate over fluvial processes. o
The new Brazos delta is a sma11 geoTogica1Zfeature, and yet_it contains

nearly 2>Bcf‘of sand. Natura]iyvoécurring wave{dominated deltas are substan-
tially larger and have sand vo]uhes whfch are séveral orderﬁ‘of'magnitude great-

er. The Rhone delta, for example, contains abodt 350 Bcf of sand (table 3).
Barrier and Strgndplain Sandstones
Barriers and strandp]ains‘are similar in environmental settingvexceptvthat

.1agoonsbseparate'barriers from the mainland shoré]ine. These de]ta-f]ank or in-

terdeltaic deposits'are cdmposed of sediments reWoned'from active and3abandoned
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deltas and transported away from the delta headlands and distributary mouths by
Tittoral currents. Hence, barvier and strandplain sands are composed of well-
sorted sands that grade seaward into shoreface sands and muds and landward into
(1) washover sands and Tagoonal muds (barriers) or (2) delta-plain sands and
muds (strandplains). A feature common to barviers, strandplains, and wave-
dominated deltas is the upward-coarsening shoreface profile of textures and
sedimentary structures. Apart from this shared characteristic, barriers and
strandplains are morphologically different landforms although one may grade into
another,

Barrier and strandplain sediments with the greatest potential for preserva-
tion are deposited on the shoreface that extends from submarine depths of 30 to
45 ft to the intertidal zone. Landward increases in physical energy across the
shoreface are reflected in slope, morphology, and sediment textures. The sea-
floor of the Tower shoreface is composed of muds and sandy muds that are fea-
tureless and merge seaward with muddy slopes of the inner continental shelf. The
upper shoreface, however, is a dynamic area where bars are constructed and de-
stroyed or driven landward by wave processes in conjuncticn with tidal and wind-
driven currents. Upper shoreface sediments are typically composed of fine to
very fine sahd with Tocal shell concentrations. If preserved, the sedimentary
structures are low-angle, parallel-inclined laminations, irregular scour and
fill, and stratification types formed by vertical accretion and migration of
breaker bars and troughs. These include horizontal parallel laminations of the
bar crest as well as ripple cross-laminations and foresets. On high-energy
coasts that experience seasonal changes, physical structures are commonly
preserved; however, on Tow-energy coasts, such as the Gulf Coast, abundant
nearshore infauna effectively rework the sediments and destroy much of the

stratification.
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Along many coastal areas, erosional (transgressive) and accretionary (re-
gressive) barriers occupy orderly positions relative to active and abandoned
delta lobes. More often than not, delta headlands grade laterally into trans-
gressive barriers, which in turn grade into regressive barriers. The transition
from transgressive to regressive landforms can?cover a shoreline distance from a
few thousand feet to tens of miles. Transgressive and regressive barriers can
be distinguished on the basis of geologic histoky, surficial morphology, and
lateral facies relationships. This distinction is important for predicting the
sedimentary properties and inferred reservoir characteristics of preserved
barrier deposfts. The spectrum of barrier settings and associated sand facies is
representéd by Padre Island, Galveston Island, and South Padre Is]and in Texas
and Grand Isle in Louisiana.

Padre Island

Barrier sands of Padre Island stretch unbroken from the Rio Grande to the
central Texas coast, a distance of over 100 mi. The central and northern parts
of the barrier are 3 to 10 mi wfde. Sand thickﬁssses of 35 to 60 ft have been
reported (Fisk, 1959; Dickinson and others,‘1972) from areas where the barrier
has been stable for the past few thousand years; According to Fisk (1959),
Padre Island grew vertically as sea level rose, and grew seaward after sea level
stabilized. Regardless of the vertical aggradation, total thickness of the bar-
rier sands is similar to that of other Gulf Coast barriers that accreted seaward
much greater distances than did Padre Island. |

A 1arge'vo1ume'of laterally continuous sqndfcomposes Padre Island and the
other barrier islands between the Holocene Brazos-Colorado and Rio Grande deltas
(table 1). Barrier chains of comparable length occur elsewhere, but the Texas
barriers are probably unsurpassed in content of clean, well-sorted sand. Recur-

rence of this barrier system in the same geographic area throughout the Tertiary
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is attributed to the San Marcos Arch, an area of lesser subsidence between the
Rio Grande and Houston Embayments.

Galveston Island

Borings and SP logs through Galveston Isiand (Bernard and others, 1970) -
show distinctly different vertical sequences for eastern (regressive) and west-
ern (transgressive) segments. A classical offlap sequence is preserved on east
Galveston Island where accretion ridges are prominent. Along this segment, low-
er shoreface and shelf deposits of bioturbated and interlaminated shelly sand
and mud grade laterally and upward into horizontal and low-angle cross-
stratified barrier and upper shoreface sand containing thin shell beds. On
west Galveston Island, the Pleistocene-Holocene unconformity is overlain by
Brazos River prodelta mud which, in turn, is overlain by a thin interval of
barrier-island and shoreface sands and muds.

Barrier sands beneath Galveston Island range in thickness from 15 to 50 ft.
gand thickness progressively increases eastward from the Brazos delta. The len-
ticular sand body is 1 to 2.5 mi wide and about 26 mi long (Bernard and others,
1970). Of the total volume of sand in the barrier, Bernard and others (1970)
estimated about 50 Bcf is clean sand.

The depositional model of Galveston Island suggests that barrier sands are
best developed progressively farther away from the deita with which they are
associated. This appears to be supported by field evidence along the Texas
coast and elsewhere.

Grand Isle

Like Galveston Island, Grand Isle is a delta-margin barrier with both
transgressive and regressive features. Moreover, the lens of fine-grained sand
beneath Grand Isle thickens eastward from 10 ft to nearly 60 ft (Fisk, 1955) in
a pattern remarkably similar to that seen at Galveston Island (Bernard and

others, 1970). However, the greatest thicknesses of sand beneath Grand Isle are
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actually a composite of individual sand 1enses; each between 20 and 30 ft thick
~ (Conatser, 1971). Individual sand 1enses'each§contain about 2 Bcf of sand,
whereas the aggregate volume of sand for the vértica]]y stacked Tenses includes
about 8 Bcf. | ‘

South Padre Island

Barrier islands fronting the Rio Grande delta represent delta destruction
and transgressive marine deposition that followed delta abandonment. On South
Padre Island, barrier sands 10 to 15 ft thick dverlie delta-plain deposits
(fig. 1). The subaerial part of the barrier 1§ 2,000 to 15,000 ft wide and
extends a minimum of 20 mi along depositional #trike.

Typical sedimentary structures of the barfier sands are horizontal and low-
angle para11e1-1aminations with subordinate scdur and fill and rare foresets,
and small-scale ripple cross-laminations. Sands are mainly fine to very fine
grained, and textural changes within the sandsgare primarily related to the
presence or absence of shell fragments. The‘tﬁin sand facies interfingers with
and overlies lagoon muds and ihtefbedded a]ga]-bound sands ‘and muds deposited on

wind-tidal flats and washover fans.

Ingleside Strandplain

During thei1ate Quaternary Period, abundanx sand was suppliéd to the Texas
coast by coalescing deltas with broad sand-richymeandering streams. Accumula-
tion of the sand along a stable aggrading coastline formed a 10-mi Wide strand-
plain system that extended more than 100 mi a]ohg strike and contained s]ight]y
more than 1.5 trillion ft3 of sand (table 1). Ihe Ingleside strandplain occu-
pied an area that is currently thé site of seve}al modern barrier islands that
ére separated fr om the P]eistoCene-strandplain by lagoons. Thié present-day
éxample of stratigraphically juxtaposed or stacked barrier sequences produces a
'sand_body greater than 60 ft thiék beneath’Sah ﬁoéé and Padre Islands. The

Ingleside strandplain is of cdmparable thicknesg where it is buried and
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~ unmodified by*SUrficial'erOSTOn.‘ Th1s suggests that the Ing1e51de 1tself may be

a compos1te of vert1ca11y aggraded and 1atera11y accreted barr1er strandp1a1n '

- deposits (W1nker .1979).

Shelf- S]ope Sandstones |
- Un11ke those of the other sandstone fac1es sedimentary modeis of‘shelf and
sTope sandstones were not developed from-the northwestern:Gutf*Coast'region

: ma1n1y because submar1ne canyons and fans are not present]y act1ve along the

‘ ;cont1nenta] marg1n of the area.

Short cores from the M1ss1ss1pp1 fan- and deeper parts of the centra] Gu]f
',of Mex1co conta1n most]y mud; the few sands present exh1b1t turb1d1te character-‘
istics (Bouma, 1968) C]ass1ca1 turb1d1tes descr1bed by Bouma (1962) have been

: 1nterpreted by Wa1ker (1979) as be1ng outer suprafan depos1ts. The sand se- d

it quences are usua]]y w1despread but th1n bedded (1 to 3 ft) and f1ne upward The,:

| sands themselves can be e1ther we11 sorted by htgh ve10c1ty turb1d1ty currents
or conta1n cons1derable mud ow1ng to grav1ty 1nduced s]ump1ng and h1gh concen-
vtratlon of suspended sedlment Th1ck sand sequences depos1ted by coa]esc1ng and‘

’aggrad1ng submar1ne channe]s prov1de the best reservo1rs in deep-water sed1-

: ments. A]though they are we1] documented in the rock record these channe]

sands have not been cored 1n Quaternary sed1ments of the hu1f of Mex1co.'
“Tertiafy Sediments:,f

D1rect compar1son of modern sand bod1es w1th anc1ent examp1es is d1ff1cu1tv
‘ ow1ng to a pauc1ty of detailed core descr1pt1ons and other sed1mento]og1ca1
propert1es for the Tert1ary sandstones@_ Near1y a]l the pub11shed stud1es re1y
pr1nc1pa11y on strattgraph1c cross sect1ons 1sopach maps ‘or both some'also |
1nc1ude fence d1agrams or gra1n—s1ze ana]yses. Remarkably few 1nc1ude core

descr1pt1ons or p]obs of sed1mentary structures and pore propert1es._



The environmental grdupings of Tertiary sahdstones (table 2) are‘tentative.
For example, Wilcox sands in the Katy field havé been interpreted as deita
fronts (Fisher and McGowén, 1967; Williams and others, 1974) and as tufbidites
(Berg and Findley, 1973; DePau1;-1980), whereasiWi]cox sands in the Northeast
Thompsonville field have been interpreted as barriers (Young, 1966) and aS'sub-‘
marine fans (Berg and Tedford, 1977). Furthermﬁve, Hackberry sands in the Port
Acres-Port Arthur area have been interpreted aside]faic deposits (Ha]bo&ty'and
Barber, 1961) and as submarine channels (Berg ahd Powe?s; 1980).vThe interpreted
deep-water origin of the Hackberry sandstones appears valid on the basis of re-
gioha] depositional setting (Painé, 1971); however, recent work (Edwards, 1980,
1981) confirms thét sandstones of the Wilcox Group were deposited primarily in
shallow water. |

‘Although the depositional environment of tﬁe Tertiary sandstones is uncer-
tain, table 2 provides reasonable estimates of éﬁcient sandstone dimensions and
volumes. fheavoTumetric eétimates agfee with estﬁmates‘for modern ana]ogs at the
same hierarchical level. Individual sand bod1e$:(thikd level) contain from
109 to 1011 ft3 of sand, wheréas sand systems (first level) contain from.

1011 to 1013 t3 of sand.

Fluvial Sandstones

Tertiary sandstones interpreted as f]uvia];depbsits characteristically have
dendritic and é1ongate isopach patterns orientedlnormalvto depositional strike.
Many of these Sénd bodies exhibit upward-finingitextures and upward increases in
shaliness as shown by SP log patterns. In p1an§v1ew, grain size also tends to
decrease toward the channel axis (Nanz, 1954), ﬁrobab]y reflecting the presence
of fine-grained abandoned channel fill.

Individua} fluvial channels are a few thousand feet to a few‘mi1és wide, 3

'to‘8}mi_10ngs and 35 to 60 ft thick (table 2). 1Greater thicknesses may develop
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‘near drstr1butary mouths where unstabTe prodeTta mdds promote sandstone sdbs1-

‘dence and vertlcaT aggradat1on (F1sk 1961) ApparentTy, sand voTumes of 20 to'

40 Bcf are typ1caT of meander1ng aTTuv1aT channeTs whereas smaTTer coastaT
'ip]arn streams or1m1nor Tatera]]y restr1cted drstr1butary channeTs are an ordervr»
of:magnitude_shaTler., The few d1mens1ona] data for fTuv1aT systems suggest thats‘
ditferences Tn.voTume (1 to 4 tr1TT1on ft3) resuTt ma1nly from d1fferences in v-bl

meanderbe]t w1dth wh1ch may vary from 7 to 16 m1les.v

1DeTta1c Sandstones i

| Desp1te the1r 1mportance in: the Gqu Coast Bas1n, only a few 1nd1v1dua1
vTert]ary sandstones of deTta1c or1g1n have been descr1bed in the T1terature
none in deta11. Most puthshed exampTes of deTta1c sandstones are part1a1 or
compTete deTta systems (tabTe 2) rather.than 1nd1v1duaT sandstones.p Prograda- )
‘t1onaT sequences recorded on eTectr1c Togs conta1n 10 to 40 percent sandstone.»a‘
| The sandstones are arranged in eTongate to Tobate patterns that refTect sed1ment’:p
vd1spersaT by fTuv1aT and mar1ne processes. The sandstones grade upd1p and Tat-
eraTTy 1nto shales and thin sandstones deoos1ted in deTta—pTa1n and 1nterd1s-
T tr1butary bay env1ronments. They aTso grade downd1p 1nto prodeTta shaTes. .
Upward 1ncreases 1n sand bed thrckness and upward decreases in shaT1ness .
'vare‘typrcaT ofvthese regress1ve deposnts, “The sandstones;are Tamrnated~and .‘2
crossbedded and carbonaceous mater1aT 1s‘common, | . v ‘vT‘ 7 |
_ Ind1v1dua1 sandstones deposrted in deTta front and deTta frrnge env1ron- “"V
ments are typ1ca11y 3 to 7 mi w1de, and 14 to 20 m1 Tong (tabTe 2) wrth corref ’1
spondrng sand voTumes of 100 to 200 Bcf. In contrast, deTta1c systems are 100sn
to 500 ft th1ck 10 to 30 m1 w1de and 20 to 130 mi Tong. Sand voTumes for -
these deTta1c systems range from 2 to 20 tr1111on ft3,‘a range s1m11ar to thatix

of the barrrerestrandp1a1n systems. The s1m1Tar1ty in range may be expTa1ned by
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the depositional similarities between barrjer-dtrandplain systems'and wave-

dominated deltas.

Barr1er and Strandp1a1n Sandstones |

Tert1ary barr1er and strandp]a1n sandstones are 1dent1f1ed mainly by elon-
gate and lenticular isopach patterns that para]]e] depos1t1ona1 strike. Other
"corroborat1ng evidence 1nc1udes we]]asorted sands with un1form»or upward-' |

coarsening textures and concomitant upward or cbntra] increases in permeabiTity.

: Some sand bodies interpreted as barriers grade TandWard‘into finelgrained:sand- _

'stones and carbonaceous mudstones and sha]es that probab]y represent marsh de-
pos1ts. These same sand bod1es grade seaward 1nto f1ne~gra1ned shelf depos1ts.»
The d1men51ons.of:1nd1v1dua1 barrjer and strandp1a1n sands»cover a broad
range, even though the\vo1umes of,both sand types are ‘10 Bof-Or less (table 2).
Barrier sands are 15 to 75 ft thick, a-few thousand feet to-a few miles W1de,

and 2 to 8 mi 1ong, a]though the 1atter d1mens1on is arb1trary because of map

_boundar1es.‘ Barrier systems are.450~to 1,000 ftrthjck- about (10 mi w1de 40 to

60‘m1 Tong, and contain from 5 to 25 trillion ft3 of sand. . Variable th1ck-
knesses of the barr1er system are 1arge1y respons1b1e for the dtfferences in

"sandstone vo1ume.

