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Objectives

RESEARCH SUMMARY

Coordination of Geological and Engineering Research in Support
of the Gulf Coast Co-Production Program

Bureau ongconomnc Geology and Center for Energy Studies, The
University ‘'of Texas at Austin. GRI Contract No. 5084-212-0924

|
R. J. Finley/D. W. Koppenaal/M. H. Dorfman/H. F. Dunlap

»
June 1, 1986 - May 31, 1987

|
To detectf and investigate the potential resource base in untapped
free-gas- bearmg stringers-in the Port Arthur (Hackberry) field and
to delineate the most prospective location for a strategic infill
well to tap these stringers.
|

To investigate the likelihood of scale formation in production
tubing. surface equipment, and Miocene disposal sandstones at
Port Arthur and Northeast Hitchcock fields.

[ .
To investigate in detail the control of depositional environment
and diagenetic history on porosity and permeability preservation
in the Friio ‘A’ sandstones.

To select six Miocene sands in Northeast Hitchcock field for
disposal . 'of brines from the Frio 1-A sand on the basis of
evaluatlon of potential aquifer volumes and heterogeneities
through analy5|s and interpretation of net-sand and log facies
maps.

| R

To document known brine-disposal potential of Miocene sands in
Northeastf Hitchcock field and nearby fields where significant brine
disposal has occurred in analagous and correlative Miocene sands
using dat’a from the Railroad Commission of Texas.

To select sites for brine disposal in Northeast Hitchcock field by
noting the common occurrence of the thickest and most laterally
continuous portions of potential brine-disposal Miocene sands.

To evaluate the effect of certain trace and rare earth elements
with high neutron-capture cross sections (particularly boron) on
neutron .logs.

To evaluate the short-term variations in mud and mud filtrate
resistivity and their effect on logging calculations.
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Technical
Perspective

Technical coordination and liaison with the Department of Energy
in those parts of the geopressured-geothermal project that are of
mutual benefit to the Gas Research Institute.

Hackberry reservoirs at Port Arthur were deposited in a
submarine canyon/submarine fan depositional setting. These
reservoirs are inherently complex and highly heterogeneous.
Hydrocarbon recovery efficiencies are low, but the potential for
secondary gas recovery is high. Free gas remains trapped in
uncontacted and untapped compartments at reservoir
abandonment. In this era of depressed gas prices these untapped
zones could provide additional financial returns and incentive for
initiation of more co-production projects.

Ten Miocene formation-water analyses, five from Cameron Parish,
Louisiana. and five from Galveston County, Texas. were averaged
and compared with Hackberry and Frio "A" formation-water
analyses from the co-production wells in the Port Arthur and
Northeast Hitchcock fields, respectively. The equilibrium
distribution of inorganic aqueous species in Frio "A." Miocene,
and different combinations of these waters at surface (separator)
and formation temperature and pH values were estimated from
chemical analyses.

Detailed work has been completed on the core cut in the
Frio "A" sandstone at the Delee No. 1 well, Northeast Hitchcock
field, Galveston County. This work has resulted in the
identification of a number of trace fossils and sedimentary
structures that include the " Skolithos assemblage” in the coarse
glauconitic sandstones and planolites burrows in the more shaly
sediments. :

The three most optimum Miocene brine-disposal sands were
selected by consideration of their sand-body complexity, thickness,
depth. and previously documented brine-disposal capacity. Brine-
injection histories from 43 brine-disposal wells in the nearby
Hastings West field in Brazoria County were analyzed in order to
determine the brine-disposal capacity of Miocene sands analogous
to those in Northeast Hitchcock field, which contained only
scarce brine-disposal data.

The best brine-disposal site in Northeast Hitchcock field was
selected by noting the common occurrence of the thickest and
most laterally continuous portions of the three primary brine-
disposal Miocene sands. Potential pore volumes available for brine
disposal in these sands were calculated from net-sand maps of
each of the primary brine-disposal sands. Porosity values for
these sands were derived from previous studies of the shallow
Miocene in the Texas Gulf Coast.



Results

A total of 11 sand stringers are considered prospective in the
Port Arthur (Hackberry) field. On the basis of water saturations
these sand stringers are divided into probable pay zones (water
saturations of 72 to 79 percent}) and possible pay zones (water
saturation greater than 79 percent] Some of these heterogeneous
sands contain more than one untapped compartment: in all,
14 zones are considered prospective. The total resource base
amounts to 13.9 Bcf. More than half of this resource (7.9 Bcf)
is in the probable category. The probable and possible resource
for a single well on the crest of the structure is 6.5 Bcf in four
separate sand stringers.
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At the Northeast Hitchcock field the presence of the " Skolithos
assemblage and other structures has substantiated the shallow-
marine. tldal distributary-mouth-bar. and channel depositional
environment for most of the major reservoir sands. Several shaly
horizons show the characteristics of interdistributary bays while
the Frio "A’ is capped by a thin sequence of crevasse splays and
washover sands. which represent the initiation of the
transgression that overlapped the Frio in Anahuac times.

The highi—energy depositional environment of reworked on
distributary-mouth-bar sandstones is the major control of the
high porosity (£30 percent) and permeability (+1.000 md,
0.99 pm?®) shown by the Frio 'A’" at the Northeast Hitchcock
field. Although porosity and permeability were subsequently
modified by diagenetic reactions, carbonate cementation prior to
leaching ‘has not been the mechanism through which primary
porosity was preserved in the Frio 'A’ reservoirs. Hydration of
potassium feldspar to kaolinite by migrating acid waters prior to
the introduction of hydrocarbons has resulted in a porosity
increase of up to 3.5 percent in the well-winnowed dlstnbutary
mouth bar Frio ‘A" sandstones. Because the conversion of K-
feldspar to kaolinite results in a decrease in volume of about
50 percent the percentage concentration of kaolinite is a rough
estimate of the volume of secondary porosity produced by this
process.

Well-winnowed sandstones having high porosities and
permeabilities contain the most abundant authigenic kaolinite and
have acted as preferential conduits for migrating acid waters and
for major fluid flow during co-production. Authigenic kaolinite can
create fluid production problems because of its delicate structure.
Dislodged clay and chlorite flakes will obstruct pore throats at
high production rates. A maximum safe rate of fluid production
will need to be determined for co-produced wells. Experimental
flow tests conducted at different flow rates on kaolinite-rich
sandstones and measurement of resulting changes in permeability
will assnst in determining this safe upper flow rate.
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Technical
Approach

Three lower Miocene sands. the 3780 ft. 4240 ft, and 5460 ft,
should be capable of receiving 7.500 barrels of brine per day
from a three-well disposal site centered around the Phillips
Thompson No. 1 well in Northeast Hitchcock field. Each of these
sands are 70 to 90 ft thick and sheetlike in the brine-disposal
area. and should constitute excellent aquifers for brine disposal.

SOLMNEQ computations suggest that some carbonate scaling
should occur in surface equipment or in Miocene disposal
sandstones unless inhibitors are used in Hackberry and Frio A’
formation waters.

Formation waters from the Port Arthur and Northeast

Hitchcock fields were collected by IGT staff, and analyses were
conducted at the Bureau of Economic Geology (BEG) using
standard procedures. The BEG'S SOLMNEQ computer program
Kharaka and Barnes. 1973) was used to perform 50 equilibrium
saturation index) computations with measured and published
formation-water analyses. Twenty-nine water-composition diagrams
have been constructed from water-composition data for the
Hackberry, Frio 'A." and Miocene formation fluids in the Port
Arthur and Northeast Hitchcock. areas.

A detailed lithological description was made of the core cut in
the Frio "A’ sandstone at the Delee No. 1 well, Northeast
Hitchcock field. Relationships were sought between depositional
and diagenetic structures and sequence and high porosity and
permeability. Sandstone petrography and porosity measurements
were carried out by point counting 18 rock sections from the
Frio A" sandstone core, Delee No. 1 well. Relationships between
diagenetic minerals were studied in detail.
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REEXPLORATION OF SUBMARINE CANYON AND FAN
RESERVOIRS AT PORT ARTHUR (HACKBERRY) FIELD,
JEFFERSON COUNTY, TEXAS

by Noel Tyler. assisted by James Reistroffer

INTRODUCTION

Stacked and heterogeneous ‘submarine canyon avnd; submarine fan reservoirs in Port
Arthur field, Jefferson County, vproduced 57 billion cubic feet (Bcf) of gas and 2.65
million barrels (bbl) of condensate in a 13-yr period prior to abéndonment of the field
in 1972, Port Arthur field was abandoned when inC(éasing disposal of the formation
brines from strong water-driven gas reservoirs resulted in uneconomical production.
These reservoirs were considered to have been watered out.

Watered-out reservoirs contain substanti‘al quantities of gas that can be produced
by the co-production method. This techno'logy attempts to reduce reservoir pressure
through the production of Iargé volumes of water. Free gas. bypassed in the reservoir
as it was invaded by the rising gas-water interface, becomes mobilized and
" recoverable. Additional ‘but minor gas dissolved in formation water is produced at the
surface as pressure is r‘educed‘._ The co-pro‘du;tion' potential of Port Arthur field was
analyzed in detail during an vongoing proj’ect‘funded‘by vt}\lre Gas Research lnstifute
(Gregory and others, 1984) and ‘was considered highly prospective.

Highly encouraging inifial_ production potentialv was obtained from a Hackberry
sand identified by The Univérsity of Texas at Austin and ResTech log analysts during
detailed sife chafacterization. On the basis of this result and in light of ongoing oil
reservoir characterization s‘tljdieé.‘which have shown that substantial volumes of
producible-hydrocarboné remain in untappéd comparfments in complex reservoirs (Tyler
and others, 1984; ‘.Galloway énd Cheng, 1985:"T~y|er‘ and Ambrose, 1985; Fisher and
* Finley, 1986). it was decided to reexamine fhe poten»tial for additional recovery of free

gas at Port Arthur.



Hackberry reservoirs at Port Arthur were depqsited in a submarine canyon and
fén environment (Ewing and Reed. 1984). Submarine canyon and fan reservoirs are
notoriously complex and because of this heterogeneity are gharacterized by low
hydrocarbon recovery efficiencies (Guevara. in press: Tylver and Gholston, in press).
The high degree of compartmentalization of these deep-water reservoirs results from
rapid lateral facies chahgesvcoupled‘ with noncontinuous or e-pisodic‘depositional events.
‘Deep-water HackBerry reservo_irs at Port Arthur field disp{'layfcomplex internal
archritectures consistent with -their depos,itional setting. The‘ existence of additional
untapped free-gas-bearing zones is thus highly likely. This report describes thg
methodoldgy and results of t}he‘Areeproration of framework sandstone-reservoirs at Port

Arthur field.
Setting of Hackberry Réservoirs

‘The updip Frio Formation in'southeast Texas consisted of a deltaic headland
adjacent to which (to the east) was aninterdeltaic barrier-island and strandplain
complex _composed‘ <‘>f‘san.dstones encased in shelf, Iagoo:nal, and coastal plain
mud—ston’es (Gavlloway and others, 1982). Sand-body orien‘tation'in_ the Buna
barrier/strandplain system is strike parallel. ~Gross sand content decreases while the:
‘total thickness of the formation increases seaward.

The Hackberry consists of a basinward-thickening wedge of muds and sands

erosiohally juxtaposed on the middle and lower parts of the formation (fig. 1). The

thickness of the proximal Hackberry is strongly controlled by the presence or abSehce

of canyons and thus displays rapid thickness variations. = South- to southeastward-

trending linear sand thicks mapped in the subsurface by Ewing and Reed ~(1,984) were

- deposited in a system of diprorientéd. areally restricted canyons (fig. 2) that probably

- merge basinward beyond the limits of well control with a more extensively developed
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submarine fan system.

The source of Sands and intervening muds in the Hac’kberry was the
contemporaneous Houston delta. system that lay west of the Buna’shore zone.v Sands
that passed through the delté system into the receiving basin er.re transported
~alongshore by longshore drift. Mﬁch of the s‘ediment not deposited in the Buna
barriers and strandplains was captured by canyons that extended Ian:dward from the
deep basin onto the shelf (ﬁg. 3).  The origin of the canyons remains enigmatic;
however, they were efficient conduits for the siphoning of sediment from the shelf.
Much of the sediment was deposited internélly within the canYo‘hs. Depositional
processes were highly complex and evolved',lth»rough‘ time. The res‘ulting sand-body
reservoirs display an evol-ving‘intern‘al architecturé from canyon-fill facies deeper in thé

section to an abundance of unconfined-flow submarine fan facies in the overlying

younger Hackberry sediment.
Hackberry Stratigraphy -at Port Arthur

Gross stratigraphic relations at Port Arthur have been described previously
(Gregory and others, 1984; Ewing and Reed, 1984). More important to extevnded
recovery of hydrocarbons -is the detailed internal stratigraphy of individual reservoirs,
but it is appropriate to review Hackberry stratigraphy in the field as a prelude to
détailed reservovi.rv description.

Deep in the lower Frio, barrier andb strandplain sandstones encased in shelf and
lagoonal. mudstones are .present. f_hesé sands thin upward and grade into thinner shelf
sands. en;ased in th/ickly devvelo_ped shelf mudstones. This lower Frio interval was
- deposited during coastal onlap  The Hackbe.rry' rests unconformably and‘ erosionally on
the truncated shelf mudstones of the lower Frio (fig. 4). Basal Hackberry sands that

have been informally named the G and H sands are thick and massive with a
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characteristic blocky spontaneous potential (SP) log motif. The D. E, and F sands
also are thickly developed and strongly aggradational: In contrast to the underlying

Hackberry sands, these three intervals contain numerous shale interbeds that impart a

sand-rich but serrate SP log motif. The upper intervals of the Hackberry show v

increasing -amounts of mud layers deposited between more and more thinly de«velbpéd
sand units. Sands of infervél ‘C are more thinly d.evelop'ed than “thoée of interval D,
and the upper intervals are characiterized by thin s’ar;d stringers dominated ‘by th.icklyv
: deveblopedv mud Iayérs (fig. 4). | |

Lower Hackberry intervals D through H were deposited during submarine fan

aggradation (fig. 4). The style of sedimentation changed during the waning phases of

deposition of unit D. Younge"r Hackberry intervals were deposited during abandonment

~

of the submarine fan complex as successive turbidite pulses were weakened and

became unable to pass through the canyon (fig. 5).  Most of the gas ﬂpro.duétionlr from-

Port Arthur (68 percent, or 38.6 Bcf) was from these upper. bhi‘ghly complex sandstdne»

intervals.

