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Deep Natural Gas Resources in the
Eastern Gulf of Mexich

By Dudley D. Rice, Christopher J. Schenk, James W. Schmoker, James E. Fox,
Jerry L. Clayton, Thaddeus S. Dyman, Debra K. Higley, C. William Keighin,
Ben E. LawandRichard M. Pollastro

ABSTRACT have an inorganic origin and present problems in drilling,
production, and marketing. Geochemical data indicate that
The deep reservoirs of the Upper Jurassic Norphldiquids in deep Jurassic and Cretaceous reservoirs may have
Formation in the Gulf of Mexico contain large resources ofat least two sources. In addition, the condensates may have
gas in eolian sandstone reservoirs. Thermal maturity is resulted from either (1) high-temperature cracking of heavier
major control of these deep accumulations. Thermal gradiydrocarbons or (2) evaporative fractionation.
ents vary throughout the study area but are highest south of
the Wiggins arch where the potential for deep gas is highest.
Thermal modeling indicates that paleotemperatures were INTRODUCTION
higher than present-day temperatures. At a given level of
”?e_”‘"a' maturity, porosity values for the Norphlet are S19° The United States depends on oil and gas as its major
nificantly higher than those of most sandstones worldwide, . . .
g . Sources of energy; however, fewer wells are being drilled
These high values may be related to (1) early cementatlo[n . . . :
. ; S oday in the United States, the discovery rate of new oil and
and subsequent dissolution of evaporitic cements (carbon-as accumulations is declining. and oil broduction is
ates, anhydrite, and halite), (2) inhibition of quartz diagene9 9 b

. . L . decreasing. Future supplies of domestic oil and gas will
sis by chlorite clay cement, which is prevalent in offshore g PP 9

Mobile Bay, (3) overpressuring, (4) inhibition ofdiagenesisreSU|t from improved recovery of discovered hydrocarbons

by the presence of hydrocarbons, and (5) the lack of ponaend the development of unconventional resources. One

. . important and essentially undeveloped source of gas is from
fluid volume required to cement the sandstones. P y P g

. . deep sedimentary basins.
The source for onshore Jurassic hydrocarbons is prob- P y

ably algal carbonate mudstone in the lower part of the  The Gulf of Mexico is one of the Nation’s most impor-
Smackover Formation. These carbonate source rocks, hojint Provinces for discovered and undiscovered hydrocar-
ever, are probably inadequate to charge the major accumBons. In addition, it has an enormous volume of sed|menta_ry
lations of deep, dry gas in the Norphlet in the Mobile Bay/°cks deeper than 15,000 ft (4,572 m) and the best potential
area of offshore Alabama and Mississippi. Downdip, mord©F deep gas resources. Interesting statistics from the NRG
distal, marine, type Il kerogen-bearing facies of the undif_Assomat_es S|gn|f|cant Fields File (greater fchan 1 million bar-
ferentiated Norphlet and Smackover interval are postulatel!S Of oil equivalent [BOE]) are summarized for the deep
to be the source for these offshore accumulations. (>14,000 ft, >4,267 m) Gulf Coast Mesozoic producing
Gases in deep reservoirs of the Norphlet are distin€9i0n (NRG Associates, 1988). The Mesozoic producing
guished by their dryness and by their enrichmeni@, ~ '€gionis important for deep gas and includes the East Texas,

both of which indicate generation at high levels of thermalNOth Louisiana, and Mississippi salt basins, extending into
maturity (metagenesis). Gases in Jurassic reservoirs of t§@Uthwest Alabama and the panhandie of Florida. One hun-

study area contain varying amounts of ,G®d HS that dred and nine deep reservoirs in 97 fields are present in the
’ Gulf Coast Mesozoic producing region, and the first discov-

ery was in 1944. Although a tremendous volume of sedi-

) Thls_ paper was originally published, in slightly different form, in mentary rocks deeper than 15,000 ft is present, the number
Proceedings of the natural gas research and development contractors r

view meeting;, edited by Rodney D. Malone, Harold Shoemaker, andO? S|gn|flpant _deep reservoirs de_cregses with |ncrea5|_ng
Charles W. Byer, 1992, U.S. Department of Energy DOE/METC 92/6125d€pth. Fifty-eight percent of the significant deep reservoirs
p. 151-166. are classified as gas producing, and more deep oil reservoirs

219



220 DEEP NATURAL GAS RESOURCES IN THE UNITED STATES

are present in the eastern part of the trend where the geother- GEOLOGIC FRAMEWORK

mal gradient is lower. For all depths, 64 percent of the deep

reservoirs are clastic, whereas only 36 percent are carbonate. The northern Gulf of Mexico Basin developed as a post-

Most of the hydrocarbons in deep reservoirs are structurallgaleozoic passive margin on the Ouachita fold belt that has
trapped resulting from salt diapirism and syndepositionapeen affected by extensional and gravitational faulting since
growth faulting. Triassic time. The petroleum geology of the basin is summa-

In this paper we present a progress report on our deéBed by Curtis (1991). Unlike other basins developed on
gas studies in the eastern Gulf of Mexico (onshore and 0H:gassive continental margins, the Gulf Basin is characterized
shore Mississippi, Alabama, and Florida) in a study area th flowage of Jurassic salt that has resulted in abundant

includes the Mississippi salt basin (fig. 1). In the study areaﬁtruCtural traps: . Facies _patterns_ and thickness variations
numerous deep wells have been drilled, commercial de reflect a depositional setting of rifted grabens, large-scale

hydrocarbon production has been established, and sufficie gsin subsidence, and paleohighs (fig. 1). Triassic and Juras-