_Shéif-Slope Sandstones v

Outer she]f»and}upper slope sediments formed by turbtdity'currents-are
’widely reoognized in deep-water deposits such as:the.Hackberry sandstones.
’These ‘submarine channe] and fan depos1ts typ1ca]1y have narrow d1p -trending, .
e]ongate to d1g1tate patterns in -areas of max1mum net sandstone. Consrder1ng
~the ent1re»depos1t1ona1 1nterva1 sandstone th1ckness diminishes upward and
sha]e bed frequency and th1ckness increase upward Thevsandstones also grade

laterally 1nto sha]e w1th th1n interbedded sandstones and s11tstones that
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comprise the fan deposits° Both massive sands with abrupt bases and thin-bedded
sandstones show textural gradations. Grain sizes range from coarse to fine; the
average grain size is fine-grained sénd. Internal stratification varies great-
ly, and the sandstonés are typically laminated, rippled, or contorted énd occa-
sionally bioturbated. These sedimentary structures are not unique to deep-water
deposits; hence, turbidite interpretations should also be supported by faunal
evidence,

Available data suggest that the outer-shelf and upper-slope sandstones are
remarkably uniform in size considéring the Timited number of examples (table 2).
The individual sandstones are 3 to 5 mi wide, 4 to 6 mi Tong, and 50 to 100 ft
thick; correSponding sand volumes are 30 to 80 billion ft3f The dimension
that distinguishes shelf/slope systems from individual sandstone units is thick-
ness. Genetically related turbidite systems are 300 to 450 ft thick and contain
about 100 to 150 billion ft3 of sand-size sediment. These volumes are 2 to 3
orders of magnitude Tess than sand volumes estimated for other depositional

systems (table 2).
Sediments of Other Ages

A brief examination of the literature indicates that some sandstones from
the Appalachian, Rocky Mountain, and mid-continent regions of thé United States
are not unlike Tertiary Gulf Coast sandstones. In fact, sandstones of Paleozoic
and Mesozoic age have dimensions (table 3) and sedimentary properties that are
similar to Cenozoic sandstones of comparable origin (tables 1 and 2). Sand vol-
umes of individual sandstones and sandstone systems are within the same ranges
as Tertiary examples, afbeit on the low end, suggesting somewhat smaller sand

bodies; however, the number of examples is too small to be conclusive.
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FAULT COMPARTMENT AREAS

The‘volumes of Gu]t Coast reservoirs are, as menttoned above, determined by
: depositional»sand-body geometries, the areas of fau]tvcompartments, and by'in-
'ternat permeability barriers. The second of these factors the size and geom-
etry'of‘faultscompartments can be further exam1ned as a functwon of position
w1th1n the Gulf Coast geopressure trends. | _

»; To examine data for the second h1erarch1ca] 1eve1 (fau]t area) pub]ished
and unpub11shed regional structure maps at depths of 1nterest for geopressured
sed1ments were: assemb]ed. For the Wilcox farrways of South and Centra] Texas,
:the structure maps presented by Bebout and others (1979) for top of Wilcox (for.
v Zapata Duval, and L1ve Oak fa1rways) and top of 1ower W11cox (for De Witt and
‘Co1orado‘fa1rways) ‘were. used with sT1ght mod1f1cat1on.» A structure map for the
Bee‘de]ta system (top of W11cox) was taken from Weise and others (1981). For
the Fr1o fa1rways/of the centra1 Gu]f Coast (Nueces Matagorda and Brazoria
» fairways); COmmercia1 structure maps (GeOmaps) of the top of the Frio were used
~in conJunct1on with pub]rshed structure mapp1ng of Bebout and others (1978)
~ the Brazoria fa1rway

On each of these regional structure maps,rtau]t‘compartmentbareas_werev
measur ed by p1animeter for all the fau]t'compartments shown. This. amounted to
' 90 compartments in the Wilcox fa1rways and 116 compartments in the Fr1o fair-
ways. |

The Wilcox data are presented'in table 4 ahd figure‘3aa A wide range of
ccompartment areas ts represented, vranging from;b-4 mi2 to'52 mi2, Seventy
“percent of all the compartments lie between 1. 5 m12 and 29 m12_‘ The'distri-'
bution of areas is ‘highly skewed toward small areas, but the d1str1but1on of log

area is nearly‘un1form. The med1an area 1s,9.33:m12 and the mean~1s 15.m12,
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Table 4. Areas of,fau]t‘cdmpartmentsyin Wilcox geopressured fairways.

Zapata fwy. Duval fwy.‘ ‘i‘_iﬁyevOak'1"wy‘° Bee delta DeWitt fwy. C010radovfwy. Overall

Small: ‘ ; R » S B ‘ ’ S :
Number ‘ o 3 2 8 o 2 13 o 1 29

~ Percent of all 21 11 42 ' 18 59 17 32
Mean area = = . 2.0 1.7 = = 1.5 3.1 1.5 0.8 A

- Medium | - A N L
Number ' L 6 -7 ' - 8 4 _ 7 o 5 .37

Percent of all 43 39 42 36 ‘ 2. 83 41 '
Mean area 9.7 8.6 © 10,4 131 7.0 165 10.4

- lLarge - ST S : , Lo : L

- Number T 5 9 - 3 o5 2 .0 - 24
- Percent of all 36 50 16 45 9 o 0 27

Mean area - B 43.8 28.3 264 38,8 29.0 - 36,9

Overall R - Y
" Number 14 | 18 . 19
- “Mean area ‘ . 20.2 B 17.6 - 24
Median area 13.0 18.1 - -6,
-84% greater than =~ 2.5 347 - 1
84% less than = - 44.0 o 32.3 17

A areas in mi2, Small blocks are less than 4 mi2 (10 k) s medium blocks are 4 to 20 mi2, and
Targe blocks are more than 20 miZ (50 km2). 1 S : v
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Figure 3. Histograms of fault compartment areas, showing the lognormal distri-
bution of (a) Wilcox compartments, Lower and Middle Texas Gulf Coast, and
(b) Frio compartments, Middle Texas Gulf Coast (between Corpus Christi and

Brazoria fairways). Area in miZ.
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The distribution,of fau1t compartment areaS‘along:the growth'fau]t trend
shows no distinct variatfons. The percentage‘of large compartments seems to be
greater south of the Bee delta than in the De Witt and Colorado fairways, but»
this may be~duetto the'Smafler SCa1e‘and‘the dtfferent datum of the'Structural'
maps in South Texas. The diStribution of areas in each Wilcox fairway is skewed
toward small areas, the mean being.greater than the median:inpail except the
Duval and Colorado fairways. The range of.areasfis generally.51mi1ar; the higher
1imit is greatly dependent on definition of,thelclosure of ]arée fault blocks.

The Frio data are presented in tab1e55kand figure 3b. Again, there“is ar
wide range ot values from 0.3 mi2 to.52 m12 The overa]] d1str1but1on is |
.skewed toward small areas, and the mean area of 12 m12 is s1gn1f1cant1y
.greater than the med1an area of 5 8 m12 The h1stogram of areas p1otted as Tlog
area (f1g. 3) shows that the d1str1but1on is c]ose to lognormal.

', The Frio. data, 11ke the Wilcox data, show no d1st1nct var1at1ons with re-
vspect to pos1t1on on the growth fault trend w1th1n the area stud1ed Percent-
ages of 1arge fau]t compartments f1uctuate w1de1y, OW1ng 1arge1y to the prob]ems
of def1n1ng c]osure of 1arge compartments. The area d1str1but1on 1n each part
of the trend is skewed toward sma]] areas and is probab]y Tognormal.

The overall va]ues for Wilcox and Fr1o fau]t compartment areas are s1m11ar
with a median of 9 3 m12 for the Wilcox, as compared to 5.7 m12 for the

Frio. The-somewhat,smaller size of‘Frno compartments is.in part due to the

smaller scaTe“of3most Wilcox structure maps used. The irregular distribution of

Wilcox areas d1ffers from the 1ognorma1 Fr1o d1str1but1on only by the 1esser
occurrence of areas of about 4 mi2, |

There are 11m1tat1ons to est1mat1ng the area d1str1but1on by the means used
here. F1rst the compartment areas measured are the resu]t of the construct1on

of the structure maps. Th1s-1s_an uncerta1n_process whose accuracy is dependent
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- Table 5. Areas of fault compartments in Frio geopressured fairways.

o _ Refugio Calhoun
Kleberg Nueces San Patricio = Aransas Jackson Matagorda Brazoria Overall

Small

Number 3 5 5 8 0 3 8 32
Percent of all 30 33 62 50 0 10 27 28

Mean area 3.0 2.2 1.2 2.0 - 2.6 2.2 2.2
Medium , '

Number 6 7 3 8 7 19 17 67

Percent of all - 60 - 47 38 50 86 66 56 58

Mean area - 11 9.3 4.9 - 5.9 11.2 9.7 9.0 - 9.3
Large ' : )

Number 1 3 0 0 1 7 ' 5 17

Percent of all 10 20 0 0 13 » 24 17 15

Mean area 40.0 41.5 N -— 64.9 34.7 42.1 42.7
Overall

Number =~ 10 15 8 16 8 29 30 116

Mean area - - 11,5 13.4 2.6 - 3.9 -18.0 -15.6 - - 12.7 11.9

Median area 10.6 6.5 1.5 3.9 12.8 - 10.9 6.3 5.7

84% greater than 2.9 1.4 0.7 1.1 4.5 4.1 2.3 1.5
~ 84% less than 15.6 21.9 4.5 6.7 18.9 27.7 o 20.7 17.6

Al areas in mi2, Small blocks are less than 4 mi2 (10 km2); medium blocks are 4 to 20 miZ, and .
large blocks are more than 20 miZ (50 km2). '



on adequate wel]rcontrol Further the degree'to uhich fau1t‘blocks arerdiffer-
entiated (that is, which fau]ts are cons1dered significant) depends on the scale
of mapping; sma]]er scale maps y1e1d larger fault blocks. Finally, the 1argest
fault b]ocks are not closed but are part of large 1ndeterm1nate areas of un-
faulted terrain. In general, however, the mean and‘med1an values derived here
.are approxjmations of the moSt probab]e size of fault compartment to be found“in
;therTexes Gulf Coast geopres5ure trends. Note the order- of—magn1tude s1m11ar1ty

to the areas covered by typ1ca1 sand bod1es.

COMPARISON OF PRODUCTION AND GEOLOGIC ESTIMATES OF AQUIFER VOLUME‘

Nine’geopressureo gas fields Were studied in oetaiT to obtain volumetric
estimétesvof reservoirsbwithin a fault-bounded sandstone (fourth hterarchica1
level) and to gain additiona]-insight-tnto reservoir continuity in the geOpre54
sured zone. Eight of these fields were selected and ana]yzedrby C,,K. GeoEnergy
(BOardman;v198O)’to7give‘estimates ofvaquifer’vo1ume and area from gas produc;
tion and‘pressure data (f19§ 4). Similar ea1cu1ations wer e mede»for a ninth.
field (Mob11 Dav1d "L" b]ock Nueces County) The fie1ds represent three water-
dr1ve and four pressure-deplet1on reservo1rs in the Wilcox Group and two
bdepletron-drlve reservoirs in the Fr1o-vFormat'lon°

f‘The.distribution'of these nine reservoirs'(fig;IS)-is less than ideal for a
regiona1 study of reservoir parameters; They were chosen 1arge1ytbecause they:
(i) conta1ned a small number of produc1ng wells and (2) are close to geotherma]
prospect areas. F1ve of the nine are from a single Wilcox fa1rway, the De Witt

fairWay. Given'this erratic distrjbution, the studies:presented here should be
‘consideredfas case histories. They serve 1arge1y to,proVidekinsight into possi-
\b]e factors effecting reservoir oontinuttysahd“as a Check'on the acouracy of

geologic estimates of reservoir volume.
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WATER-DRIVE RESERVd[RS
'AQUIFER VOLUME FROM GAS PRODUCTION

STP —S P T _9 ! _
Vg produced Vg, produced .Vaq

) Ty Z AP,CW; Cf
assume -assume
Vg produced g 25 cf
= — = —= = 20%
Vea =Gy 1 ) AP w @ =20%

bbl

'PRESSURE- DEPLETION RESERVOIRS v
AQUIFER VOLUME FROM GAS PRODUCTION

S‘"fmm? Vg, total ——'———9Vaq
P, T,z

Find from
pressure vs. production graph

Figure 4. Ca]cu]at1on procedures for est1mat1ng aqu1fer volume from product10n
data for (a) water-drive reservoirs, and (b) pressure—dep]et1on reservoirs.
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EXPLANATION
¥ Design well

A Wellof opportunity
R Frio/ Vicksburg trend

Wilcox trend

m Yequa trend

Figure 5. Location of geopressured trends, geothermal test wells, and areas
studied for this report, Texas Gulf Coast.
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Calculation of Aquifer Volume from Productjoh Data

The procedures for calculation of aquifeh volume from production déta have
been briefly summarized by Boardman (1980).  Information fo?\that'study was ob-
tained from semiannual 24-hour shut-in we11hea§ preSsures'reported to the Texas
Railroad Commission; only aﬁnual readingS'werefused; After the data were,ob-
taihed, it was decided whether the reservdir i§ driven by water or pressure de-
pletion. This was donebiarge1y on the basis of&consquation with the companies
concerned. |

For water-drive reservoirs (that is,'1arg§;reservoirs with a gas/water
cdntact), the technique}develobed by Stuart (1970) was used to‘cd]cu]ate watér .
volume (Vaq) (fig. 4a). In this method the prbduced gés vo]uhe is first Céh-
verted to gas in p1ace.'Then,,assuming,a gas sétu?ation Qf 25 ft3/bb1 of water
at a standard temperature and‘pré53ure and akpéfosity of about 20 peréent
(needed to determine the rock'compressibi1ity,%Cr), thé aquifer vo]ume is
estimated by a simple equatibn. : |

For pr§ssure-dep1etion'feservoirs (that ié; sméiler feseryoirs with no wa-
ter contact which are prbduced by gas pressure%0n1y, fighré'4b), the decline in
bottom-hole pressure as corrected for compressfbi]ity (BHP/z) with gas produc-
tion should be linear. An exfrapolation to Zeﬁo pressure gives an estimate of v
toté1 gas volume in.the reservoir. This vo1Umézis corrécted to gas in place.
Then, assuming a water saturation of 25 percent, the aquifef volume is obtained
(Craft and Hawkins, 1959, p. 40-43). : '

The estimates obtaihed»by these methods (table 6) are sensitivé to the as-
sumptions andvva]ues used. If a reserveir is misc]assifiéd, an order-of-
magnitude difference in aquifer volume can resujt.' HbWeve}, such.miSC1assifica_
tions ére unlikely in the cases presented here. Other variationskthatvcould

~affect production estimates are inaccuracies inipréssure and temperature of the
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Name, county

Table 6.

 Primary geologic estimates

Production -ests.

Voiume estimates for geopreésured gas reservoirs,’Texas>Gulf Coast.

Compar ison

Anderson, 11,100!

Product fon estimates for w'afer—drlvve; reservoirs from C. Boardman (1980), using the method. of Stuart (1970).
Area is area of fault comparitment or equIvalenf.
Drives:  pd Is pressure depletion, w 1s water.

Vres is sand vo lume; Vaqfis.aquifer voiume,

Eff. Is ratio of production estimate to geologic esfimafe .of Vaq' and is a measure of that part
of the sand connected with The we!ls.,

sand, depth Area (miZ) Vieg (Bef) Vaq(MM§b}) Porosity Vaq (MMbb 1) Drive Effe % Reyis!on:

‘Pettus SE, Bee Co, 2.04-4,26 4,56-9,52 130-270 168 2842 pd 23-10 thin shale breaks
‘First Massive, 9,000" ’ ‘ : Vq=60-120MMbb |
Braslau S, Liyé"Oak Co. 2,82-3.92 5. 15-6,99 139-212 16% . 6lij4 - pd 71-27 thin shale breaks
First Tom Lyne, 9,000! : ' : '

S. Cook, De Witt Co. 7.35-14.71" 9.84-32. 14 1351-794 20% 588 W 168-74  none
'B! sand, 10,850' SR |
Se Cook, De Witt Co. 8,75-26,01 17.9-58.0 638-2066 208 207 W - 32-10 thin shale break
'C' sand, 10,900 - : ‘ ‘ ’
Yorktown, 'De'wrﬁ‘Co.; 3,71 9.8-10.5 284-302 143 576 W 203-191  cohnection to S
Migura, 11,000' o Vaq=565-606 MMbb1
Yorktown S, De Witt Co. 1,96-2.87 4,2-5.0 151-180 144 82+14 pd 56-47 breaks?
Migura, 10,800' '
Christmas, De Witt Co. 2,35 4.0-8.0 100-250 148 4941 pd 50-19  poor control
Migura, 10,800°" ) : o
Peach Polnt S, Brazoria Co.  0.61 0,72 19 159 3343 pd 175 connect ion to S
Frio 'A', 11,250 : '
Mobit-David ML", Nueces Co. 1,22 4.25-4,75 182-203 24% 185-290 pd ‘none



reéervoir (affecting the conversion to gas in pﬁace), scatter of points on a
BHP/z versus production graph, changes in the g?s/water ratio Qr'water satura-
tion, and porqsity variation. '

The production estimates reported‘by Boardmgn‘(1980) for pressure-depletion
reservoirs (that is, for six of the nine reservbﬁrs studied) were recalculated
for several reasdns:- |

(1) to incorporate all of the semiannual shut-in’data since 1972, thus

providing a more accurate picture of pressurekdecline;

(2) to study the behavior of individual wéﬁ1s in the fields;

(3) to use porbéfty values more appropriate to the reservoirs considered;

and B |

(4) to proVide error limits on the projec@ed total gas in the reservofr,

as derived from a least-squares 1ineaflregression'on the data points.
A1l of the resu]ts.p?esented in this report for%pressufe-depletion reservoirs

(table 6) are recalculated values.
South Cook Field:

The South Cook field contains the type we]T;of the Cuero study area of
Bebout and others (1979). Thé producing sands a;e the B and C correlation
intervals of the lower Wilcox Group. Temperaturés in the reservoirs are about
275°F. Shut-in pressure was originally 7,100 pgi, giving a pressure gradient of
0.65 psi/ft. Porosity in the reservoir is about 20 percent, as measured in the

Atlantic #1 Schorre well (Bebout and others, 1979).