RESERVOIR ARCHITECTURE AND THE POTENTIAL FOR
UNTAPPED COMPARTMENTS N

A body of evidence confirming that the internal geometric arrangerﬁent of

depositional facies. that is. the internal architecture of the reservoir, is critical in

- controlling reservoir recovery characteristics is emerging. Although well spacing and

- drive ‘-mechanism are undeniably important, an additional fundamental control on
production character is reservoir genesis. Certain classes of reservoirs (a small

‘minority) contain laterally continuous pay intervals.  Far more typical are those

reservoirs that are heterogeneous and internally compartmentalized. Submarine fan

reservoirs are the most complex and internally variable and consequently display t}he-v

lowest recovyiery» efficiencies of all terrigenous clastic reservoirs (Tyler and others,

1084).



QA 8209

Figure 5. Evolution of Hackberry reservoirs from canyon-fill to submarine fan sands.



Internal compartmentalization. both lateral and vertical, prevents mobile
hydrocarbons from migrating to the well. This is certainly true in oil reservoirs. and
sparse reports in the literature (Seal and Gilreath 1975) suggest that similar behavior
may be present in gas reservoirs. Thus by utilizing a detailed understanding of the
internal architecture of the reservoir, additional uncontacted gas may be recovered.

Interval C. deposited at the inception of abandonment of the Hackberry fan
complex, exemplifies the complexity of submarine fan reservoirs. Originally mapped by
Gregory and others (1984) as a braided-fan channel-fill deposit, detailed reexamination
of the interval shows that it consists of a mosaic of channel, overbank and levee.
sand-rich distal fan, and mud-rich distal fan facies (fig. 6). Channel facies
characterized by blocky SP response form the framework around which associated
facies are arranged. Channels were erosive. as is shown by truncation of preexisting
deposits. Immediately adjacent to the channel are levee and overbank facies that
display variable grain-size and bed-thickness trends and consequently variable SP log
motifs. These two facies rest on an upward-coarsening and upward-thickening distal
fan (perhaps fan lobe) facies that in turn rests on distal fan to basinal muds (fig. 6).
Channel facies are the most porous (31 percent average porosity); associated sand-rich
but nonchannel facies have much lower porosities (26 percent average porosity).

In addition to well-developed lateral heterogeneity, interval C is also highly
stratified. Hemipelagic muds deposited during episodes of submarine fan quiescence
divide the reservoir into discrete layers. Each layer is composed of the facies
elements described above and, in particular, a core of channel deposits enveloped by
levee and overbank facies. Submarine fan reservoirs are clearly highly

compartmentalized both laterally and vertically. It is this compartmentalization that

10
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inhibits efficient drainage of the reservoir at typical well bspacings.

Conversely, highly compartmentalized reservoirs have the greate‘ét potential for
additional hydrocarbon recovery. ‘Although interval C was the most prolific -of the
Port Art'hur‘ Hackiberry sands. having produced 19.6 Bcf of gas and 863.000 bbl of
condensat‘e‘. undrained compartments still existed in thi§ reservoif at abandonment.
Recompletién of ah abandoned well in an abandoned field (lower cohpletion in well 6,
fig. 6) displéyed an initial potential 6f 5.‘5 MMecf of gas and 300 bbl of condensate at
a flowing tubing pressure of 6,300 Ib over a 24—h; test.

Considerable potential exists for the detection and production of additional

uncontacted gas-bearing reservoir intervals. This report describes the reservoir

development geology of three such zones and provides an estimate of remaining

conventionally producible gas in the "ﬁeld.
Prospective Units
Sands that were isolated from sub- and superjacent sands by continuous

hemipelagic muds, that exhibited gas-saturation characteristics on well logs, and that

had not been perfdrated were sel'ected for detailed mapping. A total of 11 sands are

considered prospective, each of which was mapped. For the sake of brevity, only three

are presented in this report; the remaining maps are on open file at the Bureau of

Economic Geology. .

“Depositional elements demoristra‘ted in figure 6 are present in each of the sands-

mapped. Similar depositional trends are repeated in each of the sandsvmapped but

with differin_g orientations (figs. 7 through 15).
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Sand Distribution

A recurring characteristic in many of the sand stringers is the presence of sand
thicks that show a bifurcating pattern. Sands thicks are oriented toward the east.
southeast, and south. Adjacent to the zones of greater sand development, sands thin

abruptly (fig. 10) or pinch out completely (figs. 7 and 13).
Facies Architecture
Depositional elements as shown by net-sand mapping are repeated on log facies

maps. Log facies maps, which are based on the shape of the SP curve, show the

lateral variation in vertical grain-size trends across the field area. Thus in the B-2

No. 7 stringer (fig. 8) a cone (also called Christmas tree) motif on the SP log

represents an upward-fining sand; symmetrical motifs suggest early progradation

(upward-coarsening sands) overlain by aggradational deposits (upward-fining sands):
and blocky motifs indicate no vertical grain-size trends. Blocky motifs form the core
of the complex and correspond to the sand thicks. As such these sands were
deposited in submarine channels.

Flanking the channels are a variety of log facies that are variable in log response,
which suggests variability in the processes responsible for their origin. The most
common facies association is a trend of blocky to upward-fining to serrate to upward-
coarsening motifs as is displayed by the C-4 stringer (fig. 11). This facies
association represents a gradation from channels (blocky and upward-fining motifs). to
levee (serrate motif). to unconfined flow facies on the distal fan or fan lobe (upward-
coarsening motif). In the B-2 No. 7 stringer, channel-flanking deposits are inferred

from upward-fining sands superimposed on distal progradational deposits.
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Cross sections transverse to the local depositional fabric of the Hackberry
illustrate the profound influence of facies architecture on réservoir continuity (figs. 8
and 14). Coupled with the bifljrcating geometry of the channels, shale out of reservoir
facies into basin plain mudstone provides a first-order magnitude fécies change.
Equally important are the cHanges from channel :to levee to splay and marginal
turbidite as-these variafions and the accompanyingk changes in petrophysical attributes

at the interface between facies result in the intrareservoir entrapment of gas.

Net Pay

The distribution of pay in individual stringers is a unique function of three
parameters: ‘structure'. sand distribution, and facies architecture. The trapping
structure at Port Arthur is a linear north-south-trending anticline downdip (east) of a
bounding fault. Structure determines t.he position_v of the gas-water contact within
e;ach of the individual str>i‘ngers. Sénd~distribution and archi.tecture of the reser\;oir
sands deterr\nines‘the spatial variability of hydrocarbons. - In' most of the reservoibrs at
Port Arthur, sand pinch-out results in discontinuous pods).of pay wi.thin the confines
of the gas-water contact (figs. 9, 12, and 15).  The orientation of the pods is directly
related to the depositional fabric of the reservoir sand. Channel and c.h‘anheléfrihge
facies compose the princip’a'_l pay elem‘ehts: boundaries between -these two faéies
probably create partial to complete barriers to reservoir drainage (fig. 12).
Discontinuous pods and lenses of pay typify the remaining undrained reservoirs at

Port Arthur.
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Remaining Resource

Primary gas'production at Port Arthur emphasized the high-permeability, highly
gas-saturated sands. Those sands having strong resistivity deflections were perforated:
sands with lower saturations were left untapped. Water saturations in the primary
production zones ranged from 35 to 84 percent. To determine the remaining resource
base in the field, water saturations and. from these data, gas saturations in the
untapped zones were calculated using the few avéilable p.orosity logs and, in wells
without porosity logs., using the resistivity curve coupled with available sidewall core
porosities. Sidewall core porosities were further characterized according to environment
of deposition. Channel facies consistently display higher porosities and lower
saturations (averages of 31 percent and 61 percent, respectively) compared with non-
channel facies (26.5 percent and 64 percent. respectively).

Gas-bearing untapped zones were ranked into two classes on the basis of
calculated water saturations. Those zones having water saturations of between 70
and 79 percent were classified probable pay, those zones with saturations greater than
79 percent were classified possible pay.

Facies-based untapped compartments are unevenly distributed throughout the field
area (fig. 16). The 11 untapped zones in the Port Arthur field contain a total gas
resource of 13.9 Bcf. Calculations show that 7.9 Bcf gas remain in the probable pay
zone category: the remaining 6 Bcf is located in those zones of higher‘ water
saturation (table 1).

Strategic location of a single infill well on the crest of the structure (fig. 16) and
completions in probable pay zones E-6 and B-2 No. 7 and possible pay zones B-1
No. 2 and B-1 No. 5 would tap a total resource base of 6.5 Bcf gas, that is, the
equivalent of greater than 1.0 MMbbl of oil (fig. 17, table 2). Many of the untapped

compartments are present in existing wells, and selective recompletion of existing

)
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Figure 16. Areas of untapped gas-saturated sand: (a
between 70 and 79 percent) and (b) possible pay (w

percent).
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Table 1. Gas-in-place in unperforated zones,
Port Arthur (Hackberry) field.

Sand Probable Bcf Possible Bcf
A-2 (10.950) 20 0.
B-0 1.8
B-1 No. 2 0.3
B-1 No. 5 2.3
B-1 No. 5.5 0.6 |
B-2 No. 7 2.6 0.3 I
C-4 1.7 0.3
D-8 0.2
E-5 0.2
E-6 - 0.9
F-6 0.5
Totals 7.9 6.0
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Table 2. Probable and possible resources
for a 'single well (or recompletion)
in general location of well 31.

Probable Resource Possible Resource
3.6 Bef 2.9 Bef
Total Resource 6.5 Bef or >1.0 million BOE
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(although abandoned) wells provides an alternative secondary gas recovery strategy.

Brine Disposal

As part of this anavlly’si’s the disposal potential of Miocene sands at Port Arthur
was examined. At least four sands in the I\/lioceﬁe section display sufficient lateral
continuity and minimal internal heterogeneity to Be cqnsidered favorable repositories for
produced brines. These Miocene sands are of wave-dominated delta or strandplain
origin and as such compose excellent candidates for disposal. In a subsequent section
of this report the disposal geology of similar disposal sands at Northeast Hitchcock
field are described in detail. Of more concern is the potential' for incompatibility
between the disposal fluids and the indigenous aquifer fluids. These consideration are

examined in the following section of this report.

CONCLUSIONS

Port Arthur (Hackberry) reservoirs were deposited in a submarine
‘
canyon/submarine fan canyon-fill depositional setting. The Iower_sands in the
Hackberry are thick, aggradational canyon-fill deposits; upper sands were deposited
‘during subm.arine fan abandonment. It is in these upper, highly discontinuous.
internally heterogeneous reservoirs that the best potential for reserve growth through
strategic infill drilling; or alternatively, selective recompletion of existing wells, exists.
A recurrent characteristic of the untapped stringers is the d»evelopmerit of - thicker,

more porous and permeable channel sands that form the axes around which thinner -

and poorer reservoir-quality nonchannel sands are arranged. Bifurcating channel
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morphologies result in discontinuous and podlike belts of more favorable pay
characteristics separated by poorer pay or nonpay areas. A total resource base of
139 Bcf of gas exists in these untapped compartments. approximately half of which
could be contacted by four completions in a single strategically sited well located on

structure.
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COIVIPATlBILITY OF HACKBERRY AND MIOCENE FORMATION WATERS
PORT ARTHUR FIELD, TEXAS

by M P. R Light
INTRODUCTION

The likelihood of scale formation |n prodl:x‘ction tubing',’ surface equipment, and',
Miocene dispo‘salv sandstones at the Port’Arthvar}fie.ld, Tex‘as,v has beeh investigated
with reéard to the,disp_osal o‘f Hachberry forhation waters lco—prodhcec‘i from the 1-6
well. Tomson and O'Day ‘(‘1987) indicate that the formation of calcium carbonate with
a few percent iron-carbonate scale in Gulf Coast systems is‘ initiated by a drep in
pressure that causes carbon ’dioxbide»t,ex exsolve from formation waters, thereby
increasing the pH. Carbohate ecali‘ng fn' production tubihg occurs at tem’peratures in
excese'of 212°F (1006C) and Iess than 140°F (60 C). whereas the in’»terven'ing‘
temperature range is characterized by corrosnon (Tomson and o Day 1987). |

B Disposal‘ of Hackberry fluids intO'Miocene aqunfer.s requnres a knowledge‘ of the
average composutlons and hence compatlblhty of l\/hocene and Hackberry formatlon :
waters. No published data are available on l\/llocene formatlon waters in the Port
Arthur area, so five Miocene ‘for.‘ma_tlon-wat‘er, analyses from Cameron Parish, Lounsuana
(tahle 3 Celhns. 1'970)' adjacentxto Port Arthur, were av‘eragedv’and compated with
two Haekberry ferfhation-water an‘alyses' from the co-production 1-6 well in the Port

Arthur field (table 4). The Hackberry waters were collected by Institute of Gas

Technology (IGT) staff, and analyses were conducted at the Bureau of Economic

Geology (BEG) using standa‘rd’ ‘proc'edures‘ includtng the u‘se.ofan inductively ‘c'o.upled'
plasrha atomic emission'spectrometer Both the Miocene and Hackberry waters are
sodium chlonde brines and plot close to the pure halite dISSOIUtIOI’l Ime (fig. 18) Low-
salinity waters have probably been diluted with pure water because they he along the
NaCl dlssolutnon I|ne Condensatlon of pure water from gas has apparently reduced the

”salmltles; of these waters by three orders ‘of magnitude. =
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No.

Depth
pH
S.G.
T.D.S.
K

Na
Ca
Mg
Sr

Ba

Li

B

Cl
HCOj3

All aqueous species expressed in mg/L.

Table 3. Analyses of oil field brines from Upper-Miocene sands,

S12 T12S
R10W
5,978 ft

6.6
1.088
124,378
195

44,607

2,473
747
143

90

2

21
75,837
157

528 T12S
R10W
3,297ft
5.6
1.088
126,457
168
46,011
2,097
646
130
48
2
30
77,085
153

32

S28 T12S
R10W
2,925ft
5.99
1.090

127,649

187
46,485
2,073
646
188

50

4

31
77,789
167

Cameron Parish, Louisiana (Collins, 1970).

S12 T13S
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6.1
1.085
126,631
ND
46,798
1,803
506
185
80
ND
ND
76,906
262
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5,824f¢t

6.0
1.089 -
121,867
ND

44,025

2,015

993
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>ND
ND

74,422
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Table 4. Analyses of co-production brines from the unit 1-6 well,
Port Arthur field, Jefferson County, Texas (BEG - 3/21/86).