) . . fIC strata are evaporitic, eolian, and fluvial-alluvial clastic
samples and data are available at intermediate and greaier

. ) . : . ocks and shallow-marine and peritidal carbonate rocks.
depths with which to conduct studies. The main points o L . .
. . . ower Cretaceous strata are primarily fluvial-deltaic depos-
focus in our studies are (1) geologic framework, (2) therm

. . 2 s, and Upper Cretaceous strata are deltaic and marine-shelf
maturity, (3) reservoir characterization, and (4) hydrc’C"’“bo'aeposits. Marine transgression continued until Paleocene
generation and migration. This integrated approach is

. T &ime, at which time a deltaic system prograded into the area
attempt to determine the controls, distribution, resource ) the northwest

ial loitati f . . . _
potential, and exploitation and recovery of deep gas The stratigraphic framework of the study area is illus-

The research was funded in part by the U.S. Departmemiated in a regional north-south cross section that extends
of Energy under contract DE-A121-83MC0422-5 MODfrom the northern edge of the Gulf Coast Basin to State

A044. waters of Mobile Bay on the south (fig. 2). The northern
89° 88° 87° 86° 85°
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EXPLANATION

————————— Approximate updip limit of the
Norphlet Formation
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° Well used in stratigraphic
framework study

Figure 1. Map of the study area in the eastern Gulf of Mexico showing major structural features, facies
of Norphlet Formation, and location of Norphlet fields (circles). Line of seétigX (fig. 2) is also shown.
All of the fault zones make up the regional peripheral fault zone. Modified from Schenk (1990).
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A A Figure 2. Generalized north-south
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edge of the basin coincides with the regional peripheral faulind Benson (1980), Mancini and others (1985), and Mink
zone, the northern limit of Triassic normal-fault rifting, and and others (1989, 1990). Three hydrocarbon trends that par-
the northern limit of the Middle and Upper Jurassic Louanrallel the northern edge of the basin—oil, wet gas and con-
Salt. In a southerly direction, the section including thedensate, and dry gas—have been identified. The oil trend is
Upper Jurassic Norphlet Formation through Lower Cretaupdip of the peripheral fault zone, the dry gas trend is south
ceous Trinity and Coahuila Groups thickens, whereas thef the Wiggins arch and partly offshore, and the wet gas and
remainder of the Cretaceous strata shows no major thicknessndensate trend is between the oil and dry gas trends (fig.
trends. In addition, the Jurassic and Cretaceous section 13. The depth of production in these three trends increases
more deeply buried to the south because of the prograding an offshore direction (fig. 2). The major part of the pro-
Tertiary deltaic section. An unpublished section paralletluction in the oil and wet gas and condensate trends is from
with the basin margin in Alabama illustrates thickness varicarbonate reservoirs of the Smackover Formation. Produc-
ations attributed to basement highs. tion in the dry gas trend is from eolian sandstones of the Nor-
A map of the area shown in figure 1 was prepared usinghlet Formation at depths greater than 20,000 ft (6,096 m),
the ARC/INFO GIS system (Keighin and Schenk, 1992). A@nd potential gas resources in the Norphlet are large. Initial
present, the map includes p0|itica| boundaries and SpatiQrOdUCtion was established in the State and Federal waters of
coordinant data, geologic structures such as faults and sMtobile Bay, offshore Alabama; the most productive wells to
domes, and oil and gas fields. Other features of known latfate have recently been tested in offshore Mississippi.
tude and longitude, such as oil and gas wells greater than
10,000 ft, 15,000 ft, and 20,000 ft (3,048, 4,572, 6,096 m),
are also included in the GIS file. THERMAL MATURITY

Carbonate rocks and sandstone of the Upper Jurassic
Smackover and Norphlet Formations, respectively, are  Thermal maturity influences many processes critical to
major reservoirs for hydrocarbons in the study area. Petra@leep gas accumulation, including generation and migration
leum geology of the Jurassic section is discussed by Manciof hydrocarbons and creation and preservation of reservoir
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properties. Figure 3 represents a preliminary attempt t 10000 T T T T
relate thermal maturity, as expressed by equivalent vitrinit
reflectance (R, versus depth for five locations in the study 12,000
area. The plots were derived from published and unput

lished data that include vitrinite reflectance, bitumen reflec: 14,000
tance, and Rock-Eval maximum-pyrolysis temperature,
(T...). The equivalent vitrinite reflectance versus depth rela i 16,000
tions for these five locations are subject to modification a:2
additional data become available. E 18,000

The equivalent vitrinite reflectance versus depth trend:5
show that thermal maturity increases steadily with depth (fig 20,000
3). Slopes are subparallel, except for curve 4. The steep
slope of curve 4 reflects the influence of the Jackson Dome¢ 22 000
a Late Cretaceous subsurface igneous intrusion (fig. 1). At
given depth, equivalent vitrinite reflectance tends to decreas 24,000 [ I o I B 14
from south to north (curves 2 to 1 and 3 to 5). 0.6 08 10 Neimcent 020 35