Stratigraphy of Producing Sands
The B-énd C (10,850 ft and 10,900 ft) sandsfoccur at the top of the Tower
Wilcox Group and form the upper units of the Rockdale delta syétem in the area.

The geometry of the sand facies is influenced by{syndepositibnal fau]ting. In
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the fault block df interest, the sgnds are dip-briented and were depositéd by
diétkibutary channels extending southeast from the delta pTain. These channels
may or may not have been interconnected.

Four dip-oriented sand thicks in the B sand can be identified (fig. 6).
The WeSternmost, the producing sand in the South Cook field, runs nearly north-
south across the southwestern part of the fault block. Interpretation of whole
core from the Atlantic #1 Schorre well suggests that the sand formed in a
distributary-chénne] setting (Winker and others, 1981).

There are two dip-oriented depocenters in the C sand (fig. 7); only the
western. one is under South Cook fie]d, ‘Interpretation of core from the Atlantic
#1 Schorre well suggests that the lower part of the sand formed in a
distributary-channe1 setting and the upper part in a channe]- and distributary-
mout h-bar set?ing (Winker and others, 1981). The two parts are separated by a
thin (2 to 3 ft) shale break. The E-Tog characters of the B and C intervals at

the Atlantic #1 Schorre well are shown in figure 9.

Structure of the South Cook Area‘

The South Cook areé lTies within the trend of 10Wer WiTcox growth faulting.
The field is located on a slight rollover anticline within an elongate fault
compartment up to 25 miz in area. Large, well-defined faults to the north-
west, south, and southeast 1so]até the compartment. The northeastern boundary
of the fault compartment is less well determined. The eastern extremity of the
compartment shown on figures 6 and 7 may be separated by a smaller fault (not
shown) from the Sodth Cook compartment proper. More information on the structure -

of the area is given in Bebout and others (1979) and Winker and others (1981).

Reservoir Volume - B Sand

The sand volumes for each channel (fig. 6) are (from west to east) 5.05

billion ft3 (Bcf), 4.8 Bcf, 12.5 Bef, and 15.8 Bcf. Estimated aquifer volume
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Figure 6. Net-sand map, "B" sand, South Cook field. Channel axes shown.
From Bebout and others (1979).
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Figure 7. Net-sand map, "C" sand, South Cook field. Channel axes shown.
From Bebout and others (1979). Channel axes shown.
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(at 20 percent porosity) for these channels 151180, 170, 440, and 560 million
barrels, respectively. The .aquifer volume esﬁfmate from Qas production from the
B sand in this water-drive reservoir is 588 million bafreTs. This value is
within the rahge of values of geo]ogic estimaﬂes.

The prodﬁction estimate, if correct, requﬁres that several of the B sand
thicks are being pfbduced. The western channei, in‘whichisouth Cook field is
Tocated, must be connected with at Teast the next channel to the east and proba;
bly the next, as well. In the latter case thei}atio for production estimate to
geologic estimate would be 75 percent. Possib]y, thin sands in the B interval

are not connected to the main sand body.

Reservoir Volume -'C'Séndv

Sand vo]umes’measured for each channel (fig. 7) show that the western
(South Cook) channel contains about 18 Bcf of éand, givﬁng an aqui fer volume of
638 million barrels. The eastern channel contéins 40 Bcf_of‘sand, giving an :
aquifer volume of 1,430 million barrels. The ﬁ?oductioh estimate of équife}
volume for this wateerrive reservoir is 207 me]ion barre]é. Production volume
js less than one-third of thé geologic estimatéifor thﬁs.sand; even if only the
‘western channel is considered. R

The discfepanty.can be exp]ained by the thﬁn shale break noted above in the
Atlantic #1 Schorre well. This break can be cofre]ated throughout the area of
the western channel. The three producing wells from this interval tap only the
distributary-channel sand be1ow the shale break;.E This Tower sand pinchés out
within a short distance northeast of the fie]d;fﬁts volume is about one-third of
the western chénnelvsand volume taken from figuFe 7. The production estimate,
theréfore, indicates that the upper’and 1ower'pafts of’the C sand are not

connected.
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Summar y

The B and}C sands at‘South'Cook represent diStributary-channe] and re1ated
sands that prograded‘across a grouth faulted zone; The B sand has good 1aterat
v cont1nu1ty between channels, while the C sand shows poor 1atera1 cont1nu1ty, and

vertical cont1nu1ty 11m1ted by a thin sha]e.
Yorktown and South Yorktown Ffelds

The Yorktown and South Yorktown,f1e1ds (fig. 5) are Tocated southeast of
_ ‘YorktOWn in De Witt County. Production in the fields (and from two other wells
in the immediate vicinity) is from the "11,000 FLm or "Migura" sand of the,1ower
Wilcox Group;‘ Temperatures in the Migura sand rangeefrom 245° to 260°F. Orig-
ina1;shut-in Pressuresawere 8,316'psi in the South Yorktown field and 9,272 psi
for the Yorktown field, giving preSSure:gradients;of70{75‘and 0.83 psi/ft; |

respectively. R ‘; k;." o o -

Strat1graphy of the M1gura Sand
| The Migura sand 11es -about 700 ft be]ow the top of the Tower W11cox Rock-
dale de]ta system of Fisher and McGowen (1967)' The M1gura 1nterva1 is from -
150 ft to 400 ft thick with sandstone percentage vary1ng from over 90 percent to
less than 10 percent. The sand 1so11th contours (fig. '8) outline a large dip-
oriented sand_With a maximum'thicknessvof over’300 ft. The sand grades intova
thick sha]e-sequence to the:southWest:within 1.3 mi of the channel axis (fingQ)
“and pinches»outvnortheastward tn an'area ofkpoor well control. To thednortheast,
: _1n the South Cook field, the M1gura 1nterva1 (H)'is ¢omposed'of sha1y sand v‘
(fig. 9), which is part of a 1arger 1nterbedded sand and shale sequence. Updip, :
the Migura sand appears to become one of,severa1 upwardefinlng sequences. The

sand has not -been penetrated downdip Of»theKYorktown area.
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match fine

Figure 8. Structure and net-sand map, Yorktown area. Heavy contours are
structure on the Migura sand; 1ight contours are net-sand isoliths of the Migura
sand. Shading indicates sand greater than 200 ft.
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The Yorktown field is Tocated on the main axis of the Migura channel. The
sand in this area is 150 to 240 ft thick and contains three upward-coarsening
sequences, as seen in the Monsanto #1 Kulawik well (fig. 9). The interval gives
a high, sawtooth SP response, suggesting numerous thin intervals of less perme-
able sand or silt.

The South Yorktown field is located on the northeastern edge of the Migura
channel; sand thickness in the Mosbacher et al. #1 Spies and #2 Spies is 95 ft
and 130 ft, respectively. The character of the sand is similar to that in the

Yorktown field with Tittle increase in shale content.

Structure of the Yorktown Area

The structure of the Yorktown area is a complex of strike-oriented normal
faults (fig. 8). Most faults are downthrown to the Gulf; two antithetic faults
of small displacement are postulated. Individual fault blocks are slightly
tilted, and small rollover anticlines are developed. Most of the faulting
occurred during lower Wilcox deposition, although upper Wilcox strata thicken
over the southernmost faults.

The shape of the Yorktown fault compartment is fairly well determined. It
is open to the southwest, although small cross-faults may be present. The anti-
thetic block mapped to the north of the field is displaced only slightly from
the main block. The South Yorktown fault compartment, on the other hand,vis
poorly delineated. No wells have penetrated the Migura sand east and north of
the Mosbacher #1 Spiés well. The shape of the eastern and northeastern margins
of the fault block is therefore §pecu1ative, constrained by the known northern
growth fault and the Tow elevation of the Tower Wilcox horizon in the Broseco
(La Gloria) #1 Ferguson well. Minimum and maximum extents of the fault compart-
ment were therefore chosen in this direction. The compartﬁent boundary west of

the field is questionable; Geomap places a small antithetic fault jusf west of

48



the field. Such a fault might be sufficient to break continuity in this

~direction.

Reservoir Volume - Yorktown Field

The vo]umerof the Yorktown reservoir was calculated by usihg a cutoff in
the southwestern direction of 50 ft of net sand for the minimum case and 25 ft
of net sand for the maximum case. The sand volume calculated is 9.8 Bcf for the
minimum case and 10.5 Bcf for the maximum case. In addition, the antithetic |
~ block has a volume of 1.8 to 2.3 Bcf. If we assume a porosity of 20 percent as
at South Cook, pore water volumes of 350 million barrels, 375 million barrels,
and 65 to 85 mi]1ion barrels, respectively, are calculated. However, 20 percent
pbrosity‘is pfobab]y'too high for this depth; in the De Witt fairway, porosity
at 11,000 ft is fypicaT]y about 14 percent (Bebout and others, 1979). Using
’this more réa]istic porosity, voiumes are 245 to 260’million barrels plus about
'35 to 40fmiT1ion barre1s for the antithetic block. The estimate of pore water
volume in this water-drive reservoir is 576 million barrels. Thus, if these
esfimatés are‘correct, more water drives this gas field than is contained in the
Yorktown block. |

| This discrepancy may be due to nonsealing faults (fig. 10a). ‘Along the

main axis of the Migura channe]Q sand thickness is 250 to 300 ft. The faults
that boﬁnd‘the Yorktown field on the south, however , have only 150 to 250 ft Qf
throw. It is therefore plausible that the sand‘to the south of the Yorktown
block Y is continuous with the Yorktown field. Reservoir rock volumes for the
two blocks happed south of the field are 2.85 Bcf for the smaller block A and
8.4 Bcf for the 1arger block B. Pore water volumes at 14 percent porosity are
70'm11lion’bérre1s and 210 million barrels, respectively. The productiOn volume
estiméﬁe could then be matched (with the assumptions outlined previously) if all

of the'above—mentioned’b1ocks are connected along the Migura channel axis.
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Block B contains gas. If this block is connected with the Yorktown block Y,
both blocks should show similar pressuré histories. The limited pressure data
available support this hypothesis. It would seem that the fault east of the
Yorktown field is nohsea]ing, as it has small displacement; yet the South York—

town field 15'separated from the Yorktown field, possibly because the sand thins

to the east.

Reservoir Volume - South Yorktown Field Y ‘ /

The volume of the South»Yorktown block was calculated for several cases.
For the minimum northeastern extent of fhe bTock, sand thinning to the northeast
and an antithetic fault just west of the field, sand volume is 4.24 Bcf and
water vo1ume (at 14 percent porosity) is 150 million barrels. For the maximum
‘extent of the block, rock volume is 5.0 Bcf and water volume is 180 million bar-
rels. If there is no antithetic fault west of the field, these figures are
8.3 Bcf and 205 million barrels for the minimum case, and 10.1 Bcf and 250 mil-
~ lion barrels for the maximum case. The water volume estimated from producfion*
figures is 82 + 14 million barrels for this pressure-depletion reservoir. All
the geologically estimated Qolumes are much higher.

" This discrepancy may be resolved in several ways. Possibly the poor well
contro] in this block has allowed somé faults to go unrecognized; or the thin-
ning assumption may be too generous. A revised minimum figure is 106 million
béfre]s, which is similar to the production estimate. Alternative1y; current
- production is coming from only part of the sand. Production efficiency (assum-
ing 14 percent porosity) is 80 percent for the minimum case. Perfdrations ihv
the two'producing wells are in the top third of the sand. .As mentibned before,
small si]ty}breaks are’abundqnt in the sand throughout the area. One or more of
these breaks may be continuous throughout the block, thus sealing off part of

the sand. Other posSibi]ities are that the‘pokosity is markedly lower, or the
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water satoration markedly higher, than the assUMed values of 14 percent and 25
percent. The present data do not allow o decisionvbetween these possibiTitiEs.

Figure 10b shows that the thinner sand oﬁpthe South Yorktown area is not
continQOUS across the growth faults south of'theff1e1d The gasvprodUCtioh»from
~ the well to the south is therefore from: a separate reservoir. This conclusion

is supported by pressure data.

Summar.y _

" The Yorktown and South Yorktown fie]ds.prpduce from the dip-oriented Migura
“sand.  The Yorktown wells penetrate the channel- axis where more than 250 ft of
sand a]]ows‘f1u1d’f10w between several blocks and production from a large reser-
voir vo]umé.‘FThe South Yorktown field lies on?the'northeastern side of the
channel; produotiOn is restricted to the b]ock;and may not be from the entire
sand interval. |

Christmas Field

X,
e

The Christmasefield s located 7.6 mig(iZka) southWest of ‘Yorktown in
De Witt County (fig. 5). Production in the f1e1d 1s‘ma1n1y from-the.10,800—ft_
" sand of the Tower Wilcox Group, which is eqUivélent’to~the_Migura sand. of the
Yorktown area. Temperatures in the Migura sand.are approximately 270°F. The
original shut-in pressure for the fie]d_was_S,ZQl psi at the Hanson et al.

#1 F. L. Altman, giving a pressure gradient of%0.76vpsi/ft,

Strat1graphy of the Migura Sand ’

~ The M1gura sand in the Chr1stmas area (fiéh 1}) renges in»thickness from
zero to 165 ft, The sand thins abrupt]y to the Hortheast; its southweStero limit
is gradual with a strong strike-oriented component. Downdfp to the_southeast,

sand percentage and net-sand thickness decreaserrapidly; updip the sand is not
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Figure 11. Structure and net-sand map, Christmas area. Datum is Migura sand.

Match line is to figure 8. Shading indicates sand greater than 100 ft. A1l
faults downthrown to southeast unless indicated.

53

aull yojow




correlatable. The Migura sand of the Christmaé?aréé is separated from that in
the Yorktown area by about 3 mi of silt and clay.

From the well-log patterns (fig. 12), theiMigura sand in this area can be
divided into three facies. In the northern anﬁ northeastern bart of‘the field,
a 1argé:upward;fin1ng sequence (seen in the Co#iet al. #1 Kleine on fig. 12)
suggests a thickbsand and shale channel sequenée. To the southwest the sand is
~divided into several parts by thin but corre]aﬁéb]e shale breaks. Most of the
sands in this facies show SP patterns typical of delta-front sands. The lower
part of the Upper sand in Hanson et al. #1 Altman, however,‘shows an upward-
fining sequence possibTy repreéenting a thinner%channe] deposit. The sands of
this facies thin and grade into shale to the sddthwest. ‘Below these sands in
the NOrdhefm field, fairly thick, blocky sands @ré found in the Getty #16 Nord—
heim and #13 Nordheim (fig. 12). Thése‘pinch oﬁt updip and are inferred to
 represent bar sands. | ‘: : ’

The five wells of the Christmas F1e1d7penefrate the channel énd»delta-front
facies of the Migufa sand. One well (Cox et a]} #1 Kleine, fig. 12)‘producesv_
from the base of the channel séquence. Three wé?]s proddce from the upper sand
of the delta-front facieé; of these, one s per?ofated below a thin break, one
above the.break, and. one straddles the break. Theffiffh well produces from a

deeper sand.