No. 86-159 86-160
pH 6.27 6.84
K 292 300
Na 24,670 24,510
Ca 2,070 2,040
Mg 212 211
Fe 118 115
Sr 268 263
Ba 95 43
Li 5.8 5.0
B 45 45
cr 41,700 41,800
HCO3 515 1,001

All aqueous species expressed in mg/L.
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Figure 18. Sodium versus chloride for the Hackberry formation waters in Port Arthur
field, Texas, and Miocene formation waters, Cameron Parish, Louisiana.
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Thé chl.éride content of MioceneZWaters (v75l'000 vm’g/L) is much greater than that
of Hackberry waters in t’Be 1-6 \blv_éll‘ .‘(‘42.000' mg/L) (fi;s. 19 and 20). ’Chloride-bromide
ratios shbw a> deplé'tion in bromide and lie in a field between pure salt. meteéric
water. and sea water. indicating that the 'M‘»io.c'ene waters ha:vev a large component
derived from salt d.isvsolu‘ti‘on (fig. 21) (Kharaka and others. 1979). whéreas the iower
‘salinities 6f the' Hackberry could> r?eéult from the ,abunv‘dan,cé of inter.laminated"shébles in"
the Hackberry turbidites. a source of fresher‘ $hale waters release'}d' during iproduction-_
induced pressure drawdowns. T’he Salinity reductions. as already mentioned, could be
caused equally by condensatic?n_ of pure water frqm gas.

Twenty-four water-composition diagrams were constructed from water-composition
data for the Héckbefry :an'd Miocene fo'rmfat:iOn“,quid's in the Port Arthur area (figs. 18
and 22). Miocene fluids are 've'nrichedvi‘n most ino‘rgan'ic“species ‘vaut dépleted in
bicarbonaté ‘comparéd with H‘véCkberry fluids (flg 22) Slight reductions in calcium, n
iron, bicarbonate, barium, and sﬁlrphate‘in'formati'on watefs over the peri‘od of

production of the 1-6 well (fig. 23) suggést théf scaling may be occurring.
THE»R'MOD.YNAM'IC, CALCULATIONS

Thermod’ynami;’ calculations can be used to study t'hevpotential for precipitation of
minerals from aqueous sollution‘s,‘-(Khér'akavvand others, 1979). The SOLMNEQ
: cvomputervbrofgrém, first rpub_lishe:d by the U.S. Geological Sﬁrvey, calculates the
-equilibrium distribution of inorgani.é agueous ispecies of méjor, minor, and trace éations
and anions |n férmation waters from re‘p‘brterd» chemiéal analyses at given ‘te‘mper'ature.:
pH. and Eh (optional) ’con,dition‘s:,over,the temberature range 32 to 662°F (0 to

.350°C) (Kharaka and vaarr‘\es. 1973).
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Figure 19. Piper diagram showing compositions of Hackberry and Miocene formation
waters. ' ' ' :
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MINERAL ANALYSIS

The number below the ion indicates meq. per unit

20 15 10 5 5 10 15 20
Na Cl
100 | 100
Ca HCO3
10 10
Mg S04
10 10
Fe ! . COx
10 | 10
[ ] Hackberry formation waters (1-6 well)
Miocene formation water QA 8025

Figure 20. Comparison of major inorganic components of Hackberry and
formation fluids. ' ‘
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versus chloride and sodium versus bicarbonate for the Hackberry formation waters in
Port Arthur field, Texas, and Miocene formation waters, Caineron Parish, Louisiana.
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To determine the departure from equilibrium of waters Wit‘h respect to the suite
of minerals. SOLMNEQ computes the Gibbs free-energy difference (6Gdiff) between the

actual and equilibrium states from the following equation (Kharaka and others, 1979):

6Gdiff(Kcal) = RTLn(AP/K)

where R = gas constant
T = temperature
AP = activity product for the dissolution of the given
mineral '
K = equilibrium constant of the given mineral

A mineral will precipitate only if the value of its §Gdiff is greater than zero
(Kharaka and others, 1979), but it is possible for a given solution to be
supersaturated (unstable but permanent condition) with respect to a mineral by a
number of kilocalories without precipitation (Barnes and Clarke, 1969). The amount of
precipitate formed is not computed by SOLMNEQ but depends on the instantaneous
concentration of solutes. which may change with precipitation and dissolution of
minerals and rates of various reactions and fluxes of ‘reactants (Kharéka and others,
1979). The 6Gdiff between actual and equilibrium states is used to demonstrate
oversaturation of minerals in formation waters.

The saturation index is defined by Kharaka and Barnes (1973) as:
SI = Log(AP/KT)

The saturation indices are plotted against different temperatures and pH values
for Hackberry and Miocene waters and can be compared with the Sl index defined by

Tomson and O'Day (1987) (table 5).
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Table 5. Scale of approximate saturation index values (Tomson and O’'Day, 1987).

AS| VALUE PROBABLE SCALE PHENOMENON

Inhibitors may not work above ASI=2.3

Range wherein scale can probably be controlled
by inhibitors

-~

Transition range from non-scaling to scaling
(I.I to 1.4)

Metastable range wherein inhibitors are probably
not needed in a scale-free system

Equilibrium

|

<——— Scale will not form below ASI=0

corrosive below ASI=-1.0 QA 8045

-} - //;I Scale will dissolve and brine may be very
sy
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" The main difference between the BEG SOLl\/INEQ version and that of the U. S.
Geological Survey is that an extensive compllatlon of borate minerals and aqueous: -
molecules ,(stsett, 1976. 1980) has been added to the BEG SOLMNEQ equation
such that the mass bala’nce,and»charge balance iterations include the boron s‘pecie‘s"
(Frsher and Ozment 1984) In addition. ’Iog :(KVT‘ values ‘for ‘many vm.inerals and ‘ions

have been revrsed and the acetate molecule and anion have been added (Fisher - and -

Ozment. 1984)

- The SOLMNEQ »p‘rogra”m will compute the Eh of a'sample-at the desired
temperature but these computatlons have been kept- to a mlmmum because Barnes.
and Clarke (1969) showed that the measured Eh is qualrtatlvely related only to the

concentration of iron. Large..changes in iron content are,often unrelated to ,other .

formation-water composition changes in co-production wells (‘Light and D'Attilio, 1985).

Computational - Uncertainties |

Kharaka and Barnes (1973) outlined uncertainties involved in_computations carried
out by the SOLMNEQ program.»‘Diflerve-nt ‘methods of sampling. treatment. and
analyses of formation waters will cause uncerta’i’ntles in the final calculated equilibrium

constants ('Cha’ve 11960 Rainwater- and Thatcher, 1960: White, 1965). Many chemical

analyses are Ilmrted to major cations and anions (Kharaka and Barnes. 1973), as is

the case with data on Miocene formatlon‘waters used in ‘this report’ (Collivns 1970).
BEG analytlcal precnsron for major amons and cations on the mductlvely coupled -
plasma ‘atomic emission spectrometer is 2 percent |

| The rate and reversrbrlrty of reactlons control the uncertamty in thermodynamrc

functions. and less error is to be expected Where a. phase reacts more raprdly

- completely. or reversibly (Kharaka and Barnes 1973) The quallty of the compllatlons

of equilibrium constants (K) is controlled by the amount and qualrty of
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thermodynamic and other data available in the literature. but the BEG SOLMNEQ
program contains extensive revisions from recently published data (Fisher and Ozment,
1984).

A major limitation of many chemical analyses of subsurface water samples is
. extrapolation of determined pH to the in situ pH (Kharaka and Barnes, 1973).
Precipitation of solid phases. variation of partial p‘ressu‘res of dissolved gases. and
reactions of aqueous species produced \by chénges in temperature and pressure of the
sample will change the pH of the sample (Kharaka and Barnes, 1973). A critical
factor is the change in pH with depth. because as water is lifted to the surface, the
drop in pressure results in carbon dioxide exsolving, reducing the acidity 6f the
solution. Kharaka and others (1979) have demonstrated by modified SOLMNEQ
equations and experiments adding carbon dioxide to solutions from reported gas
analyses that in situ pH values computed for geopressured formation waters are
greater than -2 pH units lower than measured pH values. The in situ pH at the Port
Arthur field was estimated by computing the pH at which calcite would be in
equilibrium with the water at formation temperature (R. S. Fisher. personal
communication, 1987). The SOLMNEQ-calculated pH had to be reduced by about 1.3
units. to 5.25. before calcite was in equilibrium with the fluid (fig. 24). Activity
coefficients of all neutral species are assumed equal to acfivity coefficients of dissolved
CO, in NaCl solutions (Kharaka and Barnes. 1973). SOLMNEQ computes 1€0, at

the temperature and ionic strength (up to 3 molal) of the solution by linear

interpolation of 7C02 values as a function of temperature and ionic strength of an

equivalent solution (Kharaka and Barnes. 1973). Errors due to limiting minerals to

end-member compositions and from assumptions in calculating activity coefficients of
aqueous species are minor compared with those given above (Kharaka and Barnes.

1973).
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Figuré 24. Gibbs free energy difference (6Gdiff.) of carbonates versus pH in Hackberry
formation waters from the 1-6 well, Port Arthur field, at formation temperature
(110.6°C. 231°F).
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SOLMNEQ Cdmputatio.nvs

Using formation-water analyses. 25 SOLMNEQ solution-mineral equilibrium
programs for average Hackberry and Miocene formation waters (tables 3 and 4) were

run at reservoir separator 106°F (41.1°C) and Miocene disposal sand 144°F (62.2°C)

temperatures, at measured pH (6.55), and at an estimated minimum pH (5.07) at

which dolomite is in equilibrium with the fluid (fig. 24). Carbonates, barite, silica (as"

quartz). and clays are all oversaturated at measured pH (6.55) over a wide
temperature range (fig. 25) and at separator temperature 106°F (41.1°C) over a wide

pH range in the Hackberry formation waters (fig. 26). Porosity loss in disposal

sandstones due to the precipitation of aluminosilicates is probably- insignificant because

it is a very slow process controlled by kinetic factors (Rimstidt and Barnes, 1978)..

At separator temperatures 106°F (41.1°C), carbonates (including siderite) become
- undersaturated at pH values less than 5.3.but are oversaturated at the measured pH
(fig. 27). -

Porosity loss from precipitavtion' of minerals depends on the chem‘ibcval composition

of the water at the time of injection and the amount of mixing between the injected

and formation waters (Kharaka and others, 1979). Miocene formation waters are

depleted in bicarbonate compared with Hackberry fluids (fig. 22). and this difference

results in decreased oversaturation of carbonates with increased addition of Hackberry

waters to Miocene waters.
The result of mixing of varying proportions of Hackberry formation waters at

separator temperature 106°F (41.1°C) with Miocene formation water at ’di‘s'posél

reservoir temperature 144°F (62.2°C) was investigated (table 6). Under most

circumstances the fluids are oversaturated in carbonates, especially siderite and barite,

and lie within the metastable field (Tomson. 198.3)._ except when Miocene fluids

exceed 90 percent of the total (fig. 27). This indicates that scaling from Hackberry

formation fluids may be a problem in the disposal sand if inhibitors are not used. but‘
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Figure 25. Gibbs free energy difference (§Gdiff.) of silica, clays, and carbonates versus
temperature at measured pH (6.55) in Hackberry formation waters from the 1-6 well,
Port Arthur field.
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Figure 27. Saturation index of carbonates and barite versus different mixes of

Hackberry and Miocene formation waters. Port Arthur field.

49



- Temp. (sep.)

- pH
Den.

. Aragonite
Barite
Calcite
Doldmite
Siderite '

Table 6. Saturation indices of combinations of Hackberry and

Miocene formation waters, Port Arthur field. -
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much of the range covered by the saturatlon indices hes wnthm that in which
mhrbttors are probably not needed |n\ a scal-eefree system (table 5) (-T'omson and
O'Day. 1987.) Barite remains overs‘atu‘rated under.a—ll conditions tested but has not
been seen in scale present in surface equxpment at the 16 well (I\/I “Tomson, personal
commumcatlon, 1987) The high concentration of barlte in the produced waters may“'
result from contamination by drilling fluids trapped beh_l‘nd casing. although the Iowi
barium concentrations in the Northeast Hi'tcﬁcock tield"vi'ndicete that this> has not'’
occurred there. Barite may be scaling in the formatlon or in the tubing near the
perforatlons where a large pressure decline would lead to its precupltatlon Barite was
found to be supersaturated in geopressured waters at surface temperatures (77 F.‘
25° C) at the Pleasant Bayou test wells ‘in Brazorla County (Kharaka and others,
1979). |

SOLMNEQ data suggests that barite and carbonates ar"e‘_ oversaturated in the

Hackberry formation waters. and these »cemputat:ions are ;’consist-ent with the

interpretation that the declines in iron, bicarbonate, barium, and sulphate during

~ production of the 1-6 well are a result of minor scaling.

DIAGENETIC SEQUENCE

Gold (1984 1987) studied the d'iagenesis of Miocene sandstones in Louisiana. He

~ states that detrital quartz has not substantlally reacted W|th pore flu1ds at depths

shallower than 20,100 ft (6.090 m) (302°F. 150°C). although some minor pressure,
solution has occurred. - .