Figure 4 is a vitrinite reflectance {Rversus depth pro- '
file for t.he Exxon State Legse 624 No. 1 well in St?te WaterI’Eigure 3. Equivalent vitrinite reflectance (R) versus depth for
of Mobile Bay, Alabama (fig. 1). The well was drilled t0 @ fiye ocations in the study area. Trends are (1) along border of Al-
total depth of 22,166 ft (6,756 m) in the Louann Salt and proapama and Florida Panhandle; (2) Mississippi and Alabama south
duces dry gas from the Norphlet Formation. The vitrinitéof the Wiggins arch; (3) Mississippi salt basin; (4) east flank of
reflectance at the surface of about 0.2 percent indicates thJackson Dome, Mississippi, and (5) Pickens-Gilbertown-Pollard
the present depth of burial is maximum and that little or ndault zone near Mississippi-Alabama State line.
erosion has occurred in this area. The data suggest that two
regression lines are possible—a single straight regressic 0
line and a two-segment regression line with a bend in the pr
file at a depth of about 11,000 ft (3,352 m) and a vitrinite
reflectancevalue of 1.2 percent. The maximum vitrinite
reflectance at total depth of the well is 2.4 percent, based ¢
a two-segment profile, and 3.7 percent, based on a straig
profile.

Examination of other vitrinite reflectance profiles in
Mississippi and Alabama indicates that the two-segment prc i
file is probably more representative of the trend. In similarE
appearing profiles in the Rocky Mountain region, Law anczt
others (1989) attributed the steeply sloping segment to cmg
vective heat-transfer processes related to the presence
abnormally high formation pressures and vertically flowing 15,000
formation fluids. Other possible explanations include
changes in type of organic matter and suppression of therm
maturity due to abnormally high formation pressure. The
origin of the two-segment profile in the study area is uncer ;o0 |-
tain and under investigation because thermal maturity is
dominant control of deep gas processes and accumulation: i E—

A preliminary burial and thermal history reconstruction VITRINITE REFLECTANCE, IN PERCENT
for strata in the Exxon State Lease 624 No. 1 well is shown
in figure 5. Based on a present-day thermal gradient cFigUre 4. Vitrinite reflectance (B versus depth, Exxon State
1.35°F/100 ft remaining constant through geologic time, thi-éase 624 No. 1 well, Mobile Bay, Alabama. Solid straight line is
Louann Salt entered the oil window about 120 m.y. ago duiegression of all vitrinite reflectance data; dashed segmented line is
ing deposition of the Trinity Group. With continued burial, regression of shallow and deep data.
the top of the oil window moved to stratigraphically younger
units and is currently in the Cretaceous Fredericksburg angradients of 1.4°F-1.5°F/100 ft as reported by Wilson and
Washita Groups at a depth of about 10,200 ft. Preliminariffew (1985) are insufficient to achieve the measured level of
thermal modeling of this well indicates, however, that thehermal maturity. Therefore, paleotemperatures, at some
present-day thermal gradient of 1.35°F/100 ft or even higheime, were higher than present-day temperatures.
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Figure 5. Preliminary burial

0
| and thermal history reconstruc-
tion, Exxon State Lease 624 No.
2500 {— 100 (°F) 1 well, Mobile Bay, Alabama.
Light shade represents area
within the oil window (catagen-
5000 — esis); medium shade represents
Louann Salt area within the gas window
(metagenesis).
e .
7500 [— Trinity and ek
: 0y,
Coahuila Group 7t IS
- Norphlet Formation ’O(,'OS
L
i 10,000 = gmackover Formation —~
Z
;» Haynesville Formation
-
i 12,500 — —
o
15,000 (— —
17,500 (— 300 (°F) —
20,000 — S
350 (°F)
22,500 \ \ \ \ \ \ \ \
180 160 140 120 100 80 60 40 20 0
TIME, IN MILLIONS OF YEARS AGO
RESERVOIR CHARACTERIZATION determined by X-ray powder diffraction: onshore near the

Florida Panhandle at depths of 15,100-15,600 ft (4,754 m)

As stated earlier, sandstones of the Norphlet Formatioand in State waters of Mobile Bay, Alabama, at depths of
are major reservoirs for hydrocarbons in the study area ariZh,100-22,200 ft (6,126—6,766 m). The mean bulk compo-
are particularly important for deep dry gas in the Mobile Baysition, in weight percent, of onshore samples is 58 percent
area. Two main facies are commonly recognized in the Noguartz, 26 percent feldspar, 11 percent clay minerals, 4 per-
phlet Formation (Schenk, 1990). Conglomerate and redent carbonate, and 1 percent pyrite. In contrast, the mean
sandstone, siltstone, and shale are updip and along the mbuk composition of Mobile Bay samples is 65 percent
gins of some of the basement uplifts, and together they atgiartz, 28 percent feldspar, 4 percent clay minerals, and less
identified as the alluvial facies in figure 1. The conglomerateéhan 1 percent carbonate and pyrite.
was deposited in proximal alluvial fan and wadi environ- o . ] )
ments adjacent to basement uplifts and adjacent highlands. "€ most significant difference in the bulk-mineral
The redbed facies are downdip from the conglomerate arfg®MPOSition between the two groups is the amount, as dis-
are interpreted to be distal alluvial fan and fluvial-wadi sedcussed previously, and the type of clays. Clay minerals in
iments. the Norphlet sandstones are illite, chlorite, and mixed-layer