Structure of the Christmas Area

- The structure of the Christmas area js complex and not well determined
(fig. 11). A network of normal faults divides ﬁhe area into small fault com-
partmenté. The rapid facies Changes in the Migﬁﬁa and over]ying Korth 1nter-v
vals, together with the intense fau]ting make chré]atﬁons unsure, espedia11y to

the southwest and northwest of the Christmas field.
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The Christmas fault compartment is poorij defined. 1Its southeastern fault
is found in four of the Broducing wells and isiadequateiy located. The north-
eastern 1imit is indefinite, but this does nof‘affect the volume calculation, as
the sand is not present in this direction. The southwestern beundary is inferred
from the difference in elevation of the Migura sand to the southwest. The north-
western end northern boundaries are indeterminate. A small fault crosses be-_
tween four Christmas wells and the Hanson #1 Buesing well to the northwest. The
large northwestern fault has been tentatively identified below the Migura sand

in the Buesing well, The lack of deep well control in the upthrown block makes

its.location uncertain.

Reservoir Volume - Christmas Fieid

The total volume of Migura sahd in the Christmas fault compartment'is cal-
culated to be 6.3 billion ft3 (Bcf), with an estimated uncertainty of;ebout
30 percent. Assuming a reasonable porosity ofﬂi4 percent (as used for the York-
town field), the aquifer volume is 160 mii]ion‘barreis. The volume estimate from
production and pressure data for this pressure-depletion reservoir is 49 + 1.2
million barrels. The overall production efficiency, therefore, is 25 percent.

Several factors may account for this Tow efficiency. The Hansoh #1 Buesing
does not produce from the Migura sand but has an identical pressure history.
This suggests that the small faults between Bueéing and the other wells are
nonsealing. If se, the thinner sub-Migura sand shou]dibe used instead of the
Migura itself; this would tend to reduce reservoir voiume. The Cox et al. #1
~Kleine produces a small amount of gas from the base of the thick channel se-

quence (fig. 12). Its connection to the other wells is doubtful. Also, as men-

| tioneduabove, the remaining t@ree wells producejfrom only the upper sand of the
delta-front facies. The sand probab]y is separated from the lower unit of the

Migura, which reduces the reservoir volume considerably., The thin shale break
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within the upper sand may further fragment the reservoir. Finally, the indeter-
minate size of the fault compartment may lead to an inflated geologic estimate.
Some combination of these factors, or deviation from the porosity and saturation
assumptions, could give a geologic estimate more in line with thekproduction

estimate.
Pettus SE Field

The Pettus SE field is located 2 mi southeast of Pettus in Bee County
(fig. 5). Gas production in the fie]d is from the "Massive" or "First Massive"
sand of the upper Wilcox Group. Temperatures in the First Massive sand average
about 230°F. The bottom-hole shut-in pressure for the Hughes and Hughes
#1 J. E. McKinney well in the field is 5,666 psi, giving a pressure gradient of
0.64 psi/ft.

Stratigraphy of the First Massive Sand
The First Massive sand lies within the Bee delta of the upper Wi]cox Group,
part of the Rosita delta system (Edwards, 1981). It occufs at the top of a
sand-rich section of the Wilcox known collectively as the "Massive" sands about
200 ft below the Mackhank sand, which is the topmost unit of the Bee delta. |
The area is transected by a large growth fault. Northwest of the fault the
Massive sands are thin,»and the First Massive sand is 1nseparabfe,from Tower
sands. Downdip of the fault, the sand reaches a maximum thickness of over
100 ft immediately south of the Pettus SE field (fig. 13), but thins to the
east, south, and southwest. Sand percentage is highest and the sand cleanest in
the Pettus SE field. Downdip fhe shale content increases. Several shale breaks
within the sand and overlying sands can be correlated throughout much of the

area (fig. 14).
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Figure 13. Structure and net-sand map, Pettus area. Datum is First Massive
- sand. Shading when sand is greater than 100 ft thick.  All faults down to
southeast unless indicated.
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~ From the net-sand map and the electric 1o§@charactér of the‘sand, the First
Massrve sand is 1nferred to represent a delta Tobe of the Bee delta. The area
,northwest of the qrowth fault represents a condensed ~delta-plain fac1es. The .
eblocky sands of the Pettus SE field area represent either de1ta plain to delta-
front sands or rework1ng of these sands into. barr1er bars. Downd1p of Point B
' upward coarsening sequences are recogn1zed in the First Mass1ve sand 1nterva1
‘suggest1ng de]ta-front cond1t1ons. The re]at1ye1y'cont1nuoos shale breaks may
represent shorthiVed-1obe abandonments, preserhed from later reworking by rapid

subsidence along the growth fault.

étructdre of the Pettus Area

The structure of the Pettus area (f1g. 13) is marked by a un1form southeast
dip in the northwest,'broken1oniy by minor fau]ts, and a zone of.close1y spaced
‘.syndepositionalrnormal faults‘to the southeaSt;J The major growth faults during
the:depOSttion of the Massive sand occur in a tért trending'northWestesoutheast
through the Pettus SE fieldtarea.‘_The more sodtheastern faults also affected
'Massive_deposition.bdt appear to havevexperieneed‘their greatest movement during
Mackhank time. : R ;‘ | o |

The fau]t compartment w1th1n wh1ch the Pettus SE f1e1d is 1ocated is bound-
ed by the maJor growth fault to the northwest and west. A fault of lesser dis-
'placement separates it from the Tuleta E f1e1d to the south. This small faolt
joins to the east with a 1arger growth fau1t whrch cont1nues beyond well con-

trol to the northeast. The northeastern 11m1t of the fault compartment is not

defined by existing well control.

ReServoir Volume - First Massive Sand
A vo]ume for the First Mass1ve sand reservo1r at the Pettus SE f1e1d was
calcu]ated for two cases, a minimum area for the fau1t compartment wh1ch in-

c]udes only the produc1ng area, and a maximum area (flg. 13) These two cases
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yreld reservo1r areas of 2. 0 and 4 3 m12, respectiveiy;' Combinﬁng these“withf
an average sand th1ckness of 80 ft and a poros1ty of 16 percent derrved from the
V,reg1ona1 study in the Live: Oak fa1rway to the southwest (Bebout and'others
»l979) the sand volume ranges from 4.6 Bcf to 9. 5 Bcf and aqu1fer volume in
-th1s pressure-dep]et1on reservo1r is 28 + 2 m1111on barrels. Thus' the produc—
ible ‘volume is on1y 10 percent to 23 percent of the geolog1ca11y est1mated vo]~
. ume._ This dtscrepancy may be ascr1bednto the presence of thin, 1atera11y con-
k ;+1nuous sha]e breaks A]]dthe'producing wells in‘thi5~fier produce from thel'

- upper part of the F1rst Massive sand. It is Tikely that'the lTower part of the
-sand is not'1n commun1cat1on wrth_thefupperopa(t within this small fau]t‘com-:
'partmenté In support of th1s resistiVity Togs from the Pettus SE field show“
tno:hithres1st1v1ty zones 1nd1cat1ng gas- f111ed sand w1th1n the F1rst Massrve.”
h The 1ower gas. zone is not be1ng produced by the ex1st1ng wel]s.v | | }.
A rev1sed'geo]og1c3ca1cu1at1on;of‘sand volume yjeldsiaqu1fercv01ume‘of 60
~to 120 mj]ljon»barreis. 'Thermintmum fjgurevis sti]]'too_htgh:forhreasonsun- .

. known;_possibty-the assumed porosity_is too.high.
1‘»:fBrasTaurSouthfFie1d

The‘Braslau South tie]dhisalocated'3o8-mi:SOuthwest of George west ltive
aYOathOunty (fige 5).  Four we]]s produce gas fr om the First Tom Lyne sand of the
upper w11cox:Group. Reservo1r temperature is approx1mately 240 F. The f1e1d
'had'an-origina1 shutfjn,pressure of 6,652 psi, g1v1ng a pressure gradient of

0.73‘psi/ft.»

: Strat1graphy of the First Tom Lyne Sand |
| The F1rst Tom Lyne sand. 1s located w1th1n the upper W1lcox Group between
| two 1arger sands, the Lu11ng above and ‘the. Mackhank be1ow. In the past it has

_ been confused w1th,thevMackhank'sand in muchlof-the area,»recent work by'Edwards :
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(1981) has demonstrated their separate nature. ' The Luling and ‘the overlying
Slick sands compose the Live Oak delta of the Rpsita delta system (Edwards,
1981), while the underlying Mackhank and'Ma551Ve sands are part of the newly
defined Bee delta (Weise and others, 1981). ~The First Tom Lyne sand, also a
deltaic sand,»1ies between the two previously défined deltas.

V_The sand varies from less than 25 ft to err 150 ft in thickness:in.the
area (fig. 15) and is profoundly affected by gfowth faulting. - Updip of a large
growth fault the sand is not separable from thé?Mackhank sand, and‘both are
under 25 ft thick. Thickening occurs over thréé structural levels to the main
sand depocenter southeast of the field. Sand ﬁhickness decreases rapidly ‘to the
east and someWhét less répid]y to‘the west. Thé overall shape of the sand iso-
]iths'suggests-a high-constructive, 1obate‘de1t§ sand.

The First Tom Lyne isia compo$ité de1ta1c%sand (fig. 16). BaSalrupwardQ
coarsening sequences are overlain by de1ta-p1ain'and channel sands with'b]ocky
to upward-tapering SP patterns. Shale breaks éfe remarkably continuous in this
area; extending over 2.5 mi along strike. Theée may be delta-lobe abandonment
sha]eé preserved from later erosion by rapid sdbsidence,.much as at the Pettus
SEbfier. The shale breaks are thinnest in the;Braslau South field area, but the
Tower delta-front sand is still separate from the rest of the sand sequence.

The depocenter of the First Tom Lyne sand 1ies between two depocenters of
~ the immediately underlying Mackhank (Weise and ‘others, 1981), and its main ex-
pansidn faults are slightly Gq]fward of the Mackhank faults. The expansion
faults and depocenters of the Luling and S]ickgﬁands are still fartﬁer gulfward,

‘as noted by Edwards (1981).

Structure of the Braslau South Area
The Braslau South field lies within a complexly growth-faulted area (fig.

15). A belt of small fault compartments lies southeast of a gently dipping
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Figure 15. Structure and net-sand map, Braslau area. Datum is First Tom Lyne
sand. Shading indicates sand greater than 100 ft thick. ‘Faults downthrown to
southeast unless indicated. \
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“unfaulted area overlain by a thin Wilcox_séction. ’Southéastward_of‘the»belt,
fault block size jhcreases-asuwelT'oontrol'deoreases."The:Bkasléu, Braslau
South, and Tom Lyne fields occupy successive fault compartmenis‘a]ohg;thé'be1t

'-from;northeaét to‘SOuthWest;‘i

. Reservo1r Vo]ume - Bras1au South F1e1d |

The: Braslau South fault compartment (f1g. 15) ié‘bOUnded by major fau]ts on
all sides. A fault with 100 ft of throw is detected;io theoHanSOn #1-Pro§$eh
well northvof.the”fiéld it may or may not break reservoir cont1nu1ty on the
northwest. The eastern fault is poorly determ1ned as we]] control 1s not. good
For ca]cu]at1ng aqu1fer volume, thevmost wester]y and most easter]y 1ocat1ons
for thfs fault yield minimum and maximum values. T

Assuming that the entire netvsand is pkoduoed ih this:compartment, and as-
suming that the small fault on the northwest does not break‘continuity, the area
of the fault compartmeht 15 2.8 mi2 mihimum and 3.9 mi2 maximum. The sand
volume in this compartment'is~5.1 Bcf minimum and 7.0 Bcf maxim@m; At a poros-
ity of 16 percent estimated from Live Oak fafrWayuaverages (Bebout and others,
1979), the aquifer volume is-about 140 to 210 milfion bbl. The water volume es-
timated from production figures is 61 * 14 mi]]ion'bb1, Hence, the pfodocible
vo1ome is only 22 percent to 54 percentbof the geologic estimate.

If the small fault disrUpts continuity, the area of the‘fault compartment
1s‘between 2.2 and 3.2 miz,vthe reservoir volume is 3.7 to 6.0 Bcf, and the
aquifer volume at 16 percent porosity is 105 + 17 million bb1, Qiying an. appar-
ent efficiency of 27 to 71 percent. This Tow efffciency is probab1yvoaused by
thin shale breaks. As hoted‘above, shale breaks are remarkably o0nt1nu0us fn
the sand, and the lower delta-front sand is separated by 5 to 10 ft of shale

from thé rest of the sand. If this Tower sand is not connected with the'upper
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sand, the two volume estimates are in goodvagreement..vAlternative1y, a much

Tower porosity assumption and a higher water saturation could be involved.
South Peach Point Field

';‘The_South Peach_Point field is located 7 mj;wegt;northwestjoprreeport'inx
Brazoria County (fig. 5). Two wells produce gas from the Frio A]Sand?andaone :
~well produces gas from the underlying Frio A' sand. Reservoir temperature is
approXimate1y.250°F. The f1e1d had an or1g1na1 shut- in pressure of 9, 572 psi,

ﬁg1v1ng a pressure gradrent of 0.85 ps1/ft. ‘ 35»

Strat1graphy of the Fr1o A Sand
‘ The Fr1o A sand of the Peach Pornt area 11es 1n the T3 T4 interval

(Nodosarra b]anpred1 zone) of the subsurface Fr1o. At Peach Point, three named

‘sands are found in this 1nterva1 the A, A',‘and B sands In theeregion studied,'
| the A sand ranges in thrckness from zero. to over 60 ft. Theasand is'thickest
and conta1ns minimal breaks northwest of C]emens Dome where 1t shows b]ocky SP
,patterns and some suggestion of upward coarsenrng sequences . In the Peach Po1nt‘
fields, sands are less regular w1th numer ous s11ty breaks (frg. 18) both’ '
upward-coarsening and upwardff1n1ng sequences are observed. Southeast and~west:
of Peach Point, upward-fining seduences dominate and the sahd is thinner. = Sand
'1so]iths'(fig. 17) show that the thicker sand 1ntervals are roughly d1p- :
’oriented A sand- free area occurs northeast of the Peach Point fields.

This comp]ex thickness pattern can be 1nterpreted as a delta- margrn se-
quence.  Channel depOSjts form a th1ck upward frnlng sandy sequence through the
Clemens Dome fié]ds and a,thinner one through_Peach.Pornt,_ De]taffront sands of
frregular thickness occur‘at'the ends and margﬁns,Of these channels in the area
:usoutheastiof Peach Point and in the Al}en Domejareag Psiijar'patterns of sand |

pdevelopment characterize the otherrsands of thefinterva1 in this area.

. 66



PEACH.POINT S. FIELD

Figure 17. Structure and net-sand map, Peach Point area. Datum is the Frio A
sand. Faults down-to-south unless indicated. Shading indicates sand greater
than 40 ft thick.
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 The Peach Po1nt area 11es about 25 mi south of the ma1n‘sand depocenter of
’v‘the T3-T4 Fr1o 1nterva1 (Bebout and others, 1978, fig. 18). The regional maps
| suggestkthatvth1s{area1was at the seaward margin of the Houston’delta system.
~ (Galloway and others,;infpress) during this interval. The sands represent the

maximum progradation ofithat delta systemxinvthfs area.