Above 10,000 ft (3.050 m) in Miocene sandstones, feld‘s‘par concentrations are
fairly constant, but potassium feldspers disappear below 15.750'ft (4.800 m) at

(257°F. 125°C) ‘and plagioclase dissolves _betweeh 11,800 ft and 16.400 ft (3.600 and

5,000 m) at temperatures in excess of (266°F, 7130°‘C) (Gold. '1987). Major albitization
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of plagioclase occurs between 11.800 ft and 16.400 ft (3.600 and 5,000 m) but
continues to the limit of sample'control at 19.700 ft (6.000 m) (Gold. 1987). |
Below 10,000 ft (3.050 m} major pore cements in Miocene: sandstones are
quartz, calcite, and kaolinite, and there are small amounts of chlorite. albite and K-
feldspar overgrowths, dolomite, and ankerite (Gold.  1984). Only small amounts of
calcite and kaolinite cement are to be expected in Miocene sandstones above 10,000 ft
(3.050 m) (Gold. 1984), so they should pose little problem to the disposal of fluids at

these and shallower levels.
CONCLUSIONS

SOLMNEQ data suggest that barite and carbonates are oversaturated in the
Hackberry formation ‘waters, and these computations are consistent with the
interpretation tha.t- the declines in iron, bicarbonate, barium, and sulphate during
production of the 1-6 well are a resiult of minor scaliﬁg. Little diagenetic cement is
~ expected above 10.000 ft (3,050 m) in Miocene sandstones and will not affect

disposal of fluids into shallower aquifers.
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DEPOSITIONAL ENVIRONMENT AND DIAGENETIC HISTORY OF
UPPER FRIO SANDSTONES AND THEIR EFFECT ON POROSITY
AND PERMEABILITY PRESERVATION IN THE NORTHEAST
HITCHCOCK FIELD. GALVESTON COUNTY, TEXAS

by M. P. R. Light

INTRODUCTION
Detailed work has been completed on the core cut” in the Frio ‘A’ sandstone at’
the Secondary Gas Recovery Delee No. vllwell,' Nbrtheast Hitchéock field, Galveston
County,' Texas. This work has resulted in the iderv‘1tifi<.:ation~’of a 'numb;erv ofitrace
fossils and sedimentary structures. including t‘hé "Sko/ithos assemblage” in the coarse
glauconific sandstones and planolites vburrow;s in the more shaly sediments. The

presence of the Skolithos assemblage and other structures has substantiated the

shallow-marine. tidal, distributary-mouth-bar, and distributary- and tidal-channell

depositional environment for most of the major reservoir sands. Several shaly horizons
show the characteristics of interdistributary bays, whereas the Frio ‘A’ is capped by a
thin sequence of crevasse splays and washover sands filling a bay formed at the

initiation of the‘transgression that oAVerlapp,ed the Frio in Anahuac times.
Deep Frio Sandstones and Shales

The Oligocene-age Frio Formation has been investigéted to a depth of 9,402 ft

(2.866:rh) in the Delee No. 1 well. Three gas-bearing sandstones. were intefsected

‘belowv9,392fft. (2.863 m), 9.366 ft (2;,85»5 m) and 9,322 ft (2,841 m) and were

respectiveiy 10 ft (3 m)., 4 ft (1.2 m) and 28 f-t’(,8.5 m) thick. The thin, light-gray
sandstone units between 9,402 and 9,322 ft‘(‘2.866.-andv 2,841 m) ‘consist of

‘subangular grains that are well sorted and of fine to very fine grain size. Although

abundant calcareous material is present, it appears to be moderately cemented. The

presence of glauconite suggests a shallow-marine depositional environment (Selley,

53



1970). A crude upward-coarsening and increasing-porosity motif shown by the
spontaneous potential (SP) logs suggests that these sands are prograding shoreface
marine bars. |

Dark-gray. indurated shales, which are present at 9,195 ft (2.803 m) at the base
of a 100-ft (30-m) core cut in the Delee No. 1 well (fig. 28). contain abundant
planolites burrows. Planolites are common in rocks ranging from the Recent to the
Precambrian (Chamberlain, 1978). They are characterized by branched or sparsely
branched burrows that are circular, elliptical, or lenticular in section and have unlined
distinct walls and poorly defined internal structure (Chamberlain, 1978).

The planolites burrows at 9,195 ft (2.803 m) are horizontal, occur in clusters,
and overlap parallel to one another consistent with an offshore shelf depositional
environment (infralittoral shoreface toe to tran;ition zone 1, fig. 29). This depositional
environment extends from depths greater than 33 ft (10 m) to 590 ft (180 m)

(Chamberlain, 1978).
Frio ‘A’ Reservoir Sandstones
Frio ‘A2’ unit

The Frio "A’ reservoir in the Delee No. 1 well consists of two sandstone units, a
lower sand A2 (9.182 to 9.194.1 ft, 2,799 to 2.802 m depth) and an upper sand Al
(9.151 to 9.179 ft, 2,789 to 2.798 m depth) separated by a 3-ft-thick shale break.
The lower sand (A2) is 12.1 ft (3.7 m) thick, whereas the upper sand (A1) is 28 ft
(8.5 m) thick. The upper section of the Frio A’ reservoir was deposited in a
transgressive setting and contains three sandy depositional pulses before grading up

into the Anahuac shelf shales at 9.101 ft (2.774 m).
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Figure 28. Core log for the Frio ‘A’ sandstone. Delee No. 1 well, Northeast Hitchcock
field. Galveston County. After Tyler and Hahn, 1982.
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The lower Frio ‘A2" sandstones consist of an upward-coarsening stack of
crossbedded. light-gray fine- to medium-grained sandstone beds 1 to 3 ft (0.3 to 0.9
m) thick separated by thin shale breaks. The sandstones are moderately sorted and
contain subrounded grains: spotty kaolinite cement occurs near the base above a
rippled thin shale break at 9,191 ft (2.801 m) (fig. 30). In general the sandstones in
this interval are indurated by diagenetic cementation. Other shale breaks are calcareous
(9.185.05 ft, 2,799.6 m; 9184.6 ft. 2,799.5 m, fig. 31). and an erosional surface occurs
at 9.,183.5 ft (2.799 m) (fig. 32). Shale breaks in deltaic environments are more
localized than in deep-marine sedimentation (D. Bebout, personal communication,
1985). which may explain the apparent continuity shown by the Frio ‘A" sandstones
during production (Anderson and others, 1984).

The Frio ‘A2° sandstones tend to be tight at the base (9.194 ft, 2,802 m) but
more porous in the upper parts. The Frio ‘A2’ reservoir has a very abrupt top at
9.182 ft (2,799 m). Thin plane-bedded sandstones near the base of the Frio 'A2’
indicate rapid deposition in a high-energy environment in upper flow regime conditions
(fig. 33). Flow velocities may have exceeded 2.6 ft/s (80 cm/s) (Blatt and others,
1980). Trough and planar crossbeds present in the rest of the section formed in lower
flow regime conditions as dunes and sand waves with flow velocities greater than
1 ft/s (30 cm/s) (Blatt and others, 1980).

Shale breaks within the Frio ‘A2° sandstones are overlain by thin carbonaceous
layers, some of which are burrowed or contorted and slumped (fig. 33). The slumping
occurred penecontemporaneously and is probably a result of high pore pressures that
result from the rapid deposition of these sand deposits (Coleman and Prior, 1980).

Irregular layers of calcareous cement occur with increasing abundance toward the
top of the Frio ‘A" sandstones, where a crossbedded channel unit has cut into the

underlying sandstones. Upper flow regime conditions are implied by the coarser
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Figure 30. Rippled shale break at 9,191 ft (2.801 m) in the Frio ‘A2’ sandstone.
Northeast Hitchcock field.
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Figure 31. Calcareous shale break at 9.184 6 ft (
sandstone, Northeast Hitchcock field.
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Figure 32. Burrowed calcareous shale break at 9.183.6 ft (2.799 m) in the Frio 'A2"
sandstone, Northeast Hitchcock field.
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Figure 33. Plane bedded unit at 9,184 ft (2‘..799 m) near the base of the Frio 'A2’

sandstone,

Burrowed contorted carbonaceous shale laminations appear in the upper part of the

core.

indicating rapid deposition in high-energy upper flow regime conditions.
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grained. high-energy. plane-bedded top of the channel. although in general the channel
is upward fining. This channel appears to represent a distributary cut into delta-front
sands because the grains within the channel are less well rounded than in the
underlying upward-coarsening unit, which contains glauconite. A burrow. identified as
planolites, occurs in a shale break at 9.189.6 ft (2.799.5 m).

Dark-gray calcareous mudstone with fine-grained sandstone to silty sandstone
intercalations forms a 3-ft- (O.9-r_n4) thick layer between 9.182 and 9.179 ft (2,798 and
2,799 m) above the Frio ‘A2’ reservoir. Several thin, upward-coarsening units are
present ti;at grade up from clean mudstone into ripple-laminated sandstone interbedded
with lenticular mudstone. Calcareous (shell)‘fragments are abundant near the base,
whereas horizontal planolites burrows occur near the top of the 3-ft- (0.9-m-) thick
layer (fig. 33). The clean nature of the mud suggests that it was deposited in a
marine environment and is interbedded with upper d.istal delta-front sandstones
(N. Tyler, personal communication, 1985), implying that the underlying distributary
channel had shifted elsewhere. |

The most abundant single‘sedimentary structure in interdistributary bay deposits
consists of lenticular laminae. the product of reworking and concentration of the
coarse fraction by wind-generated waves: parallel-laminated silts and silty clays are
also common, as is bioturbation (Coleman and Prior. 1980). Interdistributa‘ry’bay is
the most likely depositional environment for the mudstones between 9,182 and 9,179
ft (2.798 and 2.799 m).

The 3-ft-thick shale layer below 9.179 ft (2.798 m) is surrounded by a zone of
highly indurated sandstone that contains spotty patches of authigenic kaolinite cement.
This spotty zone is approximately 20 inches (51 cm) thick above the shale (fig. 34,
9,178.3 ft, 2797.6 m) but is only 4 inches (10 cm) thick below the shale. The

development of these indurated zones is the best evidence of the introduction of fluids
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Figure 34. Spotty kaolinite cemented Fno ‘A1’ sandstone above planoliteé burrowed
mud at 9.178.3 ft (2,797.6 m). I



from shales into the sandstones. which resulted in the crystallization of authigenic
kaolinite (Light and D’Attilio. 1985). although the induration could also result from
lithologic changes. Crystallization of abundant authigenic kaolinite in the sandstones

has reduced their reservoir quality (Light and D’Attilio. 1985).

Frio ‘A1" Unit

A uniform, fine- to medium-grained crossbedded sandstone that is glauconitic and
moderately calcareous forms a 24-ft- (7.3-m-) thick porous unit from 9,179 to 9.157 ft
(2.798 to 2.791 m). It has a sharp basal contact on the underlying marine shales.
These sandstones are light green or gray-green to tan, moderately to well sorted, and
contain subrounded quartz grains. The rounded quartz grains appear to be coated with
iron oxide, suggesting a fluvial depositional environment. The 24-ft- (7.3-m-) thick
sandstone unit consists of superimposed smaller crossbedded sandstones from 2 to
6.5 ft (0.6 to 1.98 m) thick that are very indurated at the base but less indurated
higher up. In the upper section (9.157 to 9.167 ft. 2,791 to 2.794 m) the sandstones
are more variable in nature, more closely laminated, and are burrowed at various
levels (fig. 35).

Horizontal to inclined burrows also are present in a 4-ft- (1.3-m-) thick
crossbedded sandstone below 9.159 ft (2.792 m) and between 9.163.5 and 9.162.2 ft
(2,793 and 2.792.6 m). where they crosscut contorted bedding that indicates highly
variable energy conditions during sandstone deposition. Penecontemporaneous slumping
as a result of high pore pressures developed during rapid deposition of the sand
deposit is probably the reason for the contorted bedding (Coleman and Prior, 1980).
The upper 1.9 ft (0.58 m) of the 4-ft- (1.3-m-) thick sandstone below 9.159 ft
(2791.7 m) is well laminated and calcareous and contains small-scale crossbeds

interbedded with plane-bedded units, indicating a high-energy depositional environment.
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Carbonaceous material and mica are common in this zone.

The poorly winnowed sandstones would thus appear to be the more fluvially
dominated part of a distributary-mouth-bar deposit, where large amounts of
transported organic debris and mica are common in the upper sections (Coleman and
Prior, 1980). This is consistent with an upward decrease in permeability and porosity
shown by these sandstones, a trend oppésite to that normally shown by bar
sandstones (Selley. 1979). The highest permeability appears to occur within the spotty
kaolinite-cemented zone directly above the basal shale. The less porous and permeable
zones are confined to the more laminated and burrowed upper units.

The distributary-mouth-bar sandstones are erosively overlain by medium-grained.
moderately sorted sandstones (9.157 to 9.159 ft. 2,791 to 2.791.7 m) that contain
subrounded grains. A zone at 9.159 ft (2,792 m) at the base of a 2.6-ft- (0.8-m-)
thick sandstone is characterized by low porosity and permeability and contains
horizontal planolites burrows, implying an infralittoral to transition zone 1 depositional
environment (fig. 35) (Chamberlain, 1978). Horizontal burrows occur within a 4-ft-
(1.2-m-) thick crossbedded unit at 9.156.6 ft (2,794 m), again suggesting a low-energy
depositional environment.

The distributary-mouth-bar and marine sandstones are overlain by a 2.5-ft-
(0.76-m-) thick. upper fine- to medium-grained light-green to tan sandstone. This
sandstone is indurated and calcareous at the base (9.155.1 ft. 2,790.5 m) (fig. 36).
where it has cut erosively into the underlying units. It grades up into fine-grained
sandstones interbedded with silty shales at the top at 9,153 ft (2,790 m). A lag
conglomerate consisting of green shale clasts is present near the erosive base. Poorly
winnowed calcareous streaks occur within this layer, and horizontal burrows suggest
low-energy conditions of deposition (Selley, 1970. Contorted bedding near the top of

this deposit is a result of penecontemporaneous slumping (Coleman and Prior, 1980).
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Figure 35. Closely laminated Frio ‘A1’ sandstone with horizontal planolites burrows
between 9,158 and 9.159 ft (2.791.4 and 2,791.7 m).
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The subrouhded grains and mdderately sorted nature of these_séndstones are‘ s»ifni'ia;
to those of t-hé underlying st‘acked‘distributary-mouth—bar sandstones. The 2.5-ft-
(0.76-m-) thick erosively based unit above 9.1'55.1" ft.(2.790.5 m) appears to be a
distributary channel that has‘. cut through its’ i’iwn distributary-mouth-bar system. -
Three erosively based light-green to tan porous glauconitic sandstones from 1.5 to
2 ft (0.46 to 0.6 m) thick cap the dis’tribhtary-channel mouth-bar. sequencé between |
9.153 and 9.148 ft (2,790 and 2,288 m). These indurated sandstones are upper
médium grained. moderately sorted, and contain rounded to subroun‘de»d grains. The
sandstones vary from caicareous to ver-y calcareous. and shell fragments occur within
coarse grained sandy clasts in the upper unit (9.148 to 9.150 ft; 2,788 to 2.789 m).
Efosive contacts between these units are sandstone upon sandstone. The presence of
glayconite, lack of carbonaceous material (Selley. 1979). and the more rouﬁded nature
of the grains in these sandstones compared with the underlying distributary mouth
bars sﬁggest that they are tidal channels that have cut into a distributary-mouth-bar
complex. Additional reworking of the sands resulted in a higher degree of rounding. an
apparent lack of burrowing, and relat‘ively‘ high .‘permeabilities (fig. ‘428). |
Light-green, weakly laminated, crossbedded, upward-fining channel sandstones lie
between 9.148 and 9.146 ft (2,788:3 and 2.787.7 m) (fig. 28). These sandstones are
éarbonaceous andv’indurated' at the base and are lower coarseb to upber medium
grained, poorly sorted. and contain‘elongavted shale clasts. The major éection of the
channel is medium» grained, m,od,erétely‘sort_ed. and contains Subrbunded grains near
the top. Small grains of quartz are better rounded than the Iarger subangular'g“rains’
and appear stained by iron oxide., suggesting a fluvial or dunersource. The ch'anne]
sand grades up into an irregular carbonaceous shale break .25 inch (0.63 cm) thick at

9,146 ft (2,788 m) (fig. 28). The highly calcareous nature of the channel sandstones
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may have its origin in oyster development in the subtldal lagoonal envrronment .