The major offshore accumulations of deep dry gas ardlite-smectite. The illite-smectite is of the illitic and ordered
produced from the eolian facies of the Norphlet (fig. 1). The/@riety common to deeply buried rocks (Pollastro, 1991).
eolian facies is dominated by sandstone that has inversehf’¢ mean clay-mineral composition of the onshore samples
graded eolian ripple strata and high-angle eolian avalanct& 90 percent illite, 9 percent illite-smectite, and 1 percent
strata. This facies also contains interdune, playa, and wa@hlorite. In contrast, the samples from Mobile Bay contain
deposits. The upper part of the Norphlet Formation in th&nostly chlorite (82 percent) and some illite (15 percent) and
Mobile Bay area is commonly described as massive and illite-smectite (3 percent). The relation between the amount
interpreted to represent reworking of the eolian sand bgnd type of clay minerals is demonstrated in figure 6. The
marine waters associated with the Smackover transgressigerimary differences between the sandstones in these two

The Norphlet sandstones are subarkosic to arkosic iareas, particularly the clay fraction, suggest that tectonic
composition. The bulk mineral composition of productivesetting, provenance, and depositional environment were
Norphlet sandstones at two areas in Alabama waBnportant factors in controlling their composition.
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Figure 6. Weight percent of clay minerals in bulk rock versus rel-
ative weight percent of illite in sandstones of the Norphlet Forma
tion. Note separation of samples from onshore and Mobile Ba
areas.

TYPE CURVE FOR SANDSTONES

The porosity of sandstone has been shown to correla
with time-temperature exposure (Schmoker and Gautie
1988; Schmoker and Higley, 1991). A measure of integrate
thermal history, such as vitrinite reflectance, is thus a usefi
parameter for empirical porosity prediction. Based on figur
3, equivalent vitrinite reflectance (g of the Norphlet For-
bmear?(;)vr\]/r:?;(g)alleasr;r?;;I?kz)grl:te(it.)eg (r)JeorrCEingthneer?; tlgg dzlrcalﬁ\r/];te(?ﬂigure 7. Preliminary intt_arpretation of thermal maturit_y versus

) ) Norphlet Formation porosity for the study area. Porosity of Nor-
oﬁshorg Alabama. Corg-plug porosity data for the Norphlephlet Formation is higher than porosities of sandstones in general
Formation that span this range have been gathered fromype curve from Schmoker and Gautier, 1989) if compared on basis
number of locations. Preliminary interpretation suggestof thermal maturity (equivalent vitrinite reflectance,JRover a
that, at a given level of thermal maturity, porosity of the Nor-wide range of thermal maturity.
phlet Formation is significantly higher than porosity of most
other sandstones around the world.

LOG Ryg ——

q

and subsequent dissolution of evaporitic cements (carbon-
Figure 7 is a sketch illustrating the higher than expectegltes, anhydrite, and halite). Each of these is discussed sepa-

porosity values for the Norphlet. Ttigpe curve inthis fig-  rately.
ure is a porosity-equivalent vitrinite reflectance curve con- Overpressuring was cited by Dixon and others (1989) as
sidered to be representative of sandstones in genergling to forestall compaction and preserve a few percent
(Schmoker and Gautier, 1989). The hachured zone depigt3,osity in Norphlet sandstones. Compilations of pressure
the porosity range of the Norphlet Formation as a function Gfata for the present study illustrate that almost all onshore
thermal maturity. The key point is that Norphlet porositiesyorphlet fields are only slightly overpressured, the exception
are high, as compared to typical sandstone, not just offshofging a few fields proximal to the Jackson Dome. Offshore,
but throughout the study area. overpressuring may be more important and may actually pre-

Preservation of sandstone porosity in Norphlet sandserve a few percent of Norphlet sandstone porosity. The
stones has been cited in the literature as a function of (Dyajority of Norphlet porosity onshore, however, is not due to
overpressuring, (2) inhibition of diagenesis by the presenceverpressuring.
of hydrocarbons, (3) inhibition of quartz diagenesis by the  Dixon and others (1989) also concluded that diagenesis
presence of chlorite clay cement, (4) the general lack of pomas inhibited by the presence of hydrocarbons in the pore
fluid volume required to cement the sandstones with quartzpaces, resulting in porosity preservation. Many wells
following mechanical compaction, and (5) early cementatioronshore, however, have encountered Norphlet sandstone
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reservoirs that are water wet; little of the porous sandstongresence, unlike carbonates or anhydrite. Studies continue
had ever contained hydrocarbons, questioning the generah the significance of halite in porosity preservation.

application of the role of hydrocarbons in preserving Nor-  To sum up, each of these five factors may be important
phlet porosity. locally, but focus is being placed on the regional aspects and

Chlorite clay has been cited as a cause of porosity pref1€ importance of the dynamics of early cementation and late
ervation generally through the inhibition of quartz cementadissolution as the main causes of porosity preservation in the
tion, which then leaves pores relatively open (Thompson antforphlet Formation.

Stancliffe, 1990). As discussed previously, chlorite is the

dominant clay type in sandstones of the Mobile Bay area,

although the total clay content is relatively low as compared SOURCE ROCKS

to that of onshore sandstones. In this study, many examples

of quartz cementation subsequent to chlorite growth have  The productive area of the Norphlet Formation in the
been documented; again, the general application of the rolgudy area is characterized by oxidizing eolian and alluvial
of chlorite in porosity preservation is suspect. Samples fror8nvironments and transgressive marine depositional envi-
offshore wells that contain abundant chlorite have, in SOMHnments. Adequate hydrocarbon source rocks have not
cases, contained quartz cement (Rice and others, 1992). peen identified in the Norphlet in its main productive area,