‘Structure of the‘Peach Point'Area
The comp]ex structure of the Peach Po1nt area is pr1mar11y due- to salt tec-
»ton1cs. The Peach Po1nt f1e]ds 11e atop an east-west trend1ng r1dge (f1g. 17)
wh1ch is presumab]y salt cored at depth At the west end of the r1dge is
v C]emens Dome, a pjercement salt dome. At the east end southeast of a sag 1n
. the ridge, is Bryan MoUnd salt dome. North of the r1dge 1s a 1arge sa1t-
v‘withdrawa1 basin. Another salt- w1thdrawa1 bas1n lies south of the r1dge in
wh1ch Allen Dome 1s up11fted o | P
Fau1t1ng is comp]ex and of severa] types. Rad1a1 fractures segregate
_f1e1ds around C]emens Dome and a]so occur at A]len Dome . Ax1a1 grabens domtnate ,
the Peach Po1nt'r1dge (f1g. 19) In the sa]t-w1thdrawa1 bas1n to the northeast
m‘two gr owt h- -fault systems w1th numerous ant1thet1c faults have been recogn1zed
from reg1ona1 se1sm1c data (Te]edyne 11ne 3F) These growth faults 1nterfere
~w1th the Peach Po1nt ridge, g1v1ng rise to comp]ex 1argeasca1e displaCements of
s up to 1 ,000 ft. The extent of fau1t1ng in the Allen Dome withdrawal bas1n s
gunknown due to 1ack of we]] control and ava11ab1e se1sm1c data. ' |
The product1ve b1ocks at Peach Po1nt and South Peach Po1nt f1e1ds are pro-
-f11ed in f1gure 19. The Peach Po1nt f1e1d 11es in a north d1pp1ng sect1on on
the north s1de of the r1dge._ South Peach Po1nt,11es 1n,the axial graben of the»
'h ridge (for the A sand product1on) andion the sOUth side of the“ridge'(for the”A':_ ‘

. sand product1on) The A and A' sands are Juxtaposed along the south fau1t of

N the graben (f1g.a19)
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~ Reservoir Volume - South Peach Point Field

vThe South Peach Point fault compartment (fig. 17) is bounded by minor faults
‘.on‘thé south and east and a Targer fault on the north. Assuming that the entire
| nét sand is produced in this compartment, fhe sand volume is 0.72 Bcf (the fault
 compaftment’area‘1s 0.61 miZ). Assuming a reasonable porosity of 15 percent
}(from'BraZQria fairway; Bebout and btheks, 1978), the aquifer volume is

19.2 miltion barre1s;-at a ‘high porosity of 20 percent, the volume is
25.5’mi11ion barré]s. The reservoir volume from pressure decline data is 33 +

3 million barrels. Thus, the ca]cu]atedlaquifer volume is too small for the
°obsérved production for reasonable porosities. ‘

i As shown on the structure section (fig. 19), the A' sand to the south is
»juxtaposed with the producing A sand. The southern block A" sand is a likely
:cahdidate for broviding the extra volume. If the two sands are connected,
‘(1) thé fault fs nonséa1ing, and (2) the observed volume hust be recalculated to
include the production from the thiid*we11, giving 46 + 6 mj]lion barrels. This
‘connection is supported'by the pressure‘history of the A' well. The extent of
the A' fault compartment is unknown; therefore no volumes can be calculated. To
‘match the observed and calculated values, a fault block area equal to 70 pércent

of the known fault compartment is needed.
Mobil-David L Field

The Mobil-David field lies southwest of Corpus Christi in Nueces County
(fig. 5). Deep production in the area comes from the Anderson sand (Frio)
approximately 11,000 ft below seablevel. The field includes a number of fault
-compartments; one of these, the L'compartment, is the reservqjv of interestl
1hﬁed1ate1y~southwest of the Ross (Coastal States) #1 Kraft well of opportunity.
in the L resefvoir‘the initial BHP wés 9,507 psi, giving ankinitial gradient of

‘.0;84 psi/ft. Reservoir temperature is estimated at 266°F (Duggan, 1972).
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Stratigraphy of the Anderson Sand
The Anderson sand is one of a number of lower Frio sands in the Corpus
Christi area. It occurs at the CCll marker of Weise and others (1981), their

deepest correlation marker, within the Anomalina bilateralis zone. In the area

of interest the Anderson lies more than 1,000 ft below the CC10 (Harvey sand)
mar ker .

In the Corpus Christi fairway, the Anderson sand is recognized in a belt
between two major growth faults that form the western edges of the Nueces Bay
and Corpus Channel fault blocks. In this area there are two major sand thicks.
The northern one in San Patricio County ranges up to 100 ft in thickness and
averages 50 to 60 ft. The southern one is larger and ranges up to 160 ft thick;
this depocenter contains the Mobil-David field and the #1 Pauline Kraft well.
Net-sand isopachs outline a combination of dip and strike trends, strike trends
being dominant towards the Gulf. This pattern indicates a delta system with
sand supplied from central Nueces and southern San Patricio Counties.

In the Mobil-David area, sand thickness is controlled by numerous small
growth faults (fig. 20). The Mobil-David field produces gas from a thick,
blocky Anderson sand (fig. 21). The sand becomes thinner and broken by shale
partings to the southwest. Northeast toward the Kraft well, it becomes slightly
less blocky in its SP response but thickens into a downfaulted block. North of
the Kraft well the sands contain more shale and show a suggestion of upward-
coarsening sequences. Westward, thickness variations are pronounced, possibly
indicating a feeder channel; eastward, sand thickness and quality deteriorate

toward a large growth fault.

Structure of the Mobil-David Area
The structure of the Anderson sand (fig. 20) is complex, although little of

that complexity is mirrored at shallower depths. In the Mobil-David field,
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Figure 20. Structure and net-sand map, Mobil-David area. Datum is the Anderson
sand (lower Frio). See also figure 27. Shading shows sand over 100 ft thick.
A1l faults down to southeast unless indicated.
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numerous growth faults with 100 to 200 ft of displacement divide the Anderson
sand into small fault compartments, such as the L compartment described by
Duggan (1972). These small faults are not c)ear]y distinguishable on a seismic
‘profiTe, which crosses the field (unpublished data). A similar structure occurs
north of the Kraft well. In both of these areas the Anderson lies at 11,000 to
11,500 ft. o R |

In contrast, a block between these two fractured areas is depressed over
1,500 ft. Five wells provide control within this block; two of the wells pene-
trate the Anderson sand itself. Thebdepression fs filled by a thick sequence of
Ander son sand and post-Anderson shale and silt. In contrast tb the Mobil-David
wells, few minor growth faults can be found in the interval above the Anderson
sand; apparently, this downfaulted block has been spared the extreme fragmenta-
tion seen in the structural highs to the north and south. This downdropped
block is at nearly the same depth as the block east of the Mobil-David field, as
interpreted from the seishic 11ﬁe, forming a landward émbayment of the Tower
structural level inserted between two domes. This dome and basin structure,
reminiscent of salt-tectonic features (but here probably shale-controlled) is

mostly filled in by the top of the lower Frio.

Reservoir Vo]Ume - Anderson Sand

The Anderson sand in the L fau]t-cdmpartment ranges‘from 80 to over 100 ft
‘thick. Shale breaks in the interval are minor and sand quality appears good.
The fault compartment has an area of about 1.2 mi2 and contains 4.25 to
4,75 Bcf of sand. Assuming a porosity of 24 percent (Duggan, 1972), the aquifer
volume is 180 to 200 million barrels.

Production data for thé AnderSOn L sand are’givenrby‘Duggan (1972).
Although a simple pressure-depletion drive was expected, the BHP/z versus pro-

duction curve shows a negative deflection. Duggan attributed this to pressure
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maintenance by the dewatering of adjacent shales. The gas-in-place estimate
from early data was 112 Bcf, but approximately 70 Bcf was expected from volume
calculation. More recent data (to October 1980) show cumulative production to
be approaching 55 Bcf ultimate.

The data presented by Duggan (1972) suggest that the aquifer volume from
production data ranges from 185 to 290 million barrels, the lower figure being
indicated from the revised gas-in-place estimate. These figures (especially the
minimum figure) agree with the geologic estimate. The actual near-ultimate gas
production of 55 Bcf then indicates an efficiency ratio of 75 to 80 percent.

The concave-down production curve seen at Mobil-David L field has not been
noted in the other production.curves used for this study. If such an effect
exists, the result would be to Tower the production volume estimates. In most

cases this would only increase the gap between production estimates and geologic

estimates of aquifer volume.
Comparisons and Conclusion

Comparison of geologic and production estimates of aquifer volume for nine
Texas Gulf Coast reservoirs (table 6 and fig. 22) shows/é.generaT tendency for
geologic estimates to be higher than production estimates in small, pressure-
depletion reservoirs (except where nonsealing faults are present). This ten-
dency is largely due to thin (2 to 7 ft thick) shale breaks within the éand
sequence, that seal off portions of thé sand body within the small fau]t‘com-
partments. The larger (aquifer volume >100 MMbb1l) reservoirs generally show a
closer agreement between geologic and production estimates, although problems
with shale breaks and nonsealing faults may still éxisto'

Nonsealing faults have been found in two, and possibly three, cases. In

the Yorktown field, a small fault cuts a thick (300 ft) sand. The same sand is

76



1000

i
S. Cook C

3
&
Q
g
>
(=3
2
g -;{4
g P Yorktown S \O
o / Braslau S P
a .
Christmas
Peach / . T
/Poim s Pettus SE
10 : f 1
10 ) 100 1000

Geologic Vag(10Sbbl)

Figure 22. Comparison of production and geologic est1mates of aquifer volume.
Bars show the range of estimated volumes.

77



Juxtaposed on both sides of the nonsealing fault. At South Peach Point; the
thin A sand is juxtaposed across a small (10Q1ft) nonsealing fault with the
smaller A' sand. At Christmas fieid the situation is less certain, but a non-
sealing fault may be inferred, similar in madnitude and geometry to the one at
South Peach Point. Al1 other faults in the F{erS’studied, esbecially those
with‘large displacement or those which juxtapase sand Qn shale, are sealing.

) In evaluating geopressured reservoirs, the reservbir cOntinuity‘character-
istics of the sand should be taken into account. Given adequate well cOntrol;
itishould be possible to recognize potentially nonsealing faults by their small
displacement and qutapositign of sands. If well control is not present, this
recognition will bé'vefy difficult, as these small faults will generally not
show up on seismic sections. Faults with smai] disp]acemént can also be seal-
ing, as in the Mobil-David L field. Such faults cou1d seriously impair a pros-
pective geopressured reservofr, but this prob}em is partia11y alleviated in
areas of thick and numer ous sands.

Thin, continuous shale breaks can be correlated within a fault block if
there is sufficient well control. Breaks 1es$:than 5 ft thick may be hard to
recognize. These permeability barriers are geherally subtle and are not usually
considered in sand correlation, but they do affect the potential production of
the reservoir. Stratigraphic horizons at particular locations within the
growth-fault systems may display a distinctive}Sty1e of sedimentation. In
particular, the Pettus SE and Braslau S areas in the upper Wilcox growth-fault
trend of Bee and Live Oak Counties, an area of:high expansion across closely
spaced growth faults, show similar,'continuous‘shale breaks in different sand
units. The Frio sands, on the other hand, appéar to have fewer shale breaks of
significance. Suéh general knowledge could help to evaluate reservoirs in areas

of poor well control.
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- GEOLOGIC SETTING AND RESERVOIR CHARACTERISTICS,
WELLS OF OPPORTUNITY

Three deep wells onvthe Texas Gulf Coast (fig. 5, table 7) have been tested
for their geopressured resource by Eaton Operating Company, undey contract to
the U.S. Department of Energy. To provide detailed geologic contexts for these
wells of opportunity, the structure and stratigraphy of the areas adjoining them
‘have been studied by the methods previously odt]ined for geologic estimation of

aquifer volumes.
Riddle #2 Saldana

The Riddle 0i1 Company #2 Saldana well lies in the Martinez field in east-
ern Zapata County, Texas. The test reservoir, the First Hinnant sand in the
upper Wilcox Group, is also the main reservoir of the Northeast Thompsonville
field (Jim Hogg and Webb Counties) 10 mi to the northeast.

| The Martinez field is located on a high-relief domal structure cut by threg
southeast-doWn normal faults that were active>during Wilcox depdsition
(fig. 23). First Hinnént gas productjon occurs from two small gas caps, one in
the western fault block, the other in the eastern. The Riddle #2 Saldana well
tested the central fault block but yielded salt watér; the gas cap in thaf
block, if any, is small. In the test well, the First Hinnant sand had a bottom-
hole shut-in pressure (BHSIP) of 6,627 psi (gradient of 0.68 psi/ft) and a tem-
perature of 300°F. Reservoir properfies were determined by Eaton Operating
Compény. The average porosity (from the sonic log) is 16 percent, the average
pefmeabi11ty is 7 md, and measured water salinity is 13,000 ppm. Porosity is
fairly uniform throughout'the sand, whereas permeability shows two dpward-

decreasing cycles (fig. 24).
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Table 7. Reservoir area and volume for Texas wells of opportunity.

Name, county Primary geologic estimates

sand, depth Area(mi?) Vees (Bef) Vq (108

Porosity Drive est. Possible problems

Riddle #2 Saldana
Martinez Wilcox area,

Zapata Co. 3.6 7.0 200 16% w(?) Compartment to N poorly determined
First Hinnant 9,120° Possiblie shale breaks

Coasta! States #1 Kraft
- Mobi I-David area,

Nueces Co. 4,77-8.34 17.9-28,.6 638-1220 20-24% no pro- Poor comparfmenf-conTrol'on N, NW
Anderson 12,675! duction

Lear #1 Koelemay
Doy le area,

Jef ferson Coe. 2.5+ 7 250 20% w Very poor comparitment control
Leger 11,590! ' :



OA Webb Co,

:Eiy Jim Hogg Co.
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Figure 23. Structure and net-sand map, Riddle #2 Saldana area. Datum is top of
the First Hinnant sand, upper Wilcox Group. Shaded area indicates sand thicker
than 60 ft. Faults down to southeast unless indicated. Faults from Geomap.
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RIDDLE SALDANA No.2 ROSS(Coastal) KRAFT No.| LEAR KOELEMAY No.!
First Hinnant sand Anderson sand

Leger sand
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Figure 24. Porosity and permeability variations in three reservoirs tested by
the well of opportunity program. For locations see figure 5.
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Stratigraphy of the First Hinnant Sand

The First Hinnant sand occurs within the uppermost Wilcox interval, about
200 ft below the regional top of Wilcox. In the Martinez field, it is the top-
}most Wilcox sand and occurs within a dominantfx Shale sequence.v The’sand is
.more than 600 ft above the top of the Zapata delta complex (Edwards, 1981) and 7
‘ is correlative stratigraphically with the Live Oak delta cdmplex in McMullen and
Live Oak Counties 75 mi to the northeast. _

The productive sand in the two fields is over 50 ft thick, with blocky SP
and resistivity responses and minor shale breaks that can be correlated within
~each field. Despite the lack of well control between the two fields, the corre-

lation is gobd (fig; 25). To the north and south, the sand merges into a.mixed
sand;sha1e sequence with subdued SP and resistivity response. To the south, this
transition occurs over about 1.5 mi; to the north it is much sharper (1e§s than
4,000 ft), occurring just north of Atlantic #1 Bruni (fig. 25).

The sand thins to both the east and the west (fig. 26). To the east the
sand grades into silt within 2.5 mi. The sand thins markedly and migrates up-
section to the northwest, where it overlies several upward-coarsening sequences,
which increase in sand content westward. These sands are ihterbreted as delta
sequences with a western source.

The First Hinnant sand has been studied previously in the Northeast Thomp-
sdhvi]]e field, where it was interpreted as a barrier-bar deposit by Wood (1962)
and Young (1966); Berg and Tedford (1977) preferred a deep-sea fan origin. The
sand exhibits a weli-defined N30°E trend of maximum sand thickness with abrupt
thinnﬁng to the southeast and gradual thinning to the west (fig. 23). This ge-
'ometry is fully cOnsistent with a barrier-bar origin for the First Hinnant sand
but conflicts sharply with the dip-oriented fan model of Berg and Tedford

(1977). The upward-coarsening sequences to the west represent small late-stage
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deltas, which in part formed as bayhead deltas behind the bar. The source of

bar sand is unknown but may be the Live 0Oak delta to the northeast.

Reservoir Character and Volume

The character of the reservoir sand in the Martinez Deep field is shown on
figures 24, 25, and 26. Four shale breaks can be correlated; two near the top
of the sand, and two closer to the bottom. This raises the question whether
continuous shale breaks may disrupt continuity within a fault compartment. The
Gulf #1 Saldana well (northeast of the well of opportunity) provides some in-
sight. It was originally completed in 1965 below the major shale break with a
BHSIP of 8,882 psi. In 1974 it was recompleted above the shale break with a
BHSIP of only 5,558 psi. The marked difference in pressure suggests that the
two sands were connected within the small eastern block despite the large shale
break, as no other well produces from the compartment at this 1nterva1f

Reservoir volume is difficult to estimate because of the lack of control
for 2 mi to the north or south. A conservatively estimated compartment size,
with a northern boundary just east of the Jim Hogg county Tine and a southern
boundary near the Martinez field, gives an area of about 3.6 miZ. With an
average sand thickness of 70 ft, the rock volume is 7 Bcf. The measured poros-
ity averages 16 percent, giving a pore water volume with an estimated range of
from 100 to 800 million barrels. This volume is similar to that observed in the
smaller water-drive geopressured reservoirs such as the South Cook field
reservoirs.