(Embry and others. 1974). whrch would then be redlstrlbuted by fluvial or trdal

channels

A friable, medlum grained, moderately sortedv massrve to crossbedded sandstone
between 9.146 and 9.144.5 ft (2 788 and 2 787 m) forms the base of a sequence ofrv
similarly stacked sandstones from 9. 146 and 9,106 ft (2 787.7 and 2.775.5 m)» ) .
f (f'ig., 28). The basal sandstone con.tarns rounded»to‘subround‘ed‘gralns and -mica at the .
v‘bottom It is calcareous near the top and horizontal sand frlled burrows occur - in the

central section, suggestmg a poorly wrnnowed deltalc deposrtronal envrronment (Selley :

1979)‘ However the presence of more rounded gralns of quartz suggests marine
reworkmg and thlS sandstone is mterpreted as a wave reworked drstrlbutary mouth bar
sandstone A thm planar laminated carbonaceous break at 9.144.5 ft (2.787 m) is

overlain by small scale trough crossbeds (fig. 28)

Indurated moderately 'sorted, flne- to. medrum gralned trough crossbedded.',

sandstones between 9. 142.5 and 9 137 ft (2, 787 and 2,786.6 m)‘-(frg 28) vary from

calcareous near. the base to very calcareous at the top Grains tend to be subrounded

‘a.nd’ the sandstones are porous- The base of »thrs unit (9 142.5 to 9 141 ft; 2, 786 6 to
2736' m) (fig 2.8) consists of a lower medrum grained sandstone that is upward fining
~and has an erosive base rndrcatlng that it is a channel It grades up mto a very fine
sandstone wrth horlzontal burrows at 9142 5 ft (2 786 6 m) (fig. 28) Contorted '. o

beddrng is present at the top suggestmg penecontemporaneous slumpmg consrstent

wrth a steeply d—rpplng shoreface. and reworkrng of the .sedrments (N Tyler pers,onal

communication‘.x11985).

The upward—Fning channel sand’stone is overlain by twO‘similar sandstonef units'_"

the base of the Iower sand is coarse (9. 141 ft 2 786 m) and contarns small elongated

cavities that may have formed from the dlssolutron of shell or other calcareous

fragments. High-angle cr_ossbeds between 9.139.8 andv9.139 ft (2785.8 ‘and 2785.6 m), :
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(fig. 28) indicate a steeply dipping shoreface environment ‘consistent with distributary—
mouth-bar deposition (N. Tyler, .‘persohaly commUnication. 1§85). The;vbasal upward-
fining sandstone between 9.1425 and 9.141 ft (2.786.‘6 to 2,786 m) may represent a
tidal channel that has erosively cut into a distributary-mouth-bar and is overlain by
additional dis:tributary—n."louth-bar sandstones between 9,141 and 9,137 ft (2,786 and
2,786.6 m)j. |

The upper distributary—mputh-b’ar units grade up into medium—grained- sandstone
and are overlain by a .50-inch (1.3-cm) thick. horizontally bedded, finé-grained

sandstone at 9,137 ft (2.786.6 m). which was deposited in high-energy upper flow

| regime conditions (Blatt and others, 1980). This sandstone at 9,137 ft (2.786.6 m) is

overlain by a poorly sorted ('uppe.r coa‘r'se'to lower medium grained) sandstohe that

contains deformed shale clasts in its ‘upper pért that suggest penecontemporaneous

erosion of soft interdistributary muds during channel switching and incorporation of

these materials in the distributary-mouth-bar sandstones.

A second unit of Iighté to dark-gray carbonaceous upper fine-grained sandstone,
.75 inch (1.9 cm) thick has an erosive contact with the ‘underlying layer and contains
a basal lag conglomerate of elongated shale clasts. The upper part of this sandstone
consists of horizont‘ally‘_laminafed ‘to cross-laminated,  lower rﬁedium-grai‘ned sandstones
and shales. Conditions of deposition may have ranged from high-energy upper flow

regime (fig. 37) to lower flow regime crossbedded sandstones (Blatt and others,

11980). Sand-filled horizontal planolites burrows at 9.136.7 ft (2.785 m) (fig. 37)

crosséut the erosive u'nit, Suggesting, that it was deposited in the infralittoral shoreface
toe to transition zone (Chamberlain, 1978). These sandstones may represent
interdistributary bay sediments \;be;ause the Iower part of a bay fill commonly consists
of alternating silts and silty clays that often show silt- and sand-filled burrows

N

(Coleman and Prior, 1980).

73



Figure 37. Horizontally laminated Frio ‘A1’ sandstones and shales at 9.136.7 ft

(2.785 m) crosscut by horizontal planolites: burrows..
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A unifdrm, medium-grained porous glauconitic sandstone forms a 2.5-ft- (0,76-m-)'
thick layer between 9.136.5 and 9.134 ft (2.784.8 and 2,784 m) and is crossbedded at
the base and plane bedded ‘at the top (fig. 28) The presence of glauconite (Selley,
1978) and low- and high-energy sedimentﬁ‘r’}’f} Structureé indicates a shali,ow-marfne

(littoral?) environment. This sand is overlain by a medium to very fine grained. poorly

sorted, upward-fining channel sandstone that has cut e.rdsively into the underlying unit.

The upper part of the channel sandstone is well induratéd and consists of a poorly
sorted, subhorizontal, plane-bedded. calcareous silty shale at 9.132.7 ft (2.783.7 m)
(fig. 28). The shale shows no burrowing. which suggests that it represénts a mud flat
developed over a fluvial channel (N. Tyler, pérsonalcommunicati'on, 1985) that has
cut into its own distributary mouth bar. Sediments are better sorted in the mouth bar
due to marine reworking. |

A fairly continuous m_ediUm-gra_ined: sandstone sequenée lies between 9,132.7 and
9,106 ft (2.783.7 and 2.775.5 m). These rriassiv}e.-hohogeneousv. glauconitic sandstones
are light gfay to greenish ;ray to tan and range from lower medium grained at the
base to upper medium to coarse grained at the top. They tend to be friable, well
sorted, very calcareous; weakly to moderately cemented, and to contain subrounded
grains (fig. 28). |

A stacked succession of thin, bIocky. glauéonitic sandétones from 1.5 to 9 ft
(0.46 to 2.74 m) in thickness shows a number of very thin shale or carbonaceous
breaks and sudden changes in grain size. A ir‘nedium-grained sandstone at the base o‘.f‘
the lower unit (9.132.3 ft, 2,783.6 m) is moderately sorted, créssbedded.? and slightly
calcareous, and load casts are develdped above a thin (15 inch, 3.8 cm) silty shale
layer. Load casts are produced by load deforfnation of the underlying hydroplastic mud
and suggest v‘ery’ fast rates of deposition of the overlying unit (Pettijohn and Potter,

1964; Blatt and others, 1980.).
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_The basal sandstone ‘at 9.132.3 ft (2.783.6 m) is indurated to friable, co'ntain‘s
sﬁbroUnded grains, and apbears finér grained than the superposed units. Both
horizo‘ntal and subvertical burrows which are present in the center of the sandstone
layer at 9,128.5 to 9.131 ft (2.782.4 to 2.783 m) (fig. 38). a»fé indicative of variable
(high-low) depositional energy coﬁditions (Howard. 1975). Horizontal burrows and
convoluted laminations are present in the upper 1.5 ft (0.46 m) (at 9.125.5 to
9,127 ft. 2,781 to 2,782 m) b(ﬁg. 28), ’_indicating a Iéw-energy. subaqueous depositional
environment. (N. Tyler, personal communitation. 1985), probably on a distal
(distributary-mouth?) bar. This zone also contains abundapt authigenic kaolinite.

A moderately sorted cha}nnevl sandstone 1.6 ft (0.49 m).b~thick (at 9,125.5 to

9.123.7 ft; 2.7825 to 2.781 m) has erosively cut into the underlying, thin. glauconitic

sandstones. The base of this unit is upper coarse grained and grades up into an

upper fine-grained sandstone with horizontal burrows and contorted laminations. The
tidally dominated depositional environment of the channel sandstone is similar to the

underlying bar sar/idstones.' including the presence of the Skolithos éssociation (fig. 39)

(Seilacher, 1978), but the tidal-channel sandstone contains a larger percentage of

coarse-grained materialv.' suggesting it was sourced from Iess-WinnoWed (distributary
channel?) sediments. |

A homogeneous. upper medium"-gr-a,ined. crossbedded sandstone 9 ft, (2."74 ‘m)
thick lies between 9,123.8 and 9.114.'8 ft (2.781 and 2,778 m) This sandstone is
.moderately sorted and contains subrounded grains. Carbona;eous streaks oc;:cur at
9.118 ft (2.779 m). and horizontal to inclined ’burrow‘/’s- of the Skolithos .assc‘>ciation' ‘é‘ré
present at the base (fig. 40), indicatirng‘ a ‘shallow-mérine tidal ‘environment (Seilacher.
1978). The sandstone grades froﬁj indurated. porous. non-calcareous, and kaolinite

cemented at the base to very calcareous but friable at the top. Small rounded or
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Figure 38. Inclined lined ophiomorpha burrow with horizontal grazing structures at
9,130.6 ft (2.783 m).
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Figure 40. Frio ‘A1’ sandstone with subvertical lined skolithos burrow at 9,121 ft
(2.780 m).
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irregular,volay-.t':lasts ‘are present at 9,121 ft (2,780 m). overlain 'by faint vlncl'ined

Iaminations

Poorly sorted sandstones ‘voccur at’ 9. 120 ft (2 780 m)j. suggesting tha‘t‘the.
proxlmlty of a dlstrrbutary channel that fed sedrment rnto the mouth bar. The
oversteepened crossbedding at'9,1‘15.5ﬂ- ft (2.778.4 m) is probably related to shear
stress leXertedf‘ by aqueou.s‘currents F(Allen and"Banks | 1972' Blatt an’d ot.hers >1980), .
The drstrlbutary mouth bar appears to have retreated because ‘the top of the unit.

consrsts of an upward f'nmg mud clast bearmg moderately well sorted transgressrve

’sandstone The transgresswe unit. grades from upper medlum to fme grained at the

top and contalns moderately ‘well rounded grams Subrounded grams of the moderately

sorted dlstnbutary-mouth bar sandstones were reworked durrng a marine transgressron

(Coleman and Prlor 11980; N. Tyler personal communication, 1985)
A srmrlar o-ft- (2. 7-m- ) thlck homogeneous llght greenlsh -gray, medium- gramed
- glaucomtlc sandstone occurs’ between 9.114. 8 and 9 105.8 ft (2 778 and 2.775.5 m).

.Lrght green, subrounded to well rounded grams of mrcroclme and pmk orthoclase

feldspar are present at 9 114 ft (2'778 m) most of the grams are subrounded The

base ‘and top of the glauconrtrc sandstone is very calcareous carbonaceous streaks

l

occur at 9, 108 8 ft (2.776.4 m) where the sandstone. varies from mdurated to fnable

' Sandstones within thIS umt show steeply inclined crossbeds wrth fme- and coarse-

gramed crossbedded umts The oversteepemng of many of these beds and mclmatlon'

of a 3—mch- (7 6-cm-) long carbomzed twig at the top of the unit (fig. 41) may be
related to shear stress exerted. by the drstrrbutary current- flow or compactlon (Allen

and Banks. 1972 Blatt and others, 1980).

The glaucomtrc sandstone between 9, 114, 8 ‘and 9.105. 8 ft (2.778 and 2,775.5 m)

has the characterrstlcs of a dlstnbutary mouth-bar sandstone but has a poorly defmed'v .

decreas‘e in permeability. from bottom to top. The decrease in permeability is probably
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Figure 41. Distributary-mouth-bar Frio ‘A1’ sandstone containing a steeply inclined
carbonized twig erosively overlain by shell hash at 9,105.5 ft (2.775.4 m).
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a consequence of an increase in rounded. greevn clay cIastsvand scattered argillaceous

detrrtus clearly evident at 9,108 ft (2. 776 m) Thrs sandstone represents the termlnal L

dlstnbutary-bar-sand of -the delta.»whrchv'was retreating at that time (R. A. Morton.

personal commumcatlon 1984)

The drstrlbutary mouth-bar complex at 9, 105 8 ft (2,775.5 m) is erosri‘vel»y “‘o-verlain

by a 1-ft- (0.3-m-) thlck coarse to very coarse, poorly. sorted shell hash - (fig. 41).
which represents a storm deposit (N. 'Tyler.,_p:ers'()nal co‘r‘nmunication.’“198’6)'. The hash

contains subangular to angular shel_l fragments; is very thinly laminated (laminations

are 1/10 to 1/32 of an inch:" 0.08 to 0.25 cm thick). and has contorted bedding.
indicating a very hlgh “energy deposrtronal environment. The shell hash is overlain by a

'2- to 3-|nch- (5 1- to 7. 6-cm-)' thrck fmely Iamlnated greemsh gray to dark-gray

carbonaceous mudstone consrstmg essentlally of Iayered smectlte-llllte The mudstone,_

probably represents deposrtlon from storm surge waters ponded behmd the drstnbutary’ |

~ mouth bar (Hayes 1980)