Ajdukiewicz and others (1991) concluded that poreSouth of the Wiggins arch.
fluid migration through Norphlet sandstones was inadequate ~ The underlying Middle and Upper Jurassic Louann Salt
to cement the sandstones with quartz and that this lack &rms a permeability barrier that seemingly rules out hydro-
cementation was the main reason for preservation of deeggrbon migration into the Norphlet from older formations.
porosity. This concept deserves more study because Norhe Norphlet is overlain by the Smackover Formation,
phlet sandstones may have been somewhat isolated frowhich in turn is overlain by the Haynesville Formation.
fluid flow by the underlying Louann Salt. As was discussedEvaporites in the lower part of the Haynesville Formation
for chlorite, however, many samples from both onshore antbrm an upper seal that appears to prevent hydrocarbon
offshore wells contain quartz cement, indicating that fluidgnigration into the Norphlet-Smackover system from
were moving through the Norphlet sandstone. Although thgounger formations.
general application of this cause is suspect, the amount of Perhaps because of a lack of other candidates, algal car-
pore fluids moving through the Norphlet may have been leslsonate mudstones of the Smackover are commonly assumed
than the amount moving through similar sandstones in otheo be the source rocks for hydrocarbons in Norphlet reser-
basins. More work, especially diagenetic modeling, isyoirs (Sassen and others, 1987; Claypool and Mancini,
needed to focus on this problem. 1989). This assumption is qualitative, however, and is not

Finally, several studies have focused on the dynamicgocumented by mass-balance calculations. Measured total

of early evaporitic cements as a prime cause of excelleff9anic carbon values of selected Smackover samples from
Norphlet porosity. The interpretation of the importance ofVellS in Alabama rarely exceed 1.0 percent and more typi-
early cements has polarized; Dixon and others (1989) corf@lly aré 0.2-0.3 percent (Claypool and Mancini, 1989). The
cluded that early cements were of minor importance to deeflume represented by these nonrandom samples is
porosity preservation, whereas Lock and Broussard (198$1known but possibly is quite small.

believed that early cements were critical to porosity preser-  Drilling results indicate that onshore Norphlet hydro-
vation. Our studies, as well as others, show that dolomit€arbon potential is limited by adequate onshore source rocks.
calcite, anhydrite, and halite were early cements (Marzantlany salt-related structures that have large closure are wet,
and others, 1988) and that halite in particular is considere@nd others have only a thin hydrocarbon column in the Nor-
to be more significant in porosity preservation than has beephlet (Bolin and others, 1989). Smackover production dem-
generally realized (Hartman, 1968). Halite was observed iAnstrates that migrating oil and gas could reach these
samp|e5 from several wells in the area extending from thétl’l,lCtUl'eS and that they are sealed. These circumstances Sug-
Jackson Dome to southwestern Alabama. Halite is easilgest that the supply of hydrocarbons in onshore areas is gen-
removed from core samples during normal preparation prarally insufficient to charge Norphlet traps.

cesses; in samples prepared with oil rather than water, more In sharp contrast, offshore salt-related structures in the
halite was observed (Rice and others, 1992). Thus, thiorphlet contain very large volumes of hydrocarbons. Man-
amount of halite reported in core samples may be artificiallgini and others (1987) estimated that the total reserves in
low due to sample preservation. Halite probably formedstate waters of Alabama range from 4.3to 7.1 TCFG. T.J.
before chlorite and before significant quartz cementation. MWoods (Gas Research Institute, personal commun., 1992)
does not grow pseudomorphically within a poreestimated, on the basis of recent discoveries, that the gas
system—that is, it does not peripherally replace frameworkesources of the Norphlet in the study area are tens of trillion
minerals—so its removal leaves no trace of its formecubic feet. The generalization can thus be made that the
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hydrocarbon potential of the Norphlet in offshore areasisnc  -60 I I

limited by source rocks.

A hypothesis that explains the difference betweer 5 @ Do
onshore and offshore hydrocarbon abundance in the No Z s - B @ -
phlet is that the principal source rocks for the major offshorc &) Cg’
Norphlet gas accumulations are not algal carbonate mu % gAE B > H &
stones of the Smackover but rather are downdip, more dist: & wbl Two samples ] E ®7
undifferentiated Norphlet-Smackover equivalent marine z / “Two samples
facies as suggested in figure 1. Such facies, having a thic £ J Two samples
ness of 1,100 ft (335 m) or more, were encountered in a we z
approximately 20 mi offshore, south of the Alabama-Floride ¢ -30 i .
State line (Mink and others, 1990). S S [wosamples

According to this hypothesis, the large offshore Nor-
phlet fields are charged by hydrocarbons generated ar -20=2 ‘ ‘ ‘ ‘

. . . 0 10 20 30 40 50

expelled from roughly age equivalent, downdip marine Cos IN PERCENT
facies. The Wiggins arch—Conecuh ridge system (fig. 1)

. . . EXPLANATION
over which the Norphlet thins or pinches out, tends to blocl
the updip migration of these hydrocarbons into onshor: RESERVOIR TRENDS
areas. The availability of hydrocarbons in onshore areas * Smackover Formation O Oil
thus severely restricted as compared to that in offshore are X Norphlet Formation  [] Wet gas and condensate
and may depend on the source-rock potential of the Smac O Drygas
over, which probably is quite limited overall. J Jackson Dome area