The First Hinnant sand is a reservoir of good continuity (especially along
strike) and poor to excellent reservoir quality (parts of the NE Thompsonville
field range up to 22 percent porosity and 140 md permeability). Geopressure
conditions are good (pressure gradient generally 0.7 to 0.8 psi/ft and tempera-

tures of 240° to 260°F).
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50ss (Coastal States) #1 Pauline Kraft

| The Ross (Coastal States) #1 Pauline Kraft well Ties on thé northeastern
fringe of the Mobil-David field in Nueces County, Texas (figs. 5,‘20). The res-
ervoir of interest is the Anderson sand of the Tower Frio, which occurs at a
subsea depth of 12,675 ft. The area lies within the Corpus Christi fairway of
Weise and others (1981) and is immediately south of the Nueces Bay prospect.
The Kraft well has a bottom-hole pressure of 10,986 psi at 12,805 ft, giving a
pressure gradient of 0.86 psi/ft. Corrected bottom-hole temperature is esti-

mated at 290°F.

Structure of the Mobil-David Area
The structure of the Mobil-David area has been previously described in

relation to the Mobil-David L reservoir. Structural mapping indicates two
domes, one of which localizes the Mobi]-David field, separated by a downdrbpped
block. A NE-SW structure section (fig. 27) shows that this transverse dome-and-
trough structure is largely concealed by the time of CC9 deposition, but has
over 1,500 ft of relief at the CCl1l marker (the Anderson sand).

© The Pauline Kraft well lies within the downdropped block (fig;:20). Its
southwestefﬁ-bbunding fault is precisely located. Its northwestern boundary
probably occurs near the large fault to the northwest. The northern boundary is
poorly known, but it must l1ie on the southwestern flank of the dome to the |
north. Thé southeastern-bounding fault probably cuts the Pauline Kraft well and
is also inferred from a minor growth fault seen in a regional seismiquine and
from the regional study. This fault compartment is estimated to have a minimum

area of 4.8 miZ and a probable maximum value of about 8.4 mi2,
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Reservoir Volume of the Anderson Sand

Within the fault compartment, the Anderson sand ranges from less than 10 ft
to:more than 150 ft thick (fig. 20). It is generally of good quality with minor
shale breaks (fig. 24); P1aﬁ1metry of the net-sand map over the minimum and
_ maximum fault compartment sizes yields a minimum sand volume of 17.9 Bcf and a
maximum volume of 28.6 Bcf. Porosity ranges from 20 percent to 24 percent,
“based on sidewal] cores in the Kraff well and on estimates given for the Mobil-
David field by Duggan (1972). For 20 percent porosity, the aquifer volume§ for
the minimum and maximum cases are 640 and 1,020 million barrels, respectively;
for~24 percent, they are 700 and 1,200 million barrels. This can be compéred -
with the C Sahd at the South Cook fie]d, De Witt County (Cuero area), which has
- 588 million barrels. The aquifer volume is larger than the Texas water-driye
geOpressured’gas reservoirs described above, but smaller than Severa] calculated
by Boardman (1980) for-Louisiana;, This reservoir might support 14,000 bpd for
10 yéars at 5 percent recoVeYy, using 20 percent porosity and the larger fault
compartment size.

The Pauline Kraft well of opportunity has a good sand thickness in an un-
usually large fault compartment. Unfortunately, insignificant quantities of
flﬂidé were.produced during the sh0rt-termbtest because of very low permeabili-
ties.: Sidewall cores suggest that permeabilities are highest in the central
part of the sand and lowest at the top-and'bottom of the sand (fig} 24). Such
Tow permeabi]fties are common to many South Texas reservoirs (Loucks and others,
- 1981),

Lear #1 Koelemay

The Lear #1 Koelemay well was drilled as a wildcat in the Doyle area of

northwestern Jéfferson County (fig. 5). The test reservoir is the Leger sand of
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the Yegua Formation, at 11,590 ft below sea 1evé1 (fig. 28). The sands of this
area lie within a geopressure trend which has been referred to previously as
"Vickshorg" (Loucks, 1979); there are no sands in the Vicksburg interval in the
immediate area. The Leger sand is geopressured:in most of the area considered.
In the Koelemay well, bottom-hole pressure was%measured as 9,441 psi at

11,669 ft, giving a gradient of 0.81 psi/ft.: Measured bottomfhole temperature
is 257°F. Porosity and permeability trends within the sand are complex but they

increase ﬁrregu]ar]y upward (fig. 24).

Strat1graphy of the Leger Sand

The Leger sand occurs about 700 ft below the top of the Yegua (Cockf1e1d)
in the study area, as correlated by pa]eonto]og1c information from Texaco #1
Doy]e and reg1onal cross -sections (Dodge and Posey, 1981) It is one of a num-
ber of 1ent1cu1ar, often shaly sands that occur in the shale dominated Yegua
section south and east of Sour Lake (fig. 29). - Corre]at1ons in this seqoence
are gehera]ly unreliable,bbut thebLeger sand isgfairry persistent in most cases.
Electric-log patterns of many of these Sands suggest a deltaic origin; they were
probably deposited as delta-front sands in a high-constructivevde1ta.

The Leger sand shows two depocenters in the study area (fig. 28). Thelmain
depocenter of interest is south-southeast of Sour Lake Dome in this area the
sand is over 100 ft thick on the downthrown s1de of several growth faults. Im-
mediately updip, this sand is only 15 to 40 ft rhick, but thiokensbnorthward to
80 ft. The second depocenter, west ofVSour Lake; is slightly younger. Its more
dip-orienﬁed.sand reaches a thickness of 95 ft %n Hathaway field, Liberty Coun-
ty. Sands in these two depocenters cannot be aséumed to be conneoted.

The stratigraphic section (fig. 29)‘sugges£s a recurrent pattern of sedi-

mentat ion in this area. The depocenter cohtaing;an upward-coarsening sequence
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of shales to sands,ipre3umab1y:a delta-front sequence. Southwest of this depo-
center are thinner, cleaner sands that have more:blocky SP responses. These may
represent bar sands reworked along strike from the delta front by longshore

currents.

Structure
| WeT]‘contrOT at depth is sparse in this area; hence most of the major’
structures are not pfecisely'1ocated MStructuke in the areavconsists of growth
faults separat1ng gently gulfward t11t1ng fault blocks, which are Tocally
‘vp1erced by sa]t domes (f1g. 28) | | |
| Expans1on across the fau1ts in th1s area is not 1arge but did 1nf]uence
‘Yegua, Jackson, and V1cksburg sed1mentat1on., Expansion factors across the
. fau]ts‘SUggest Yegua and Jacksonvmovement fok all faults (withagreatest Jackson‘
expansion on the most southern»fanlt), Vicksborg movement on the southern
i,faults, and slight Frio expans1on on the most seaward fault. The long history
of growth across these fau]ts may ‘be related to the 1ow sed1mentat1on rates in
‘the shale- dom1nated Yegua- Jackson Vicksburg sequence. |
'W‘Three salt domes-occur,jn,the area, Hu]] (west of fig. 28), Souk Lake, and
Arrfoia;vthe Yegua sands are uplifted to shallowkdepths around each salt stock.
HoWever,kthis does not appear to have reTieved the geopressured»condition of the
~Leger Sandaﬂnathe basin between Sour Lake and Arrfd]a Domes, where the Sour Lake

East field has a pressure gradient of 0.65 psi/ft.

'k'Reservo1r Volume and Cont1nu1ty f

The spars1ty of deep well control in the area makes it 1mposs1b1e to esti-
mate a meaningful compartment area or reservoir volume without seismic data. At
71east 2 to 3 miz\ofvresekvoif'area mignt'be expected with a gross sand thick-

ness of roughly 100 ft. This wonid give'avsandlvo]ume ofv7~Bcf, or (using

93



20 percent porosity) a pore volume of 250 mi]ﬁﬁon bafre]s. This is,>however,
only an order-of-magnitude calcu]atiqn. | | |
Continuity of this reservoir is difficu]i'to estimate. No major shale
ﬂbreaks,appear to be continuous thkbugh the area; however , minor shaly intervals
are abundant in most wells and may interfere wﬁth vertical continuity in some
cases. The fault on the north boundary of the‘afea is marginally sealing.
There may be connection to the Forest #2 K1rby well, but this is not 1ike1y;
' The Leger sand in the Doyle area shows margina1 geopressure cenditions in
an area of poor well control. The Lear #1 Koe]emay test does, however, appear

to be typical of the Yegua geopreésure reservoirs in this.afea.

Conclusion, Well of Opportunity Study

§

Table 7 summarizes the reservoir volume estimates for three wells of oppor-
'vtunity. The wells of opportunity have samp]ed:a Wilcox'bqryier sand, a Yegua
‘distaT de]fa-fmont sand, and a thick Frio deTta-front or composite sand. Two
wells have been located in South Texas and one in soUtheaSt Texas. All of the -
aqu1fers tested are similar in volume and fau]t block area to water-drive gas
reserveirs. Two of the aquifers (at Riddle #2 Saldana and Lear #1 Koelemay)
‘have volumes similar to the Yorktown field of'pe Witt County. The aquifer at
the Ross (Ceastal States) #1 Kraft‘we11 is similar in VO]ume to the South Cook
sands of the Cuero area. For comparison, B]ess1ng area sands (Winker and others,
1981) are larger, with aquifer volumes of 1, 700 to 2,900 million barrels.

The greatest problem with determ1n1ng aqu1fer volume for the wells of op-
portunity is the poor delineation of fault- compartment geometry. In all of
these cases, seismic data is essential to properly evaluate‘fau1t-compartmeht
area and, therefore, reservoir volume. This centrasts with the_case histories

for producing reservoirs in which lack of compartment control was important in
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Oniy a few cases. This difference is partly inherent in the data base;'the case
‘histories are of developedvfieldszith.production history, whereas wells of op-
portunity are generally wildcat ho]es,fhence.the structure is Tess well deter-

minéd.
INTERNAL PROPERTIES‘OF SANDSTONES |

The basic Constructionaf‘e1énénts qf*sand bodiéé (]amﬁnae, beds) may‘eX-
hibit large grain-size variations dverfa spacé’of inches. These téxtUra] dif-
ferences may be enhanced_duringvdiagenesis‘and‘may YeSult,in maior reductions in
transmissirity after Sandstone‘consd1idation; Chemical precipitate§ that coat
grains and fill pores sérve td furghernréétrjct f]uid f1ow. -Theféma11-sca1e f
,1nhomogene1t1es of reservoirs are contro]led ma1n1y by degree of cementat1on as
well as by size and shape of gra1ns (texture) the1r sorting and pack1ng (tex-
ture), and arrangement (stratnf1cat1on); Pred1ct1ng f]u1d flow through a reser-
: voir_uSing sandstdne facfes_models»depends largely on,(l) whether or. not or1g1n-'
a]frariations in nore properties are praserved in rocks, and (2) 1fvvestiges of
those trénds‘aré'preserved, nhether they aré important in well completion and

production strategies.
Porosity and Permeabi]ityjof Modern Sands

' Most_modern Gulf Cdast_sands are typica11y fine to very finé grained be-
cause of their sdurce and mu]ti-cyc]e orfgin. - Such fine—grained sands generally
have higher porosities but 1ower permeab111t1es than coarse-gra1ned sands from
vcomparable»env1ronments e1sewhere. In fact, some modern po1nt -bar and beach
'sands fron thé Gulf Coast have-original permeab111t1es that -are five to ten
t1mes 1ower than those of equ1va1ent sand types e]sewhere (Pryor, 1973)

Pryor (1973) stud1ed 1nhomogene1t1es assoc1ated with grain sort1ng and d1-

rect1ona1 propert1es of modern sand. bod1es including severa1 Gu]f Coast beaches
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and a Mississippi River point-bar deposit.: Hé found that river sands have
greater permeability variations than beach sands and that both sand types have
well-organized directional permeabilities. The directions of greatest permea-
bility are a]igned parallel to the length of kﬁver bar§ and perpendicular to the
Tong axis of beaches. Permeabilities for modern river and beach sands}range
~from a few millidarcys to tens of darcys depending on grain size and sorting.
This range of more than four orders of magnitﬁde decreases as the sediments
1compact and are buried, but even ranges of three orders of magnitude (0.1 to
100 md) are common in consolidated sandstonesi
| Detailed Investigation of Vértica] Changes
in Porosity and Permeability

Cored intervals from the General Crude 011/Department of Energy #1 and #2
Pleasant Bayou wells were selected for detailed analysis of vertical variation
in porosity and permeability because of the e&éellent condition of the éore and
because the geology of the test well site (fng 30) is well documented (Bebout
and others, 1978, 1980). :

A1l of the cored intervals examined occur be£ween the T2 and T6 correlation

units {(Cibicides hazzardi through Anomalina bi]atera]is zones) of the Oligocene

Frio Formation. A variety of depositional env%ronments, ranging from distribu-
tary channel with associated subaerial levees io shallow-marine storm-related
deposits on the shorefacé toe, are represented. Over 300 ft of core were exam-
ined and described, selected intervals of whichEare presented in figures 32
. through 35.. Explanation of the symbols used in the detailed descriptions of the
core is presented as figure 31.

Diagenesis, involving the reduction of poré voids through éompaction and
cementation, is an important modifier of initial porositiesvand permeabilities

in ancient sandstones. The-diagenetic history of the Frio Formation in the
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Figure 30. Location of the General Crude 0il/Department of Energy Pleasant
Bayou No. 1 and No. 2 geopressured geothermal test wells (Pleasant Bayou) and
structural fabric at the T5 marker (Anomalina bilateralis). The wells, which
were drilled 500 ft apart, are located on the flanks of the Chocolate Bayou
domal structure in a salt-withdrawal basin associated with the Danbury Dome.
Northeast-trending faults are Frio-aged growth faults. [Modified from Bebout

and others (1980)].
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EXPLANATION OF SYMBOLS

CONTACT ROCK TYPE ACCESSORIES
v
Mudstone vig Vertical and horizontal burrows
A d
Fining-upwar A Siltstone and sandy -~ Organic fragments
siitstone (—---—)
X A Rootlets
Sandstone ¢ n Shells
: >
Planar 4 4 mud flak
« Mud clast and mud flake
Erosive £ ) (~~) Conglomerate TEXTURE
Coarsening ‘ Sorting Rounding
-upward v Interbedded sandstone (-}, vp Very poorly a Angular
siltstone (—---—), and p Poorly s-a Subangular
mudstone ().
mw Moderately well s-r Subrounded
w Well r Rounded
INDURATION
STRUCTURES .
WI  Well indurated
— I Indurated

Trough crossbedding
IF |Indurated but friable

Planar crossbedding IS, Indurated but shaly

TCN  Crossbeds with oversteepened foresets

PERCENT CARBONATE

NN
"33 Indistinet cross-stratification CEMENT
Q‘; Gently inclined lamination | Slight effervescence
I - . Moderate effervescence
E=—= Gently inclined lamination separated by 3 e
=—=| low-angle discordances 5 Strong effervescence
10 Very strong effervescence

/=== Horizontal lamination \
o/ .

w Ripple trough lamination POROSITY
w w
Y Planar ripple lamination > Porosity trend
1 Climbing-ripple lamination
‘f v Heavily bioturbated sandstone

U PERMEABILITY

"Massive" sandstone

Contorted bedding

Figure 31. Explanation of symbols for figures 32 to 35. Porosity and permea-.
bility values obtained from whole-core analyses.
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Figure 32. Detailed core description, core characteristics, and interpretation
of the upper part of the Frio T3 correlation unit. Vertical changes represent a
cemposite of several trends, the highest porosities and permeabilities being
associated with large-scale crossbedding and the coarsest grain size present.
Porosity and permeability data are derived from laboratory analysis of whole
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Figure 33. Detailed core description, core characteristics, and interpretation
of the geopressured geothermal production interval (Andrau or C sand). Verti-

cal changes generally show an upward decrease in porosity and permeability for
both sections.
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Figure 34. Detailed core description, core characteristics, and interpretation
of a part of the Frio D correlation interval (sub T5). Upper sand exhibits
uniformly low porosity and permeability. Contorted beds in this sand have lower
porosities than adjacent undeformed beds (15,556 to 15,543 ft).
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Figure 35. Detailed core description, core characteristics, and interpretation
of a part of the Frio sub T5, F correlation interval. This composite sand-
stone shows a central decrease in porosity. On a smaller scale, large crossbeds
(15,670 to 15,661 ft and 15,620 to 15,616 ft) have higher porosities and permea-
bilities than smaller scale crossbeds (15,653 to 15,640 ft).
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Choéolate Bayou/Danbury Dome area has been described in detail (Bebout and
- others, 1978; Loucks and others, 1981; Milliken and others, 1981) and is briefly
sUmmafized here. Lithic arkoses and feldspathic volcanic arenites of the Frio

Formation underwent early, near-surface leaching of feldspars accompanied by

: rep]acement_and cementation by calcite. Compaction of the sediments, with

concomitant generation of clay coats and feldspar overgrdwths, was followed by
~precipitation of locally variable quantities of quartz overgrowths and a minor
phase of sparry calcite cementation. This early phase of passive diagenesis
took place to a depth of appfoximate]y 8,500 ft (Milliken and others, 1981) and
reduced porosity to less than 15 percent (Bebout and others, 1978). Below:
8,500 ft within the geopressdred zone, 1eaching of the unstable Tithic c]asts>
(feldspar, volcanic rock fragments) and early calcite cement created‘secondary
~porosity, but this was somewhat reduced in the deep subsurface by'precipitation
ofrkaoiinite and Fe-rich calcite cement (Bebout and others, 1978).