The storm surge complex is succeeded by two (16- and lf’ft- 0. 3- and

| ‘0.755—m-th|ck) upward-coarsenmg sandstones between' 9.104. ‘8 and 9‘100 -ft (2 775 and
2,774 m) (fig. 42). These: sands are separated and overlam by laminated shales

between 9,101‘:and* 9.100 ft (2,774 and 2.773.7 m). The;lower mdurated sandstone‘ :

unit between-‘ 9.104.8 and 9.103.2 (2. 775f'and 2774.7 'm) is poorly sorted calcareous'

and varies in graln size. from Iower coarse to f'ne Clear to- mllky gray quartz grains,

whlch are subrounded to angular are arranged ln'gently mcl-med beds that contain

"mlca -at' the base Fme gramed sandstone beds are mterbedded wrth mud and’

carbonaceous layers and show Ientlcular to wavy beddmg in the lower sectlon they

. are mterbedded with conglomerates near the top. The poor sortlng and upward»

coarsenlng nature suggests that these are crevasse splay deposrts
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Figure 42. Upper crevasse splay Frio ‘A1° sandstone at 9.102 ft (2.774.3 m). which
contains gregarious, overlapping horizontal planolites burrows.
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A second upwaufd-coarSening crevasse splay sandstone ‘between 9,103.2 and
9,101 ft (2.774.7 and 2.774 m) has erosively cut into the underlying crevasse splay
deposits. The lower 1 ft (0.3 m) of this unit consists of a wavy to lenticular bedded
mudstone with light-green. silty. sandy. and carbonaceous interbeds. It is highly
bioturbated and contains abundant horizontal planolites burrows (fig. 43). indicating
periods of very slow sedimentation. Planolites burrows are present in the finer grained
deltaic sediments (N. Hyne, pefsonal communication, 1981) and probably occur here ‘in
an interdistributary bay or lagoon. The presence .of ripped up mud clasts near the
base of sandy interbeds, which are often plane bedded (in other places the beds are
partly rippled and burrowed), indicates variable energy depositional conditions.
Deposition could have occurred by spaémodic éurrent flow through a levee into an
interdistributary bay @dUring'its early breaching. This unit is erosively overlain by a
i-ft- (0.3-m-) thick, upward-coarsening, medium to very coarse grained, poorly sorted
light-gray sandstone. Sand grains are subrounded to subangular in this sandstone,
which contains patchy carbonate cement. The sandstone appears to represent the
upper, sand-rich distributary bar of a crevasse sblay. |

The crevasse splay deposifs are overlain by highly stratified mudsto.ne

interlaminated with rippled. light-green siltstone and very coarse grainedvsandstone

between 9,101 and 9100.6 ft (2.774 and 2.773.8 m). The mudstones, which consist

~essentially of dark-green smectite-illite, contain clam shells, fragments of wood, and

macerated organic debris. Sandstones contain patchy areas of calcite cement; kaolinized
feldspars tend to be white and soft.‘vThis shelly mudstone was deposited in a saline
to brackish-‘water swamp of an i‘nterdistributaryv bay or lagoon (N. Tyler, personal
bcommunication.‘1985). The top of the Frio Formation in Brazoria and Galveston

Counties is defined by the T2 marker horizon, which is a diachronous erosive contact.
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Trace Fossils in the Frio "A’ Reservoir

Suspension feeders that live on detrital food kept in suspehsio'n by high-energy
waves and curre-nt’s develop unbrranéhed vertical or steeply inclined burrows in shallow,
turbulent oceanic areas (Frey. 1978: ,Se>il_acher:; 1978). These shallow-water zones are
eqused to storms. low-tide, and sudden changbesv in temperéture and salinity from
which the suspension feeders withdraw deeply intd»the»buff‘e»ring s>edime.nt ‘(f‘ig. 29,
Seilacher, 1978). In quiet-water deposits. however, where large quaﬁtities_of organic
_matter settle, shallow., horizontal, more or less ephemeral burrows and bgrazing traces

of deposit feeders dominate (fig. 22). Gradations between these two extremes may be

found in estuaries, lagoons, or shoreface sequences in shallow epeiric seas, and shelf

to abyssal areas of continental margins. (Frey. 1978).
Slowly deposited beds on continental shelves are commonly completely reworked

by organisms, but the high-energy shore deposits show little reworking (Howard, 1972;

Chamberlain, 1978). In the latter deposits the burrows are concentrated in distinct

horizons, where tihey-may be densely crowded (Seilacher, »1978).-‘-

Spencer (1976) outlined further distinctions between these two contrasted
depositi'ona.l environments from associated rocks and 5trUctures.:-Plano.ites.‘ sma|>l
terebel.lina. and nondescript horizontal burrows characterize t,he.. silt#tone, shale, and
thin sandstones offshore, where bedding iS discontinuous, very thin to laminar, wavy,
and miéro-crbss—laminated. Medium-sized vertical bljrr,ows. especially arencolites and

sparse -ophiomorpha, characterize the porous, well-sorted, medium- to thin-bedded

sandstones of the foreshore, where horizontal to low-level crossbeds are common, and

current and symmetrical ripples are present in only some deposits.
A steeply inclined trace cylin’dric_al' fossil is présent at 9.130.6 ft (2,783 m)

(fig. 38) at the base of an indurated bioturbated zone in the sandstone interval
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between 9.131 and 9.126 ft (27831 and 2781.6 m). This trace fossil is 0.6 to 0.8
inch (1.5 to 2 cm) wide and more than 4.3 inches (11 cm) long. It has a dark clayey
protective lining rimmed by a light-colored diagenetic (kaolinite rich) halo. Unlined,

overlapping. elongate. subhorizontal grazing structures (Spreiten structures, Frey, 1978)

. are present at the base of the trace fossil, which suggests that it is probably an

immature ophiomorpha nodosa with a well developed basal maze (fig.,’38)
(Chamberlain, 1978).

.Oph‘iOmorpha occur from the Permian to the Holocene and characteristically have
cylindrical pipe-shaped bur,rows‘from' 1.2 to 2 inches (3 vto 5 cm) in diameter with a
smooth interior and pelleted exterior (Chamberlafn.v71978). The center of the.trace
fossil is frequently Ieft‘open and later filled passively: complex horizontal burrowing
mazes and boxworks often form at the base (Chamberlain, 1978). Longitudinal sections
display parallel bands having smooth surfaces toward one another and bumpy surfaces
outside (Chamberlain, 1978). | |

Single. ovoid. clay-lined trace fossils, which vary from 0.8 to 1.2 inches (2 to
3 cm) in diameter, occur at several depths in the Frio "Al’ sandstones: (9.130 ft
(2,782.8 m); }9.1‘26,7 ft (2.781.9 m); 9.124.1 ft (2,781 m); and 9.,123.2 ft (2.780.7 m).
They have the characteristics of arencolites. which occur from the Cambrian to the
Holocene (fig. 39: Chamberlain, 1978: N. Tyler, personal communication, 1985). Large
arencolites may be recognized only as oval or circular tubes in cross sections,
although they occur as simple vertical U-shaped tubes from 0.04 to 0.4 inch (1 to
10 mm) or more in diameter (Chamberlain, 1978).

Two vertical to steeply inclined. cylindrical to slightly curved. clay-lined burrows
with tapering ends at 9.128.5 ft (2.782.4 m) and 9.121.5 ft (2.780.3 m) (fig. 40) are
enclosed in an oIiVe-green diagenetic halo 0.25 inch thick (0.64 cm). These trace

fossils are 0.7 to 0.8 inch (1.8 to 2 cm) wide, have a central gallery that has been

87



\
)

(passively‘filvled with sand. and- appear to be vertical sject.ionsv t‘hrough part of '

' arencollites\ (U) burrows.  The trace fossils present in the Delee No. 1 well represent

elther vertical sections through the uprrght parts of an arencolltes U, which has the

appearance of a skolithos burrow or partlcularly large examples of skollthos

(Chamberlam 1978).

The-large trace fossrls that are present in the sandstone mterval between 9. 132 7

’and 9,106 ft (2,783.7 and 2.775.5 m) have the characterrstlcs of the Skolithos

association (Seilacher, 1978; Blatt and others, 1-980).: According to Crimes (1975). this

association is characterized by the presence of vertical to steeply inclined skolithos.

~arencolites, ophiomorpha, dip.locraterion; -and thalassinoides trace fossils (Crimes, 1975;

~Seilacher, 1978). However, diplocraterion had an age range thatu lasted from the

Cambrian to the Cretaceous (Chamberlain 1978). so the Ollgocene-age Frro reservoirs

should contam a more restrlcted Skolithos assemblage

- The Skollthos association md,rcates a sandy intertidal depositional environment

- where temperature, salinity, and light change daily, and the bottom is reworked by

small waves' andwtrdal,_t:urrents" (-Seilacher, 1967 Rh‘oads. 1975; Blatt va’nd others,

1980) Thrs association is thus relatlvely restrlcted geographically and is commonly
reworked dunng transgressuon and progradatron (Chamberlaln. 1978). -ngh-energy,i“
sand-rich shorelines have few trace fossils. but thefbinter‘tidal zone s less phyvsicallyk

active and is characterized by an abundance of U-shaped burrows and the presence‘ of

proteCtive |inings in the burrows (Blatt'and'othe'rs 1980) ‘In »general 'vertical" and

" horizontal burrowmg mdrcates hlgh energy and- low energy subaqueous condltrons_

respectively (fig. 29; Howard 1975).
The inte-rpretation that ‘the sa'-ndstone seduence bet‘ween--‘9'1‘u32 7 and 9,106 ft
(2 7837 and- 2775 5 m) contams the Skollthos assocratlon is consrstent wrth the

presence of an ophlomorpha and few large arencolrtes burrows showmg well- developed
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protective Iinirigs.b Skol'ith.os and ophiomorpha burrows have‘thick‘ér.’more thickly lined,
stronger retaining walls |n loose sédiments than in coherent sediments (Ffey, 1978).

In modern sediments ophiomorpha burrows are constructed by several crustaceans.
including the shrimp callianassa (Blatt and lothers.i 1980). and these burrows may be
less complex in loose sediments than in cohefent sediments (Dorjes and Hertweck.
1975). Furthermore, in 5andy littoral sediments. thé skolithos association represents a
densely crowded but low-diversity tr ace fsssil assemblage (Seilacher, 1978), which is
consistent with the low diversity shown by the Skoll;ihqs association fossils in the Frio
‘Al" sandstones. Seil‘acher (1978) al$o notes that the mud-pelleted, lined burrows of
the callianassidvshr.imps (ophiomorpha) in mérginal facies of late Mesozoi‘c and
Cenozoic age are uséful in indicating fnarine or brackish conditions. |

The»depositior‘\al ranges of the trace fossils found in the Frio ‘A1’ sandstones are
shown in_fig. 29, (Chamberlain, 1978). Large skolithos and ophiomofpha trace fossils
are confined to the tidal chanr’lelk and beach environments (fig. 29). However, iérge'
thick-walled arencolites only exist with the othér_ fossils in a beach environment
(fig. 29). This high-energy environment charaétgriZ»ed by soft sand would have few
trace-fossil burrows. The Iow--diversity burfows would have thick, strong, protectively

lined walls, as is the case of the Frio ‘A’ sandstones (fig. 29). This zone is also

"‘marked by the presence of porous, well-sorted, medium- to thin-bedded, crossbedded

sandstones containing vertical arencolites burrows and sparse ophiomorpha; the
burrows tend to be concentrated in distinct horizons (Spencer, 1976).
The presence of planolites within silty and shaly horizons is clear evidence that

the tidal-beach environment was transgressed on occasion by offshore sediments,

89



probably a result of avulsion of”the fluvial system in the delta, 'subsldence of the

%

_delta- Iobe and the formatlon of an mterdnstrrbutary bay.

Lined ophlomorpha burrows |dentlf'ed at 9.130.6 ft (2. 7583V m) (f"ig. 38) occur in a
25 ft- (0'76-m-)' thick zone that contains both honzontal and subvertrcal burrows,

mdxcatmg hlghly vanable (hlgh low) - deposutlonal energy (Sellacher 1978) Lined

'burrows of the caII'lana‘sSId_shrrmps (ophlomorpha). in margmal, facies are useful‘ in
“indicating: marine or brackish conditions (Seilacher, 1978). Brackish to marine waters

fill shallow (23 to -33' ft, 7 to 10 m) -i'nterdistr'ibutary bays that form marg,inal to

fmajor dlstrlbutary systems m a deltalc envnronment (Coleman and Prlor 1980) ‘The

'Imed ‘ophiomorpha burrows in the Fno CAY sandstone may have formed in a sandy

tidal beach facies adJacent to an mterdlstrlbutary bay
. /

Certamgtypes‘ofvor‘ga-msms prefer to construct dwellin.g_bur‘rows ‘inl well-compacted, -

muddy sediment, and the presence of a stratum with many of these burrows indicates

~ a .period. of" 'ﬁondeposi'ti'on- during which the neces'sary'v'COmpaction of the sediment

could take place (Blatt-and others. 1980). Abundant honzontal planolltes burrows :

~occur within the sulty and shaly Iayers of a transgressrve umt between 9 100.6 and

9,101 ft (2,»773.8, and 2,774 m). »The planolltes_burrows "are,‘ab-undant. and o\_/erlap'k
parallel to one another. These siltstones and 'shales are cha.ract'e'riz'ed by planar rippl.e-‘

Iamlnatlon and contorted bedding and contam fragments of wood macerated orgamc_

debris, and clam sheIIs The deposntlonal enwronment of thIS/ shelly shale was a salme

to bracklsh water swamp of ‘an mterdlstrlbutary bay where little sedlment was belng B

deposnted]and- compactlon"could;take place »(Blatt.and others.»_ 1980; N. Tyler._ person.al

' ,comm’;uni.cation,‘1985.).— 'T_hepla-nolit'es burrows suggest. however, :wa‘ter'de‘pths of 70

~ to 590 ft (20 to 180 m) (Chamberlain, 1978) although bay fills in the Mississippi

‘Delta are closer to 60 ft (18.3 m) in thlckness (Coleman and Prior. 1980})‘. :
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General Depositional Environment of the Frio ‘A’ Reservoir

Coleman and Prior (1980) described the general sequence characteristic of
distributary-mouth-bar deposits. The prodelta section consists of’ fine-grained clay and
silt depbsits with parallel, organically rich silt layers and distorted laminations
alternating with burrowed zones. These grade up into ripple- and lenticular-laminated
silts and clays representing the distal-bar deposits. ‘A‘vbove the distal-bar deposits are
distributary—mouth-bér depositélcomposed entirely of clean, well-sorted sands forming
potential hydrocarbon reservoirs (Selley. 1970). Dip 'angles rarely exceed 0.5 degrees.
Small-scale ripple-laminations. current ripple drift. and a variety of small-scarle cross-
laminae, low-angle crossbedding, and disturbed laminations are found in these deposits.
Mass-movement processes such as small, localized slumps resu‘lt‘ in. distorted laminae.
Because of rap‘id deposition, pore pressures are high within these sands, and a large
number of pore fluid escape structures and localized compactional structures are found
in these deposits. Near the top of the sequence ‘Iarger amounfs of transported organic
material are‘common within the section (calcareous fragments); mf‘ca content is high
throughaut the entire unit. Early diagenetic pyrite and siderite crystals are
characteristically found in the marsh environment. )