. . . . . (high H,S and (or) COy)
This hypothesis explains the regional hydrocarbon dis-

tribution in the Norphlet Formation of the study area ano‘,:igure 8. Methaned*C versus G for gas samples from the
could be incorporated into exploration, development, antsgdy area.
resource assessment strategies. Quantitative geochemicau
investigations of source-rock potential, source rock volumejls and heavier hydrocarbons generated from marine source
and petroleum types are needed to support or discredit thigcks.
hypothesis, as well as to better understand generally the Nonhydrocarbon gases such as carbon dioxide,)(CO
Norphlet-Smackover system of the study area. and hydrogen sulfide ($) make up a significant component
of many of the gases produced from Jurassic reservoirs. The
highest values of CQas much as 99 percent) angSHas
NATURAL GASES much as 45 percent) are in the vicinity of the Jackson Dome.
Gases having these high Cé&nd HS contents are dry and
Thirty gas samples from the study area were analyze@re associated with the isotopically heaviest methane (meth-
for molecular and isotopic composition. The samples araned'C >-36.9) (fig. 9). Many of the gases from all three
from Norphlet and Smackover reservoirs in the oil, wet gagroducing trends contain at least some,&@ HS, which
and condensate, and dry gas trends. are a concern in the drilling, production, and marketing of the
The gas samples become chemically drie;, @9-0  92S- The CQ@was probably derived from the high-tempera-

percent) and isotopically heavier (methéﬁ&, 5510 —21) ture dgcomposition of carbonatg rocks (Hunt, 1979), such as
with increasing depth of burial (11,400-23,600 ft; those in the Smackover Formation, and the dilDtes of the

hydrocarbon gases. The$iprobably resulted from thermo-

3,474-7,193 m) and increasing level of thermal maturity. ) ) 8
Two groups of gases can be distinguished on the basis gremical sulfate reduction at high temperatures (Orr, 1977),

composition; one group comprises samples from the oil an@nd the source of Fhe sulfate'was probably anhydrite in the
wet gas and condensate trends, and the other comprises s@¥£"ying Haynesville Formation. - Unfortunately, methane
ples from the dry gas trend (fig. 8). The gases from the oil angf" D& destroyed by reactions withSHand sulfur com-
wet gas and condensate trends are chemically wep{s  Pounds.

percent) and isotopically light (methaﬁje3C values <-41);

this composition indicates that they were generated during

catagenesis. In contrast, the gases from the dry gas trend are LIQUID HYDROCARBONS

dry (C,. <1 percent) and enriched in heaV¢ in the meth-

ane component (methad@3C values >-38). These dry Twenty-six liquid samples, including both medium-
gases were generated at high levels of thermal maturityravity oils and condensates, from southwestern Alabama
(metagenesis) and resulted mainly from thermal cracking ofiere analyzed. The samples are from all major producing
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intervals, but most are from Jurassic reservoirs to depths dfve heptane values significantly into the supermature range
about 18,000 ft (5,486 m). Stable carbon isotope ratiogAPI >35°) according to Thompson'’s criterion. The combi-
(513C) of the aromatic and saturated hydrocarbon fractionaation of high API gravity values and relatively low heptane
range from —25.5 to —22.0, within the rangeSbiC values  values (mature) could be explained by evaporative fraction-
reported by Sofer (1984) for oils derived from marineation. Evaporative fractionation is a process whereby nor-
organic matter. Oils and condensates produced from Creteral oils yield condensates that are enriched in toluene
ceous reservoirs are depletedi& by about 1.0 relative to (Thompson, 1987). The high toluene to heptane ratios of
Jurassic oils and condensates. The difference in carbon isssme of the Jurassic oils and condensates that have heptane
tope ratios between aromatic and saturated hydrocarboralues of less than about 30 would be consistent with
(513C aromaticd'3C saturated, of, is generally about 1.0 Thompson's hypothesis (fig. 9). Condensates are usually
for Jurassic oils (Smackover Formation) and about 0.5 foattributed to generation by thermal cracking of preexisting
oils from the Mississippi salt basin. In other words, theoil at elevated temperatures, whereas evaporative fraction-
aromatic hydrocarbons are isotopically heavier (mid@  ation does not require high-temperature cracking to generate
enriched) than the saturated hydrocarbods.values for condensates. In the present study, a combination of thermal
Cretaceous liquids are quite variable and show neracking and evaporative fractionation is suggested because
systematic trend. The isotope data indicate that at least twiigh heptane values and the distribution of alkanes, not
types of source rock have generated and expelled the lighown here, suggest that at least some condensates are very
uids in these Cretaceous and Jurassic reservoirs. mature.

Results of whole-oil gas chromatography show that the
relative amount of toluene (normalized te €@mpounds)
generally increases with increasing depth of the producing
reservoir to about 13,000 ft (3,962 m). No systematic rela- .
tion between depth and amount of toluene is evident in sam- Natgral gas from _deep (>15’O,OO ft, _4'572 m) sedimen-
ples from reservoirs deeper than 13,000 ft. Heptane vaIu&%?ry basins in the United States is an important source of
(Thompson, 1987) range from 27 to 48 (fig. 9). According ydro_carbons. The Gulf of Me?uco is one of the .Natlon S
to Thompson's interpretation, oils having heptane values 'St important provinces for discovered and undiscovered
the range of from 17 to 30 are mature (catagenesis), alpa/drocarbons, including deep gas. Major resources of deep

values greater than 30 are typical of supermature oils ardf'S &€ Present in eolian sandstone reservoirs of the Upper
; Jurassic Norphlet Formation in the study area and are being
condensates (metagenesis).

studied for this project.