~The primary objective of the present analysis was to "look through" the di-
agenetic imprint and examine the influence of va}iations in grain size, primary
Sedimentary structures, bioturﬁation, and texture (rounding and sorting of
grains) on porosity and permeability trends in the geopressured Frio; In the /
PTeasanf Bayou cores, porosity and horizontal permeability vary in direct fe]a-
tion to changes in these parameters. Generally, variation in one parameter is
accompanied by a Change in one or more of the remaining variables, e.g., a de-
crease in grain Size is accompanied by an increase in bioturbation (fig. 32,
11,732 to 11,740 ft); therefdre, considering these parameters individually
p]acés artificial constraints on the analysis. Because changes in graih size
are commonly accompanied by changes in primary sedimentary structures, and
‘because these twd par ameters exert the most influence on porosity and perme-

ability, these parameters are discussed jointly.
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Variations in Grain sze and Primary Sedimentery Sfructures

| ~In the Pleasant Bayou cores a decrease inzgrain size is accompanied by a
decrease in'porosity and permeability (fig. 32; 11,732 to'11,741 ft; fig. 33B,
14,757.5 to 14,759 ft; fig. 35, 15,629 to 15,632 ft). This decrease is most
~ marked where a decrease in grain size involvesia change in 1ithology from sand-
stone to siltstone or mudstone (fig. 32, 11,765_to 11,772 ft, permeability de-
crease from an average of 100 md to less than}l md, and porosity from 20 to
13.5 percent). Howevér, even very subtle changes in grain size unassociated
with changes in sedimentary structures result in dramatic changes in permeabil-
1ty For example, in an interval composed of ripple cross-]am1nat1on (fig. 33A,
14,713 to 14,716 ft), a gradual decrease in gnéin size from medium to fine sand
is ‘accompanied by a threefold change in permeability (475 to 140 md). The co%n-
cident decreaSe?in porosity is less dramatic‘éZO to 17.5 oercent). The reverse
also ho]dsvtrué, as an increase in grain size;(fig. 32, 11,775 to 11,785 ft)
results in o porosity increase from 13 to 17 percent.

Changes insgrain size are genera]]y accoﬁpanied by changes in pfimary sedi-
mentary structures. A progressive increase 1n grain size from the base of the
T3 cored interval (fig. 32) corresponds to a nertica1 gradation in the scale of
structures from horizontal laminations and scdﬁtered'rippled zones, through
c]imbingvripp1es to small-scale planar crossbeds finally to a large-scale
trough crossbhed in the coarsest gra1n size present (11,771 to 11,785 ft). The
highest permeabilities encountered in this 1nterva1 occur in the 1arge—sca]e
trough crossbedded, med1um—gra1ned sandstone (f1g. 32, average 118 md,

11,772 ft). Decreases in grain size are accompan1ed by a decrease in the scale
of sedimentary structures as well as a reduct1on in porosity and permeability
(figg 32, 11,732 to 11,740 ft; fig. 33B, 14;75?§to 14,759 ft; fig. 35, 15,653.5
to 15,662.5 ft). | | N
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‘Some of the sandstone 1htervais described do not exhibit a change in grain
size but are éharacterized by variations.in the Sca]e ahd types of thevprimary,
~sedimentary structures. These variatibnsvin bed thickness and configuration at
constant grain size result fr om changes in water depth'and/or cufrent velocity
(Simons and ofhers, 1965; SoUthard, 1971). Porosity and pereabi]ity.appear to
be influenced by the scale and type of sedfmentafy st?uctures. Generally, the .
larger the scale of the sédimentary‘structufe, the higher the relative porosity
and permeabi]ity{ The term "relafive" is used here as quantitative comparfsons
of the_measuredbporosities and'permeabilitiés from different inferVals are not
»valid because of>differénces in diagenetic histories. Large-scale crossbedded -
sandstones (fig. 36A, rfghf’core slab) have highér porosity,andvpermeabi]ity
vvalues than smaller-scale crossbéddéd sandstones (fig. 36A, left cofevslab, and
fiQ. 36B), which, in turh, have higher values than rippled sandstones
(fié. 36C). Hor izontal (fig. 36C)iand gently inclined laminated sandstones have
~variable permeabilities, probably as a result of fluids moVing a1ong"bedding
planes rather}than betWeeh“the sand grains (interstratal versus intrastratal
flow). Non;biogenic,’postdepositional structurés also affect porosities and
permeabiTities. In an-intefval consisting of interbedded, undeformed and cogé
tortéd upward;fining cycles, the undeformed beds have porosftfes sjgnifitant]y
higher (2 to 3 pe{cent) than the adjacent contbrtéd beds (figs. 34 and 37A),

that are of a similar grain size.

Bioturbation and Texture | |

The effects of biotdrbationidn peimeabf]ity trehds_and; to a lesser extent,
porbsity in the Pleasant Bayou cores are well defined. In 1hténse1y bioturbatéd
zones permeabi]ities are markedly reducéd in comparison tobadjaceht slightly
‘bioturbated horizons. This is.partly be;ausévburr0wing énd feedfng'trails of

trace fossils disrupt and'destroy bedding,‘fhereby inhibiting f1u1d movement
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Figure 36. A. Right slab. Large-scale cross-lamination in permeable (729 md),
porous (19 percent) sandstone, interpreted as a bed-load distributary-channel
deposit (F correlation interval, fig. 35). Intermediate- to small-scale cross
beds (left slab) also deposited within bed-load channels in this interval have
negligible permeabilities (less than 1 md) and significantly Tower porosities
(10 to 12 percent) than sandstones with large-scale cross-lamination.

B. Intermediate- to small-scale crossbedded sandstone of the production interval
(fig. 33B). Porosity (16.5 percent) and permeability (100 md) are less than
that of large-scale crossbedded sandstone. C. Ripple-laminated sandstone over-
lain by horizontally bedded sandstone with thin mud drapes. Ripple-Taminated
sandstone has the lowest permeability and comparatively low porosity in the
production interval (see fig. 33B).
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.Figure 37. A. Interlaminated very fine grained sandstone and siltstone inter-
- preted as shallow-marine storm-related sequences. Undeformed units have higher
porosities (2 to 3 percent) than adjacent contorted deposits (see fig. 34).
B. Highly bioturbated sandstone (trace fossil Ophiomorpha) in which porosities
and permeabilities have been substantially reduced owing to destruction of pri-
mary sedimentary structures and introduction of fine-grained detritus. In these
lower shoreface deposits porosities were reduced from 23 percent in unbioturba-
ted sandstones to 7.5 percent, and permeability was reduced from 60 md to 1 md
(fig. 32). ‘ o :
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along bedding planes. Furthermore, porosity and permeability reductions are
partly attributed_to mixing of finer grained detritﬁs into the sand by the
organisms. An example of the effects of bioturbation on reservoir quality is
illustrated in figure 32 (11,743 to 11,732 ft). Three zones of intensely bio-
turbated, very fine grained sand are interbedded with weakly to moderately bio-
turbated sands, in which sedimentary structures are still recognizable. In the
bioturbated.zones, primary sedimentary structures are ob]iterated by burrowing
of organisms, their activities now recorded by the trace_fossil Opﬁiomorgha
(fig. 37B). Permeability in the weakly bioturbated zones (11,741 and 11,735 ft)
is significantly higher than in the adjacent intensely bioturbated sands. Per-
meabilities decrease froh an average of 50 md to less than 30 md (two of the
zones have permeabilities of less than 1 md). )

The response of‘porosity to bioturbation is varied. In the bioturbated in-
terval 11,741 to 1,737 ft (fig. 32), porosity in one of the samp]eé was similar
to that of adjacent weakly bioturbated sandstonés, while the other was 5 percent
lTower. Where bioturbation is accompanied by a change in grain size, porosities
decrease markedly (23 to 7.5 percent; 11,735 to 11,732 ft). Introduction by the
‘organisms of finer grained detritus from the overlying deposits into the sand-
stones is the probable cause of this decrease.

The influence of textural variations on porosity and permeabi]ity in the
P]easanf Bayou cores is masked to a large extent by the overriding effects of
diagenesis. However, the importance of textural controls on reservoir quality
is indicated in figure 33B (14,760 to 14,766 ft). Here, changes in sorting from
poor to moderate, and in grain shape from subangular to subrounded is accom-
panied by an increase in permeability (125 md to an average of 850 md) within
sandstones of a constant grain size and similar scale of structure. The reverse
also holds true as a decrease in éorting and rounding results in a decrease in

permeability and porosity (fig. 33B, 14,750 to 14,754 ft).
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IndUration

Induration refers to the hardness and cohesiveness of sandstones andvcan‘be
an indicator of porosity and'permeability;,’We11-indurated;sandstones in the
- Frio Formation7(fig; 33A, B; and fig. 35) have negligib]e.permeabilitiesb On

the other end of the spectrum, indurated but friable sandstones are character-

ized by comparatively high permeabilities (fig. 35).

Po?osity énd Permeabiiity as a Functioh
of Depositional Environment

| Environments of déposition of the sandstonés intersected by the Pleasant
Bayou cores Were interpreted on the baéis of sandstone gebmetries (Bebout and‘
7 others,“1978,;1980) and vertica] arrangement of grain size and primary sedimen-
tary structures. The nature.and.intensity of bioturbation and micropa1eonto1qg-
fcal evidence (Apﬁéndix A) were also taken into account. The broad.depositidn-
al setting of théigeOpreséured Frio in the Chocolate Bayou/Danbury Dome area is
inferred to be a high-constructive deltaic‘system‘With individual depositional
sequences exhibitfng lTobate net-sand pattefné° A variety of subenvironments
within'this deltaic system ére répreSented in the cores. Becauée_of the‘dynamic
‘nature of fhe de]taic-marihe interface,'there 15 often‘a rapid a]tefatioh of
subenvjfonments within the de]faic-sha]Tow marine'system. For example, marine
reworking of de]ta—p}ain sedimenfs following Tobe abandonmentrand switching of
fluvial activity elsewhere on the_de]ta plain resu]ts,invnearshore mar ine depos-
its of variable thickness interbedded;within a predominantly subaerial séquehce
(fig. 35, 15,660 ft). VeYtic§1‘a1ternation of subenvironments in fhis instance
(marfne‘sandstone interbedded in f]uviai sandstone) would notvianuencé reserQ
voir behavior as‘markedly as superposition of more disfal marine facies (10Wer
 shoreface siltstones or offshore‘mudstones) of f]oodp]ajn mudstones (fig. 35,

15,625 ft) in théyseqdence. Therefore prediction of reservoir behavior should
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‘always consider the dynamic nature of the systems respohsible for deposition and
accumulation of the reservoir host rocks.

Porosity and permeability trends within these subenvironments are directiy
‘re]atqd to grain size, sedimentary structures,iand bioturbaﬁion. Thus, the
lower shofeface, which is composed of biotubbafed, very fine grained, horizon-
tally laminated sandstone,.hasbloweb porosities: and permeabilities than do the
sparsely bioturbated, crossbedded, very fine'té fine-grained sandstones of the
upper shoreface (figs; 32 and 34). Simi]arly,;the'medium-grained'crossbedded
sandstones. of diétributary-mouth bars (fig. 33A; B) and sand-filled distributary
channels have relatively higher porosities and permeabilities than do associated
subenvironments (fig. 35). ‘ | o

In summary, a knowledge of grain-size trends, sedimentary structufes, and
bioturbation associated with épecific depositioﬁa] environments is critical in
predicting reservoir quality in adjacent areas for which core data are unavail-
able. In genera], trossbedded, moderately sortéd and rounded, re]ative]y coars-
ér Qrained sandstones (upper shoréface, f]uvia11éhannel, distribﬁtary-mouth bar
subenvironments) have higher permeabilities than do the assdciated‘ripp1e-
laminated and horizonta]]y 1am1nated, bioturbatéd, poorly sorted, f%neb grafned
sandstones of the lower shoreface, distal de]ta;front, and levee subenviron-

ments.
Facies Control:on Reservoir_Continuity‘

Sandstone reservoirs are rarely the uniform; Tatera]]y perSistént»sheet
sands they are often assumed to be. Sandstone dépositiona] geometries differ
markedly as a resuTt of deposition under wide1y’dfvergent conditions; for ex-
ample, thick, 1aterai1y persistent sheet sands deposited as distributary-mouth
bars in the delta-front setting of a constructivé lobate delta (for example, the

Andrau or C sand, figs. 38 and 39) constitute more attractive targets than thin,'
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Figure 38. Net-sand map of the sub-T5 Andrau Sand (the potential geopressured
geothermal production interval) and Tocation of the fence diagram presented in
figure 39. The isolith map suggests a high-constructive lobate deltaic origin
for the Andrau Sand. ‘ .
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Figure 39. Fence diagram illustrating the continuity of depositional uhits of

the production interval.

Delta-front sheet sands. and distributary-mouth bar and
channel deposits are laterally persistent and comprise a more attractive explo-

ration target than the thin impersistent sands of the delta plain and delta .

margin.
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impersistent, fluvial sandstones of the delta plain. Simi]arly; thin, "shaly"
sandstones of the reworked delta margin have a 1ower production ootential than
do continuous sand stringers (possib]yvdebosited under storm-re]ated'conditions)
of the distei'de]ta front. Figure 39 illustrates the lateral extent of the del-
ta front and channel and mouth bar depOSits and their favorability as exp]ora-
tion targets compared to thin impersistent sands of the delta plain or delta
margin. |
In eddition to the infiuence of depositionai geometry'onvreserVOir continu-

ity, vertical and lateral euperpositiOn of subenvironments creates heterogeneity
iniprospective reservoirs. Thinly interbedded interdistributary mudStOnes and
sandstones that prograded over lateroily extensive“distributery-channéi and v
mouthnber sandstones (fig. 39) inhibit vertical permeabilities in the pbtential
- reservoir and make positioning of well locations and perforated intervals crit-
ical. Simiiar]y,v]aterale continuous mudstonesvinterbedded within fluviei
sandstones of a stratigraphicaily higher deita system that, based on net sand
“patterns, was of the high-constructive lobate variety (fig. 40) increase the
heterogeneity (and redoce the continuity) of»abpotentio1 production_intervol
(fig. 4i). Distributary mouth-bar sands in this“iobate'deita‘thicken and become
~ more laterally persistent in a basinward directionvbut are not. as ektensive as
in the previous examp]e (fig. 39). This is possibly a result of positioning the
cross sections in the'proximé] reaches of the delta and not in the region of

maximum'marine reworking of:the fluvial sediments. Marine reworking of the
delta front winnow§ the finer fraction, creating’t]ean, iateraliy_persistent
cneet sands in which inhomogeneities are minor. On a smaller scale, distributary
mouth-bar.sands have been shown to be composed of the coarsest grain size and
contain large primary sedimentary structures (fig. 33) and, as such, compose the

most favorable reservoir in the constructive deltaic setting.
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distributary-mouth bar and channel facies, and the presence of mudstone drapes
that inhibit vertical fluid flow in the delta-plain deposits.
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Vertica] Pattéfne 7
o Porosity’and oermeability values reported for modefn sands'(Pryor, 1973;
kFu]ton,.1975), oqurops (Hutchinson and others, 1961; Po]asek and'HutchihSon,
1967), and:whole~COre analyses (figs. 24,‘and132 to 35) provide a wealth of data
for interpreting vertical changes’in pore properties. }Earlier workers re]ied-on
nonuni form variants and statisticel (Monte Car]o) techniques to describe and
represent permeabiiitynin reservoir modeTS because variations wer e thought to be
random (Warren and others, 1961) For example, Po1asek end Hutchinson (1967)
_measuved outcrop permeab111t1es for seven vert1ca1 outcrop sect1ons in the
Cretaceous Almond sandstone and conc]uded that permeability differences were
randomly d1str1buted._However, exam1nat1on of their data reveals def1n1te perme-
ability trends dipping across the outcrop at 1 degree (apparent structural dip?)
with cycles‘of'higher and lower permeabiiity'about 15 to 20 ft thick. Reevaloa-
~ tion of pore properties in this report using depositional models giyes-more}or-'
der and meaning to variability that,preVTOUSIy was considered random.