Extremely fast depositional rates are characteristic of a deltaic s,equenée, Seaward
progradation rates in distributary mouth bars range from in excess of 330 ft (100 m)
per year to less than (164 ft) 50 m per year in the M‘ississi’ppi Delta. Sedimentationr
rates seaward of the river mouth are extremely high, averaging Slightly Iéss than 3 ft
(1 m) per year. During high floods. hoWever,' accumulations of 10 to 13 ft (3 to
4 m) of sediment over 2 to 4 months have begn documented. In adjacent
interdistributary bays, accumulation rates rarely ekceed 0.7 inch (a few cm) per year,
and in some places bay bottoms are eroded. ‘A normal stratigraphic section will

generally show thicknesses of approximately 66 ft (20 m). but localized compaction
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during deposrtlon may mcrease this thickness to 230 ft (70 m) (Coleman and Prior,

1980). The Frio ‘A" sandstones lie within these thlckness I|m|ts

~ The Frio A sandstones between 9,141 a'_nd‘9.106 ft (2.786 and 2. 775 5 m) have

the‘cha—racteristi‘cs of distributary mouth bars They are'generally' medium grained

: moderately to well sorted. and contain angular to subrounded grains of quartz ‘

feldspar and volcanlc rock fragments The hlgher permeabrllty sands are fnable and

contain thm.vcalcareous'strea_ks and inclined laminations that dlp' up to 10v.deg‘rees or

_ steeper.
The Iower- ‘-permeabil’ity": parts of the sand units ‘are similar but._show more

vari»abi‘l»ity in grain size from fine calcareous sandstones having con‘voluted bedding to

vcoarse gramed erosively based pebbly sandstones The Iatter ‘are poorly sorted have
dlstorted or convoluted beddmg and contam carbonaceous and calcareous shella

_fragm‘ents, shell molds. and echinoid spines. Thin, dark-gray fissile shale Iayers occur -

between sand lobes. The tops of the sand units are faintly laminated “and. contain

carbOnaceou's fragments. Mica is present in variable amounts throughout the entire

: mouth bar sequence
Distal-bar deposits are charactenzed by lamlnated srltstones srlty sandstones and

clays. Dlstal bars are ‘a hlghly favorable envnronment for- burrowmg organlsms

-~ (especially soft-bodred ammals)’ and distal-bar dep05|ts tend to be hrghly bloturbated , _>'_

(Coleman and Prior" 1980) Because of the proxlmlty of these deposits to river

: mouths and their shallow—water nature a wrde varlety of sedlmentary structures can ,

“be produced by hlgh floods on rivers or storms (Coleman and Prior, 1980). The

decreasing grain size of the gl’aucon,ltlc sandsto_nesv between 9.132 and 9,106 ft

(2.783.7 and 2775.5 m) s’ug‘gestsbthat these sandstones represent a Vdistrib‘utary_ ,mouth".

~ bar that was overlapped by:distal—'bar deposits.  This interpretation is consistent with

~ the presence of Iin,éd, ophiomorpha trace fossils, which suggest brackish conditions

(Seilacher, 1978)'.; iAIthough_-dist’aI-bar- deposits in most progradational sandstones g'rade -
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from finer to coarser sediments_vertically (C“olema'n and Prior, 1980). the reversed
grading seen in these sandstones may‘resulrtlrfrom the distributavry mouth bar
retreating (R. A. Morton, personal communicationi. 1984).

Washover fans form on the landward side of barrier islands from storms and
hurricanes (Hayes. 1980). Deposition is rapid; each upward-fining washover sand rests
on a scoured contact and consists of 1 to 2 inches: (25 to 5 cm) of shell and pebble-

placer at the base, grading up mto mlxed sand and small shells and then into
relatively shell-free sand (Andrews. 1970).

The washover-fan deposits are mostly flat beds deposited under transitional to
upper flow regime conditions; they can vary from 1 inch (2.4 cm) to more than 5 ft
(1.5 m) in thickness (Schwartz, 1975). The shell hash at 9.105.8 ft (2775.5 m)
(fig. 36). which has scoured the top of the the Frio 'A1" distributary mouth bar in
the Delee No. 1 well, has cohtorted bedding, indicating a very. high-energy depositional
environment. That these sediménts were deposited in a high~energy environment is
supporfed by the presence of a long inclined twig in the underlying sediments that
appears to have been dragged over by the current flow during deposifion of the shell
hash. The shell hash répres.ents ba storm depqsit that probably fills a channel in a
levee or forms a washover fan on the landward side of the distributary mouth bar
that was being reworked at this time; Current oriented pIant'fragments are a
characteristic of washover deposits (Schwartz, 1975).

The shell hash is overlainbby dar‘k-gray-green mudstone that contains coaly
fragments and is much finer grai‘ned than the ovérlyihg_ silty Anahuac Formation. This
clay may represent a pure clay layer deposited directly above the washover shell hésh
by storm surge waters ponded behmd the dlstnbutary mouth bar (Hayes, 1980) o |
clay deposition under relatlvely quuet conditions within a lagoon developed behind bars
formed by the travnsg‘resswe reworking of the stacked dlstnbutary-mouth-bar system.

The lack of bioturbation and close association of this mud with the washover shell
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hash suggests, however. that it was deposited from ponded storm surge waters.
Interdistributary bay. estuarine. tidal flat. or offshore regions below storm wave base
are uéually highly bioturbated (Howard, 1975: Coleman and Prior, 1980). |

 Coleman and Prior (1980) state that ‘the ihterdistributary bays (fig. 44) into
which crevasses prograde are normally open bands of brackish to marine»waterﬂ that
are often completely surrounded by marsh or distributary channels and rarely exceed
23 to 33 ft (7 to 10 m) in depth. The lowermost part of the upward-céa‘rseni'ng bay
fill consists of al»ternating silts and silty clays with organic debris, and the clays often
show silt- and sand-infilled burrows. With increased sedimentétion these burrpws are

overlain by coarser particles, silty and sandy stringers begin to intercalate with the

silty clays, and burrowing is generally reduced. Finally “sands and silty sands alternate

with clay laminations and graded beddmg and smaII scale cIlmbmg ripple structures
‘are the most common type of Iammatlon Organlc debris becomes a common type of
stratification.

“A high content of transported organic debris and mica is common in the

overlying distributary mouth ‘bar, which progrades across the site and is capped by -

small overbank crevasse splays. "Splay deposits contain silt, sand, and clay beds, and
thek's‘ilts and sands have well-developed small-scale ripple*lém‘inations.
Complete crevasse splay sequences are represented by two sets of laminated

shale. siltstone, and sandstone between 9,104.8 and 9.101 ft (2.775 and 2.774.6 m)

(fig. 42) in the upper part of‘t‘he Frio ‘A’ reservoir. The poorly sorted and
conglonﬁeratic nature indicates a fluvial dominance. and the upward-coarsening fabr'ic.

suggests that they are crevasse splay deposits that have breached the fluvial ‘channel

and ‘are being deposited directly on a washover fan developed on the bayward side of

9
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the levee. This represents the terminal depositional event of the distributary before it

was transgressed and buried by the Anahuac Formation shales.
Anahuac Formation:
The transgres‘sive‘Anahuac shale wedge represents a period of marine invasion of

a sediment-starved shelf; it contains a neritic fauna (Galloway and others, 1982). |In

the Northeast Hitchcock area this unit is approximately 2,500 fit (760 m) thick and

can be correlated in detail throughout the field due to its distinctive electric log -

signature. A core from the Delee No. 1 well. Northeast Hitchcock field (Galveston
County). intersected about 35 ft (10 m) of the basal part of the Anahuac shale and
entered the Upper Frio at 9.100.6 ft (‘2,773.8 m). The ‘avail_abbility of thvivs core has
enabledaa very detailed exafnin.ation to be made of the ‘cc‘mtact\ relations. between thé
transgressive Anahuac Formétion »a|>'|d the subjacent progradatiohal Frio‘FormVa"cion‘.

| The Anahuac. is a Iight—gray platy to blocky shale. ~‘Silty intervals tend to be
very calcareous and contain pyrite. At a depth of v8.900 ft (2.713 m) during the

drilling of the Delee No. 1 well, there was a sharp reduction 'in,thé‘ rate of drilling

penetration that was associated with a break in the (spontaneous‘"'poten_t'ial) (SP) log

~and the appearance of abundant pyrite in the cuttings. The decrease in rate of

penetration appears to correlate directly to the increase in pyrite.. The presence of
pyrite suggests conditions may have been partly euxenic during the initial". deposition of
‘the lower 200 ft (61 m) of the Anahuac Formation. Euxenic conditions are generally

_identified by the presence of sulphide minerals. dark color. and the absence of fauna

_in. the sediments (Blatt and others, 1980). Sulphide minerals and the dark color of
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rocksvm'ay.» however, result from diagenetié change$ beIoW thé sediment=Water interface,
and the skeletal parts may be removed ‘totally by solution (Blatt andothers. 1980).

Organic spines’derivedbf‘roim echinoids (figs. 45 a‘nd."4‘6)_,- rounded quéftz grains,
blocky feldSpars. mica, and’srhell fr>agrr.1ent'7’s'-"»r (figs. 47 ,aﬁd 48) are concentrated in
carbonaceous shaIAe’} directly above the top of the Fris‘qumation- (T2 marker horizon)
at 9.100.6 ft (2.773.8 m) in the Delee vN'o, ‘1 well (fig. 49). This basal shale probably
represents a lag depos’it‘form,ed from the rewbrkihg of che top of crrevésseb splay
deposits that breached an intefdistributary ‘bahy or lagoon during the’ transgression of
the Anahuac #orm-a‘tion.v | | . |

Echinoids ‘usually inhabif rocky cOastfl.ij-nes (Crimes»,, 1975) although a few forms’ of
echinoderm occur on sandy beache‘sllivihg» below the tide Ievel‘ (komar‘_, 1976)‘. Flat .
indurated blocks of sandstone and limestone are ;ﬁresent'along tHe Beaches of the
Chandeleur l“slands,_whichAreprgsent tfhe;,rewor'ked Saiﬁt Bernard delta lobe of the
Mississippi Delta (Rankin. 1936). and beachrock forms within the intertidal zone on
modern beaches (Ginsburg, 1953). Such an environment may have existed during the
initial s{tagesr of the Anahuac transgression and ,pv:rod'uc‘g-d cqnditions fa'voréble for
echinoderm proliferation. - | |

Radiolarian tests have been idebntified at 9.100 ft (2.773 m) in tﬁe An‘a-huabc
shales, indicating t-ha’t more ope’n-nﬁéﬁne -‘ (shelf) conditions _prévailed shortly after the -
transgression. Shell fragments oécur ‘randomly‘ or ih'»th‘in layers. as do dolomfte
rhonibohedrons that are enclosed in clay coats and fibrous illite (fig“ 50). The basal

20 ft (6. m) of the Anahuac Formation is glauconitic, ‘and there is a decreasing -

“number of silt and shell laminae with shallowing depth, implying that the marine

depositional environment was deepening. -
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Figure 45. (a)v Echinoid spines with ribbed margin and ornate center in basal lag
deposit of the Anahuac Formation at 9,100.6 ft (2,773.9 m). (b) End view of spine
showing ribbed margin and ornate center. Scale bar length in microns.
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Figure 46. Close-up view of ornate center of echinoid spines in a basal lag deposit
the Anahuac Formation at 9.100.6 ft (2.773.9 m). Scale bar length in microns.
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Figure 47. Rounded ’quarfz grains, blo‘cky feldspars, and orgaﬁic sbines in basal
Anahuac lag deposit directly above the T2 marker horizon at 9. 100 ) ft (2.773.9 'm).
Scale bar length in microns.
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irectly above the T2 m;—irker

Figure 48. Shell fragment
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horizon at 9,100.6 ft (2.773.9 m).
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Figure 49. Anahuac basal shale lag erosively overlying the Upper Frio at 9.100.6 ft

(2.773.9 m). This break locally represents the T2 marker horizon. Scale bar length :

5 cm.
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Figure 50. Corroded dolomite rhombohedron in the Anahuac shales at 9,092 ft
(2.771 m) with fibrous illite overgrowths. Rhombohedron approximately 5u wide.
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Pelecypod (pecten) shells and molds (fig. 51) are abundant in the Anahuac
Formation, as are ﬁlanolites burrows Pecten shells are indicative of a shallow-water
near-shore marine environment with water depths between 5 and 20 ft (1.5 and
6.1 m) (Moore and others, 1952). Abundant planolites are characteristic of the
nearshore (infralittoral - shoreface toe) and transitional zone in the offshore (shelf)

with a water depth range of 66 to 591 ft (20 to 180 m) (Chamberlain, 1978).
DIAGENETIC HISTORY
Anahuac Formation

Abundant framboidal pyrite. siderite, and dolomite rhombohedrons identified by
microprobe occur in the Anahuac shale below 9,092 ft (2,771 m) in the Delee No. 1
well. Some dolomite rhombohedrons are coated by clay.v and the corners or cores
commonly appear éorroded or abraded. Siderite mud and argillaceous material are
commonly deposited together in shallow marine waters or in sfagnant lagoons and
lakes, and pyrite and siderite also form early diagenetic minerals in marshy
environments (Williams and others, 1954; Coleman and P‘ri‘or. 1980).

Dolomite may be of clastic or early authigenic origin (Williams and others, 1954).
Detrital abraded dolomite grains occur in Plio-Pleistocene Mississippi river sands while
early diagenetic (isotopically light) diagenetic dolomites have formed on the shelf
(K. L. Milliken, personal communication. 1984). The abraded nature of the dolomite
>rhombohedrons in the Anahuac shale and their fine silty grain size (.01 mm) suggest
that they may represent either clastic or early diagenetic dolomites. Dolomite was
eithér deposited or formed on the s’helf during the Anahuac transgression and abraded
by sea currents on the sea floor; it has been corroded during burial diagenesis. The

dolomite rhombohedrons. were later buried and developed ‘wispy illite overgrowths.
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Figure 51. Mold after pelecypod in Anahuac shales at 9.099.8 ft (2.773.7 m).
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Ankerite »also has been identified it forms in reducing environments where iron
replaces calcrum or magnesrum in the carbonate structure (Long Liang. personal

communication, 1985).
Frio ‘A" Sandstones

The diagenetic sequence and its effect onvporosity and permeability ‘prese‘rvation
in the Frio "A’ sandstone core from the Delee No. 1 well have been studled using 17
thin sections from four depths (9.156 ft. 9.166 ft, 9 177 5 to 9, 178 5 ft. and
9.189.5 ft). At each level 800 to 1,000 grams were. point - counted and the average
mineral composrtlon and porosrty estlmated (table 7) The sandstones are feldspathlc
litharenites (Folk. 1974) There is a dlrect relatlonshlp between the degree of

winnowing ‘(quartz content) and porosity (fig. 52).