All liquids, except three from the Jurassic, have API Thermal maturity is a major control of deep gas pro-
gravities greater than 40°, but only five of the Jurassic 0ilgegses and accumulations. Thermal gradients vary through-
out the study area but are highest south of the Wiggins arch
where the potential for deep gas is highest. Thermal model-

SUMMARY

i::g rrrer T T T T T T T T T T g indicates that paleotemperatures were higher than

120 = Z%SD DZG.QEVAPORATIVE FRACTIONATION - present-day temperatures.

110 - 312 . At a given level of thermal maturity, porosity values for
Y100 2195 - the Norphlet are significantly higher than those of most
= 090 - 0325 - sandstones worldwide. These high values may be related to
Yoso- 2L® 286 3309 - (1) early cementation and subsequent dissolution of evapor-
5’0-70 ~ - 535.1 406 -] itic cements (carbonates, anhydrite, and halite), (2) inhibi-
z 060 1= Ond | tion of quartz diagenesis by the presence of chlorite clay
3050 3560 ;39.1 7| cement, which is prevalent in offshore Mobile Bay, (3) over-
w040 1= 7| pressuring, (4) inhibition of diagenesis by the presence of

g'zg B 320q 163 472 | hydrocarbons, and (5) the general lack of pore fluid volume

010 5378 369 oriGiNALOIL T 4% |  required to cement the sandstones.

oool—L L 1 1 | w w11l The source for onshore Jurassic hydrocarbons, which

060 100 140 180 220 260 300 340 380 are mostly in carbonate reservoirs in the upper part of the

N-HEPTANE/METHYLCYCLOHEXANE . .
Smackover Formation, is probably algal carbonate mud-

Figure 9. Toluene to heptane ratios versus heptane to methylcy>t0N€s In the lower part of the Sma(_:kover; however, these
clohexane ratios for oils and condensates of southwestern Alaban$@rbonate source rocks are probably inadequate to charge the
Jurassic liquids are plotted as open squares, Cretaceous sampleB@0r accumulations of deep, dry gas in the Norphlet in the
solid squares. Numbers refer to heptane valuesxfiéptaney  Mobile Bay area of offshore Alabama and Mississippi.
cyclohexane through methylcyclohexane).  Modified fromDowndip, more distal, marine, type Il kerogen-bearing
Thompson (1987). facies of the undifferentiated Norphlet and Smackover
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interval are postulated to be the source for these offshore Gulf Coast Association of Geological Societies Transactions, v.

accumulations. 30, p. 151-165.
Gases in deep reservoirs of the Norphlet are distinMancini, E.A., Mink, R.M., Bearden, B.L., and Hamilton, R.P., _
guished by their dryness and by their enrichmehi@ both 1987, Recoverable natural gas reserves for the Jurassic

Norphlet Formation, Alabama coastal area: Gulf Coast
Association of Geological Societies Transactions, v. 37, p.
153-160.

. . .. . e . Mancini, E.A., Mink, R.M., Bearden, B.L., and Wilkerson, R.P.,
inorganic origin and present problems in drilling, production, 1985, Norphlet Formation (Upper Jurassic) of southwestern

and marketing. Geochemical data indicate that liquids in 54 offshore Alabama: American Association of Petroleum
deep Jurassic and Cretaceous reservoirs may have at least Geologists Bulletin, v. 69, p. 881-898.

two sources. In addition, the condensates may have result@@rzano, M.S., Pense, G.M., and Andronaco, P., 1988, A compar-
from either (1) high-temperature cracking of heavier hydro- ison of the Jurassic Norphlet Formation in Mary Ann field,

of which indicate generation at high levels of thermal matu-
rity (metagenesis). Gases in Jurassic reservoirs of the study
area contain varying amounts of C4hd HS, which have an

carbons or (2) evaporative fractionation. Mobile Bay, Alabama, to onshore regional Norphlet trends:
Gulf Coast Association of Geological Societies Transactions,

v. 38, p. 85-100.
REFERENCES CITED Mink, R.M., Bearden, B.L., and Mancini, E.A., 1989, Regional

Jurassic geologic framework of Alabama coastal waters area

o and adjacent Federal waters area: Marine Geology, v. 90, p.
Ajdukiewicz, J.M., Paxton, S.T., and Szabo, J.O., 1991, Deep 39-50.

porosity preservation in the Norphlet Formation, Mobile Bay‘Mink RM. Tew B.H. Mann. S.D. Bearden B.L. and Mancini
Alabama [abs.]: American Association of Petroleum Geolo- L oY e ST '

gists Bulletin, v. 75, p. 533, Alabama and panhandle Florida coastal waters area and

Bolin, D.E., Mann, S.D., Burroughs, D., Moore, H.E., Jr, and  giacent Federal waters area: Geological Survey of Alabama
Powers, T.J., 1989, Petroleum atlas of southwestern Alabama: Bulletin 140, 58 p.

Geological Survey of A_Ia_bama Atlas 23, 218 p. ) . NRG Associates Inc., 1988, The significant oil and gas fields of
Claypool, G.E., and Mancini, E.A., 1989, Geochemical relation- the United States (through June 30, 1988): Available from

ships of petroleum in Mesozoic reservoirs to carbonate source Nehring Associates, Inc., P.O. Box 1655, Colorado Springs

rocks of Jurassic Smackover Formation, southwest Alabama: ' ' ' '
) - O , 3 Colorado 80901.

American Association of Petroleum Geologists Bulletin, v.

73, p. 904-924.