Porosity and permeability are not difectly re]ated° however"the verficél
trends of poros1ty and permeability w1th1n sandstones are remarkab]y cons1stentv
and form.repet1t1ve patterns. - Of the six basic patterns documented (f1g;.42)
five are systematﬁc (upward 1ncrease, upward decrease,[fyg. 331, central.in- ’
crease,ACentfél deerease [fig. 35],}and uniformly low [fig. 34]), whereas the
sixth is 1rregu1ar or a composite (fig.:32) of the other types; N

In their simplest form, patterns one and two reflect upward-coarsen1ng and
upnard—f1n1ng sequences; pattern three usua]]y_represents original pore trends
or tight streaks associated with‘the upper and lower sandstone boundaries; pat-
.tern fiVe.representé ]ate-stegencementation, occlusion of primary porosity, and
drastic reduction of permeability; and oéttern six is usua]]y'aésociatedkwith
- thick amalgamated sandstones, eacn withbvariab]e interna] propert1e$'and sepa-

rated from one another by shale. Higher porosities and permeabilitfesbnear the
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sandstone:margin, shown‘by‘pgtfern four, are diff%cu]t to ¢xp1a1n. Perhaps théy
reflect a1teratioh,and 1eachfng by ground watér,vor;théy may represeht én’in-
‘ versebreTation to original texturaT properties whereby clean we11-sdfted’sand$ .
were tightly éemehted; whilenmoderate1y sorted sénds were less affected'byjce-

mentation. In any case, pattern four is the least common.

Pore Properfiés and‘Stratifiéation | ‘
~ Judging from limited published data (Mast and Potter, 1963; Pryor, 1973)

and available coré analyses,‘porosfty and permeab11ity are fndirect1y relatéd to
~internal st?atification because sedimentary structures are partly controlled by
grain size. In modefn'sénds, a reiative rankfhg,of permeabi]itﬁes fr0m highést ,
to lowest corresponds to (1) foresets and 1arge¥sca]é troughs,’(z) horizontal
and 1ow-ang1e‘inclined parallel stratification; and (3) sma]]-sca1evtroughs and
“ripple cioss-sfratification.b Similar conclusions can be derived from the data

’ of-Hewitt'and Morgan (1965), Po]asek‘and Hutchinson (1967), and Dodge and others
| v(197l). These relationships; however , §hod1d befused'in'fhevcontext'of proper -
ties of surroundihg sedﬁments, for as Pryor (1973) noted; “a’bedding’unit‘of
‘higher bermeabi]ity comb]ete]y sur rounded by units of 1owerbpermeab111ty will
‘not demonstraté its u]timafe through-flow capability'but will have an effective
'permeability'influenced and largely determinéd by the lower permeébi]ities:Of
thé bounding units." _ ) |

| Mast and Potter (1963), among others, found‘that’pérmeabi1ity is highest -
paraT]el to'étratification and Qrain-fabric ofientation._ Theref6re;‘h1gh ver -

tical pefheabi]ities may 1ndﬁcatekfka¢turing across bedding surfaces.
~ Frequency and Arrangement of Flow Barriers
According to Polasek and HutChinson (1967), f]uidrmovement“is largely de-

termined by the distrﬁbutioh offsénd’and shaly sand rather than by permeability
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variations within a sand Therefore gross arrangement of sedrment types pre-
drcted from sed1mentary mode]s may " a1d 1n evaluat1ng reservorr per formance.

The drstrrbutron of pore space and-f]ow<barr1ers‘can.be.re]ated to the en-
-vironmentfof.deposrtionkinterpretedffrOm the SP.and short-normal resistivity
curves (Sneider‘and others, 1977). Establishment of these relationships allows
better prediction of flow barriers, their effecf on.reservoir production, and
the probable Tocations of isolated segments within a sand body that remain
undrained during'primary production.. |

Porosity and permeabi1ity variations in fluvial sandstones are slightly
'more‘predictabie in fine-grained, mixeo-1oad and suspended-Toad channels than in
coarSngrained, bed-Toad channels because channél deposits of mixedéload and |
suspended -load streams typ1ca11y fine upward. The high percent of sr]t and clay
transported by these streams gives rise to a broad range of grain sizes that are
mixed and sorted at various stages of stream drscharge.; The resu1t1ng assem-
blages of sedimentation units are commonly graded or at least capped by numerous
clay drapes that are preserved as disoontinuouskshale partingsr The frequency
of shale layers and the proportion of silt and o1ay gradually increase upward,
resu]ting in upward decreases in porosity and permeability and vertical con-
t1nu1ty. | | | |

In contrast, streams transporting coarse ~-grained sediment do not exh1b1t
systematic vertical changes in size, hence, the‘relatrve positions of major
permeability changes are uncertain. Judging from'Pryor‘s (1973) data, abrupt
decreases in porosity and permeability occur atgfhe'topsvand»bottoms of coarse-
grained channeT depoSifs.\ The 10Wer permeabilifies near the channel oase are
causeo by intercalated mud>1ayers formed»duringirapid fall in flood stage.
These slack-water deposits within the thalweg are commonly eroded or comp]etelyb
~ vemoved during sUbsequent stages of flashy discharge, but some are preserved as

thin shale lenses or wedges.
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Coarse-grained river deposits are commonly poorly sorted ahd contain ]arge-
scale sedimentary stfuctures. These conditions lead to highly tortuous flow
paths because dip directions in the maéter bedding and sedimentary structures
are variable and often opposite.

Percent sand, sand thickness, and bulk permeability (product of reservoir
thickness and permeability) decrease toward the margins of fluvial and distribu-
tary channels, but bulk permeability varies greatly within the saﬁd body (Houser
and NeashaM, 1976), owing to truncations and other beddiﬁg disruptiohs, and to
changes in grain fabric.

The commonly yeCognized upward-coarsening sequence attendant with delta
progradation prdvides a;ratibna1,basis for predicting grbss internal properties
of delta-front and delta-margin sands. For purposes of this‘discuﬁsion, a prac-
tical diStincfion can be made between complete and 1ncomp1efe progradational se-
“quences. The former are characterized by superposition of distributary-channel
sands over sands of delta-front or distributary-mouth origin. - In cohtrast,
delta-front sands are usually overlain by shelf of delta-plain muds if progra-
dation is incomplete because of distributary abandonment. The significance of
this difference is that the number and thickness of shale interbeds decrease
upward in the comp1ete progr adational sequence, whereas de1ta-front sands of
~incomplete cycles may be overlain as well és-underlain by interbedded sands and
shales.

Sorting improves, and sand percent and sand-bed thickness increase upward
in delta-front and delta-fringe deposits. Both delta-front and delta-fringe
sands are highly continuous, but delta-fringe sands have poor vertical bermea-
bility because of numerous laterally extensive clay beds. Sands become more
poorly sorted, sand beds ﬁhin, and grain sizes decrease away from distributary
channels. The physical changes céuse reduction in the bulk permeability of

delta-fringe deposits (Houser and Neasham, 1976).
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VerticaT trends of porosity and pepmeabijity ihkbarfiers and-strahdp1aihs'
‘are somewhat analogous to those found in delté‘fronts and distributary-mouth
v}bars because of upward-coarsening‘textures, bﬁt beyond that similarity,théy are
Qufte-different in at least two respects. Fifst, the strong waveraCtion and ¢
sediment sorting along barrier and strandp1ain:shore11hes~produce cleaner and‘
better sorted sands with practically no mudbdépdsitéd on the upper shoreface and
beach. Moreover, the lateral continuity of thick barrier and strandp]ain sand
bodies far exceeds that of most delta fronts dnd distributary-mduth'barsi
(tables 1 and 2). Consequently, in their unaltered state, barriers and strand-
plains poséess the greatest lateral and vertich] continuity of the common
sandstone types. | |

Quter shelf and slope sands are best developed in submarine channel ahd Fén
‘complexes. The distribution of Tow-permeability zones in these'deep-Watervsand-
stones is similar to the spafié] patternsvin deltaic deposits. The thickest and
| cleanest sands are associated thh submar ine cﬁanne1 deposits that are laterally
restricted and vertically séparated by shaly iﬁterQals. Thin-bedded sands asso-
~ciated with the submarine fan deposits are remérkab]y uniform in thickness and
laterally continuous over broad areas. 'Howeve;; vertical continuity in these
sandstones is extremely low because 1nterbedded:sha1es are comparéb1e to or
greater than the sand layers in thickness. Tuﬁbiditesvare also characterfzed by
some contorted and bioturbated zones with extréme]y low permeabilities. Except
for the thick channel sands, turbidites generally make poor reservoirs for pro-

i

duction of liquids.

IMPLICATIONS FOR GEOPRESSURED ENERGY DEVELOPMENT

On the basis of energy production requireménts,'sand bodies cah,be ranked

aécording to sand volume, lateral continuity, and internal heterogeneity. Ideal
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reservoirs consist of Targe 1atéra11y exténSive sand~bbd1es wifh minimal intér-
ferehce to flow from interna] perheabiiﬁty’barriers. Sohe natur al reservoifs
~approach this high standard, but most are less than ideal because of exte?nal'
and 1ntérna1 discontindities. In,theo}y, barrier and strandp]ain saﬁdstohes or-
iented parallel to regional stfucfura] fabric appfoximate the ideal reservoir.
These deposits also haVe~high permeabilities in the upper part of tﬁefsand*body, '
an édded_advantagebwith regard to production of-gravity-ségregatédvf]dids such
as oil and gas. | | | |

_Fluvié] éandstones oriented normal to'regional structural féb}ic rank sec-
vond according to the favorable criteria. These meandekbélt systems’may éon£ain
substant1a1‘quantities of sand interlaced and interconnected throughout the
valley-fill network. A Elose third are distriﬁutary channel sands and asSoéi-
ated delta-front énd distributary—mouth’béf sands 6rientéd normal tb:deposition-
al strike. The channel and bar-finger sands are commonly thicker and narrower
than alluvial chaﬁnels although they both exhibit similar pore properties.
Favorable reservoir potential marked]y decreases ioward the delta fringerand
distal delta front. | | |

Submarine,chanhe1s and fans ofiented‘nbrma1 to regioha1vstru¢tura1 fabric
provide the least volume and lateral continuity of the common sandstone types.:
A disadVantage of thesé and other channel sandstones is that highest perméabil-
ities are often associated with'the coarsest grain sizes and largest sedimentary
structures found near the channel base. Although channel sands make exce}}enf
reservoirs when completely fi]led'with hydrocarbons, they aré‘1ess suitab]e wﬁeh
only partially fi]Ted because reservoﬁr continuity and permeabilities décrease.v
toward the top of thevsand body. However, baSa] channel sands are suitable for
solution gas production if structure and gravity ﬁegregation of the fluids ére

'unimportént.'
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The relative ranking of these sand bodies is greatly simplified, and un-
doubtedly there are numerous exceptions. However, the ranking can serve as a
guide to drainage efficiency on the basis of shaliness. Conceptually, upper
shoreface and beach sands should provide greater lateral continuity, fewer re-
strictions to flow, and, consequently, greater drainage efficiency than diéta]
delta-front sands. Inhomogeneities within the sand body account in part for the
poor agreement between reservoir volumes estimated from geological maps and

calculated from production data.
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undertaken by Clarence Albers of Amoco Preduction Company, Houston, Texas. Sam-
ples selected for analysis were taken from mudstones and silty mudstones of the
Pleasant Bayou wells.
the depositional system interpreted.
initial rock volumes processed were not measured, as relative numbers are ade-
quate for paleoecological interpretation. The paleocecological interpretations

based on fossil evidence agree very well with 1nterpretations of depositional

systems based on depositional geometry and core characteristics.

APPENDIX

Microfossil Recovery and Palecenvironmental Interpretation
for DOE/General Crude No. 1 and No. 2 Pleasant Bayou Cores

Brazoria County, Texas

Micropaleontological analysis and interpretation of 31 core samb1es were

Microfossil Recovery

#1 Pleasant Bayou

10229

10232

Textularia cf. dibollensis - numerous
Nonion aff. struma - single
Buliminella cf. elegantissima
Cytheridea Sp.

Cytheretta jeffersonensis -~ single

Textularia Cf. dibollensis - several
Textulcria cf. mormhinvegi - single
Textularia Spp. - few

Discorbis nomada - several
Trochammina SpP. - rare

Nonionella sp. - several, very small
Buliminella cf. elegantissima - common
Bolivina cf. striatula - few
Virgulina cf. pontoni - rare
Globigerina $p. = Single

Cytheretta jeffersonensis - few
Pyritized diatoms
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10233.5 . Discorbis nomada - rare
Nonionella sp. - rare
Virgulina pontoni - single
Haplocytheridea zsraelskyt - fragment
Haplocytheridea sp. - fragments

10236.5 = Discorbis nomada - common
Textularia mornhinvegi - fairly common
Textularia sp.
Buliminella cf. elegantissima - common
Cibieides hazzardi - two
Virgulina pontoni - fragment
Bolivina cf. striatula - several
Nonionella sp.
Elphidium incertum - two
Angulogerina sp. - single -
Trochammina Sp. - COmMMON
Ammobaculites cf. salsus - two
Haplocytheridea israelskyi - single
Cytheretta gefférsonens1s - s1ng]e & fragments »

10239 Textularia mornhﬁnvegz - few
- Textularia sp.
Discorbis nomada - severa] u
Bolivina cf. striatula - rare
Trochammina sp. - several
Cibicides hazzardi - single
Haplocgthertdea Lsraelskyt - fragment

10242 Textularia mornhznvegz - several
Textularia sp. - several
Discorbis nomada - rare
Trochammina sp. - few
Ammobaculites cf. salsus - rare
Cytheretta jeffersonensis - single
' Cytheridea ? sp. - fragment:

10246 Discorbis nomada - two
: Cibicides hazzardi - single

Bolivina cf. striatula - rare
Textularia mornhinvegi - few
Textularia sp. - single
Trochammina sp. - rare
Ammobaculites cf. salsus - rare
Haplocytheridea israelskyi - single

10249  Cibicides hazzardi - rvare
Nonion pirarrense - s1ngle ‘ . - , ‘
Cyeclammina sp. - compressed ' . ‘very poorly preserved
Eponides cf. ellisorae - fragments . S
Trochammina sp. - rare
Robulus sp. - very poor
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10260

10262

11752
11761
14065
14069

14072.5

14075

14079

14080.5

14086.9
14103
14105
15559.2
15561.2

Eponides ellisorae - three
Textularia cf. dibollensis

Textularia sp.
Ammobaculites cf.

salsus - several

Cytheridea ? sp. - fragment

Ammobaculites cf.

salsus - few

Cyelammina sp. - small, several

Discorbis ? sp.
Amphistegina ? sp.
Eponides ? sp.
Amphistegina ? sp.
No fossils noted
No fossils noted

No fossils noted

" Trochammina Sp. -

Ammobaculites cf.
Pyritized diatoms

Trochammina ? sSp.
Pyritized diatoms

very poorly preserved, worn

compressed, fairly common
salsus - several
- rare

- rare, poor
- rare

Disecorbis nomada - several

- Disecorbis sp.

Nonionella sp. - single, pyritized

Ammobaculites cf.
Trochamming Sp. -
Pyritized diatoms

Textularia seligi
Textularia Sp.
Ammobaculites cf.
Trochamming Sp. -
Pyritized diatoms
Textularia seligi
Ammobaculites cf.
Trochammina Sp. =
No fossils noted
Ammobaculites (?)
No fossils noted

Ammobaculites cf.

Ammobaculites cf.

salsue - few

fairly common, very small
- single -

salsus - fairly common
commen ‘

- common

- three

salsus - several
fairly common, very small

Sp. - very rare

salsus - common

salsus - fairly common
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15562 Ammobaculites‘ch‘sqlsus - several >

15592 No fossils noted

#2 Pleasant Bayou

i NQ mar ine fossilsrnoted in'thé'six Samples~proyided in the interval 15624?15674;_  ‘
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10229-10262
11752-11761
 14065-14072.5
14075-14080.5
14086.9-14105
15559.2 - 155562
15592 |

~

#2 Pleasant Bayou

15624-15674

Paleoenvironmental Interpretation

Inner nerific ’

Unfossiliﬁerous - non-marine? X

Transitfoﬁé] - bay, Tagoon- -

Inner neritit

Unfossiliferous or transitional

Transitioﬁal - bay, lagoon

UnfoSsi1iferous )

Unfossi]iferous - high lignite contént .

indicates marsh or swamp deposit. ; ‘ -
»
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