E.A., 1990, Norphlet and pre-Norphlet geologic framework of

Orr, W.L., 1977, Geologic and geochemical controls on the distri-
) ) . bution of hydrogen sulfide in natural gas,Campos, R., and
Curtis, D.M., 1991, The northern Gulf of Mexico Basin, Goni, J., eds., Advances in organic geochemistry 1977:
Gluskoter, H.J., Rice, D.D., and Taylor, R.B., eds.,  Mmadrid, Empresa National Adaro de Investigaciones Mineras,
Economic geology, U.S.: Geological Society of America, v. 7, p. 571-507.
Boulder, Colorado, The Geology of North America, v. Pollastro, R.M., 1991, Composition, clay mineralogy, and

) P—2A, p. 301-324. ) _diagenesis of the Simpson Group (Middle Ordovician), Grady
Dixon, S.A., Summers, D.M., and Surdam, R.C., 1989, Diagenesis  county, Oklahoma: U.S. Geological Survey Bulletin 1866-H,
and preservation of porosity in the Norphlet Formation (Upper 19 p.

Jurassic), southern Alabama: American Association of PetrGsice. D.D.. Schenk. C.J. Schmoker. J.W.. Fox. J.E. Clayton

leum Geologists Bulletin, v. 73, p. 707-728. J.L., Dyman, T.S., Higley, D.K., Keighin, C.W., Law, B.E.,
Hartman, J.A., 1968, The Norphlet Formation, Pelahatchie field, and Pollastro, R.M., 1992n Malone, R.D., Shoemaker,

Rankin County, Mississippi: Gulf Coast Association of Geo-  Harold, and Byer, C.W., eds., Proceedings of the natural

logical Societies Transactions, v. 18, p. 2-11. gas research and development contractors review meeting:
Hunt, J.M., 1979, Petroleum geochemistry and geology: San U.S. Department of Energy DOE/METC 92/6125, p.
Francisco, W.H. Freeman, 617 p. 151-166.

Keighin, C.W., and Schenk, C.J., 1992, The ARC/INFO GeoSassen, R., Moore, C.H., and Meendsen, F.C., 1987, Distribution
graphic Information System applied to geologic investigations  of hydrocarbon source potential in the Jurassic Smackover
of the Norphlet Formation, Alabama and Mississippi [abs.]:  Formation: Organic Geochemistry, v. 11, p. 379-383.

U.S. Geological Survey Circular 1074, p. 41. Schenk, C.J., 1990, Overview of eolian sandstone diagenesis,
Law, B.E., Nuccio, V.F., and Barker, C.E., 1989, Kinky vitrinite Upper Jurassic Denkman Sandstone Member of the Norphlet
reflectance well profiles—Evidence of paleopore pressure in  Formation, Mississippi and Alabami& Fryberger, S.G.,

low-permeability gas-bearing sequences in Rocky Mountain  Krystinik, L.F., and Schenk, C.J., eds., Modern and ancient
foreland basins: American Association of Petroleum Geolo-  eolian deposits—Petroleum exploration and production: Den-
gists Bulletin, v. 73, p. 999-1010. ver, Rocky Mountain Section, SEPM, v. 20, 12 p.
Lock, B.E., and Broussard, S.W., 1989, The Norphlet reservoir ischmoker, J.W., and Gautier, D.L., 1988, Sandstone porosity as a
Mobile Bay; origins of deep porosity: Gulf Coast Association function of thermal maturity: Geology, v. 16, p. 1007-1010.
of Geological Societies Transactions, v. 39, p. 187-194. 1989, Compaction of basin sediments: modeling based on
Mancini, E.A., and Benson, D.J., 1980, Regional stratigraphy of time-temperature history: Journal of Geophysical Research,
Upper Jurassic Smackover carbonates of southwest Alabama: v. 94, p. 7379-7386.




DEEP NATURAL GAS RESOURCES IN EASTERN GULF OF MEXICO 229

Schmoker, J.W., and Higley, D.K., 1991, Porosity trends of the  Studlick, J.R.L., eds., Sandstone petroleum reservoirs: New
Lower Cretaceous J sandstone, Denver Basin, Colorado: York, Springer-Verlag, p. 205—-224.

Journal of Sedimentary Petrology, V- 61, p. .9.09_920' . Thompson, K.F.M., 1987, Fractionated aromatic petroleums and
Sofer, Z., 1984, Stable carbon isotope compositions of crude oils: ; i . .
the generation of gas-condensates: Organic Geochemistry, v.

IggeF)rllcsallrlAg.Q.,SOC|atlon of Petroleum Geologists Bulletin, v. 11, p. 573-590.

Thompson, A., and Stancliffe, R.J., 1990, Diagenetic controls oWVilson, G.V., and Tew, B.H., 1985, Geothermal data for south-
reservoir quality, eolian Norphlet Formation, South State Line  west Alabama: State Oil and Gas Board of Alabama Oil and
field, Mississippi,in Barwis, J.H., McPherson, J.G., and Gas Report 10, 125 p.

<«—Contents Next Section—»


http://greenwood.cr.usgs.gov/pub/bulletins/b2146/contents.pdf
http://greenwood.cr.usgs.gov/pub/bulletins/b2146/O.pdf

	TITLE PAGE
	CONTENTS
	ABSTRACT
	INTRODUCTION
	GEOLOGIC FRAMEWORK
	Figure 1.
	Figure 2.

	THERMAL MATURITY
	Figure 3.
	Figure 4.
	Figure 5.

	RESERVOIR CHARACTERIZATION
	Figure 6.
	Figure 7.

	SOURCE ROCKS
	NATURAL GASES
	Figure 8.

	LIQUID HYDROCARBONS
	Figure 9.

	SUMMARY
	REFERENCES CITED