Abundant authrgenlc kaollmte and white and pmk detrrtal orthoclase feldspar are._

present in the coarse- grarned basal trdal channel sandstones at 9, 195 5 and 9. 123 7 ft

(2.782.5 and 2,781 m). Lrght-green. subrounded to well-rounded.grams of mlcrocllne -

and 'some pink orthoclase feldspars are present in drstrlbutary mouth- bar sandstones at
9.114 ft (2.778 m) |

| Detrital rutile and diagenetlc _fran‘qbolidal pyrite are present in the l-ft— "(O‘.3-m—)
thick crevasse splay sandstone above 9.101 ft ‘(2.77'4 m). Stacked kaolinite flakes have
developed on quartzv overgrowths, so theyv probably._postdate this dlagenetic event. lron
"chlorite formation appears to post'date the quart_zo\vliergro'v\rths' and franaboi'dal pyrite“on
whlch it has formed. | |

A number of types of detrltal grarns appear m the basal 20 ft (v6 'm) of the

Anahuac Formatlon and include rounded quartz feldspar volcanic rocks ‘fragments,

clay clasts and shell fragments Detrrtal gralns have a coatlng of authlgenrc smectite-
illite. Rare. flakes of mrca and corroded potassrum feldspars replaced by kaolmlte oceur

~in. the Anahuac shales l

>
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Table 7. Frio 'A' sandstone components as percentages,
Delee No., 1 well.

Total no. of
points counted
Quartz
Plagioclase

K Feldspar
Muscovite
Biotite
Glauconite
Chlorite clasts

Voleanice rock
fragments

~ Cherts and

accessories

~ Feldspar

overg'rowths ‘

Quartz
overgrowths

‘ Spérry’ calcites

Red carbonates
Clay
Chlorite cement

Kaolinite cement

Intergranular '
porosity

Dissolution porosity

Quartz
Feldspar
Rock fragments

Feldspars
Carbonate cements

Voleanic rock
fragments and
chlorite clasts

9177.
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, 5- :
9156 ft '9166 ft 9178.3 ft 9189.5 ft
993 1009 847 812
27.68 43.44 - 36.13 38.46
14.78 7.4 - 6.19 6.85
6.54 5.82 10.59 6.62
0.1 0.11
10.28
0.36 0.24 0.67 0.46
3.55 2.51 4091 5.1
6.72 4.73 9.31 8.39
12.98 8.61 9.48 8.22
0.09 0.17
0.74 0.85 0.95 0.34
0.92 0.38 0.57
- 0.33 0.61 0.86
5.21 - - -
1.88 1.1 0.56 1.2
2.39 3.5 1.95 3
14.93 20.5 17.5 19.75
~1.04 0.5 1 0.12
100.1 100 100.02 100.05
38.3 59.9 47.16 52.2
29.51 18.23 21.9 18.28
32,17 21.86 30.94 29.5
39.98 99.99 100 99.98
21.32 13.31 16.95 13.47
0.92 0.71 0.61 1.43
10.27 7.24 14. 13.51
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Figure 52. Sandstone compositions of Northeast Hitchcock samples compared with

distribution of sandstone compositions from Pleasant Bayou samples Sandstone:

'cIaSSIf'catlon after Folk (1974). Porosxty given as a percentage.
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Porosity Types in the Frio A" Reservoir

Loucks and others (1981) have subdivided porosity into “‘macroporosity’” and

“‘microporosity’’ depending on whether the average pore-throat diameter is' greater or

less than 1 micron, respectively.

Macroporosity

Primary Intergranular Porosity

This is the deposutlonal porosity that remains after compaction and duagenesns
‘(Loucks and others, 1981): it represents the largest apparent porosity component ln“
the Frio 'A" sandstones (15 to 20 percent) (table 7). There is a direct relationship
between the degree of winnowing (quartz to fel'dspar»'and volcanic rock fragment ratio)
and amount of porosity, which mdlcates that most of the porosuty is prlmary
(fig. 52). Alternatively, secondary porosny could be better developed in the clean

permeable sandstones.

Secondary Porosity

This is dissolution or replace:nent porosity that results Sf'rom' the intergranular
dissolution or replacement of cements and intragranular dissolution of framework grains
(Loucks and others..1981)n There is little petro‘g’raphic evidence of dissolution porosity
in the Frio "A’ sandstone: it reaches a maximum of 1 percent in these rocks. Total
conversion of some minerals into cements (for example, plagioclase or potassium
fe|dspar into kaolmlte) may have mcreased fhe secondaf'y porosity by op to 3.5

percent. This is because during _hydration. potassium feldspar will produce only half‘
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the volume of kaolinite. and 1 volume of plagioclase will produce 0.65 volumes of

kaolinite.
Microporosity

This po.rosity’ occurs within éuthigenic clay, clay matrix, and fine-grained
argillaceoué rock frag‘men,ts in> reservoir sandstones. Microporosity is impossible to
quantify petrographically, and it does not »contribljtev measurably to vpermeability
(Loucks and others, 198‘1:).‘Microporo_sity is ‘fesponsible for much of the irreducible

~

water saturation in sandstones (Pittman, 1979).
N

Mineralogy of Frio ‘A" Sandstones

The channel sandstone at 9,156 ft (2,791 m) IS very poorly sorted and contains.
rounded and angular-to élongate grains of qdartz: feldspar (plagioclase, orthoclase,
microcline, and'microc»!_ine perthite) chért: volcanic. igneous and metamorphic rock

»frabgme‘nts‘: vchlorite a'n‘d shale clasts; and accessory hyperthene. garnet. and opaque
minerals.  Feldspars are corroded. and. skeletal and vacuolized feldspars that formed

‘during secondary porosity development are abundant.

Authigenic kaolinite is a product of feldspar dissolution. Quartz overgrowths are

‘present, and feldspars are sericitized. Plagioclase shows alteration to sericite along

cleavages- and is rimmed by later ‘kaolinite‘.:: Lété-Stage chlorite ceh&ent crosscuts
kaolihite cement. Dafk-reddiﬁh-brown clay, and some sparry calcite cenien}ts' occur in
beds’vthat show increased concentrations of chlorite clasts and VVOlc'anic ’rock fragments.
This iron carbonate cement and sparry calcites rim. corroded feldspars. Detrital

biotite, muscovite, and chlorite occur rarely.
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The channel sandstone at 9.189.5 ft (2,801 m)‘) contains the same mineral
assemblage as that described for/'the'» chann‘eli' sandstone at 9156 ft  (2.791 m).
However. only a trace of redkdvishj—ibrown iron calcite and s:parr'y vcalcit"ei cement occurs
in the channel sandﬁ at 9,189‘.’5 ft (2.801 m). whereas kaolinite cement is mo.re.
abundant. lron carbonate and sparry calcite cement rim%qbu'art‘z graiﬁs and ’is in turn
rimmed by kaolinite cement. Chlorite was‘fou‘nd to rim both unaltered and kaolinized
feldspars. - |

Iron-poor calcite occurs earliest and is’fo’l’l‘owed by ferroan calcite in Frio
sandstones in Brazoria County: calcite leaching must havé precedebd or boccﬁr'red
contemporaneous with kyéavolinitf‘e_p‘(ecipit,a‘tion'»(Kai-éef énd Rithm'énn-. 1981). Previous
work on the Frio A" sandstones at the Nérthéast Hitchcock field have shown that
iron-chlorite formation postdated quartz overgrowths and framboidal pyrite on which it
has formed (Light. 1985). R |

The medium;grained distributary-mouth-bar sandstone at 9.166 ft (2,794 m) is

very clean, well sorted. relatively uncemented and friable. The mouth-bar sandstone

“contains, in addition to the mineral assemblage élre‘ad‘y described. glauconite, rounded:

quartz .grainé, énd‘ elongated feldspar sha‘rds.,probably of eolian and volcanic Qrig’in;
respectively. Feldspars have beén-vacuolized during secondary porosity formation.
Dolomite rhombohedrons are locally rep'léced by iron carbonate. However, carbonate
forms a trace cement in this rock. but kaqlinité is more abundant. Deformed shale
clasts occur intergraﬁUlafly to quartz and feldspar grains. |

The indurated distributary-mouth-bar sandstone at 9.177 ,5 ft (2.797.3 m) has a
similar mineral assemblage as that already described but contains in addition cleaf to
milky quartz with quartz overgrowths, redd'ivsh' migroc!i'ne; kaolinized feldspars, .
carbopaceous fragments, glau‘conite; and a trace of amphib‘olé. ‘Kaolinite ceme‘nt is

fairly abundant and sporadically fills cavities between grains. producing a spotty
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appearance to the rock ~Reddish-brown iron carbonate forms a trace cement; it rims

qUartz overgrowths, indicating that it precipitated in a subsequent event.

Secondary ‘porosity has formed from the pavrt,ial or complete dissolution of feldspar

(particularly plagioclase), which has resulted in only the authigenic cement rims of

some crystals remaining. Some feldspar overgrowths appear to be formed of

microcline, which surrounds a corroded feldspar core partly filled by successive inner

rims of ferrous calcite and kaolinite. ‘Kaolinite has also cemented completely vacuolized

feldspars in which only the feldspar overgrowth has remained intact. Evidvent-ly"duri'ngv‘

the diagenetic ‘history of these rocks some feldspars were overgrown with feldspar
overgrowths, after which the core was partly replaced by iron carbonate and kaolinite.
Subsequent to kaolinite cementation some feldspars underwent dissolution and

[

corrosion.
Depositional and Diagenetic Sequence

Loucks‘ and others (1981) described the depositional and. diagenetic hiétovry of Frio

~ sandstones in the Chocolate'Bayou/Danbury.:dome area using combined isotopic and

petrographic techniques. Because of the proximity of the Northeast Hitchcock field to

the Chocolate Bayou field, the sequence of diagenetic textures formed in the Frio ‘A’

'sandstone was compared with the diagenetic history of the Chocolate Bayou/Danbury

dome area.

The ‘Anahuac Formation was deposited in a transgressive environment in a

shallow-marine shelf environment above the regressive (deltaic) Frio Formation

»'(Gall'o‘way and others, 1982). Dolomite rhombohedrons present in the Anahuac shales ‘

“may be of clastic or early authigenic origin (Williams and others, 1954).
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~Initial Diagenesis and Leaching of Feld'spa‘rs |

Leachinglj of fe'ldspars in Frio Fdrrha't»ion'bsar‘lds'tone’s in the Pleasant Bayou well
(Brazdria County) has resulted in the for_matic;.n‘rof an intergranular, secondary pblrosity

that has:‘enhahCed’ fhe primary - porosity (Loucks and’ others: 1‘5981v), Compaction of clay

~ clasts in the initial stages of burial can lead. however, to the fdrrhatioh of a

‘pseudomatrix and the d'e‘struction fo‘fv‘pri:mary porosity (Loucks and others, 1981). No

clear evidence of early leached ‘f'eld"spérs" was seen in the core cut in the Frio ‘A’

~ sandstone at the Delee No. 1 well. -

Feldspar‘ Overgrowth Formation

Feldspar’qvergrowths have formed—' on both potassium. feldspars and plagioclases in

the Frio 'A" sandstones and resulted in additional ‘porosity destruction.
Poikilotopic Calcite Formation

‘ Pbikilotopic calcite vcryst'allizatidri (mostly ferroan but some 'norjfer‘féan grain
replacement), _which. formed prior- to quarvt'zrovrergfowtkhs. I,e'vads :to borosity destruction>
in the Frio san’d’stonesr in the Pleasant Bayou well (‘Loucké and others. 1._98>1). There
is evidence for this typé df cement m t:h'e Frio "A’ ~sa{ndstones ‘iq the Delee No. 1

well.
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Clay Coat Formation

Clay coat formation postdates early dolomites and feldspar overgrowths, and leads

to porosity destruction in the Frio ‘A’ sandstones at the Northeast Hitchcock field.

Smectite-lllite Transformation and Formation of Quartz Overgrowths

Morton (1983) suggested that the Frio sandstones at the Pleasant Bayou well

below 10,000 ft (3.050 m) were invaded by a K™ and AI*T-rich basinal brine less
than 25 Ma ago’ that resulted in the alteration of smectite to illite. This

transformation may have occurred by the following reactions (Boles and Franks, 1979):

Smectite + 45 K* + 8 APT = lllite + 2 Ca?™ + 25 Feot
+ 2 Mg?t + 3 st @

+ 10 H,0 (1)

1.57 Smectite + 3.93 K™ = lllite + 1.57 Na™ + 3.14 Ca®*t
+ 428 Mg®t + 478 FST
+ 2466 Si'T + 57 0%
+ 114 OH + 157 H,0 (2)

The increasing concentration of Si** released to the reservoir fluids has
crystallized as euhedral quartz overgrowths (Boles and Franks, 1979) and resulted in
porosity destruction. v

Quartz overgrowths formed between 149 and 190.4°F (65 and 88°C). mostly
below 12,000 ft in Brazoria County (Louck$ and others. 1981: Morton. 1983). Quartz

overgrowths are indented against volcanic rock fragments in the Frio ‘A’ sandstones in
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the Delee No. 1 core. which may be d‘ue to thve"chlorite cbntent of latter. However,

no clear relationship exists between ﬁonéentration of volcénic rock fragments and

chlorite clasts ana ‘quartz' overgfowths in the Northeast Hitchcock ﬂeld“ (fig. 53).
Reaction of AI*T-rich brines with pot‘aséium feldspars may have formed sericite af

this time by the followihg reaction:
2K-feldspar + 2A1,0, + 2H,0 = Sericite B

Invasion of early K*- and ‘AI3+-rich brine may have been undersaturated in ‘H25‘ '
and. resulted in tHe formation of incl,u‘sion—"fre‘e q-Uartz o‘verérowths, then an increase in
the HZS content of the brine as a re;ult of in‘c-reaéing‘ maturity of organic materials
(Hunt, 1979) in the sedimentary column céuld result in the subsequent formation of
some pyrite. Isotopically heavy pyrite. which“: p.'redatesk5—'|V|a-io|,d.vavani'um deposits
present in‘surfacg formations qontainin_g -.sqlfur derived from gieep in the ‘Gulf Basin
(Goldhaber and others, 1978, 11979). could have formed during this early H,S-rich
basinal-brine,‘migration event. | '

From Rb/Sr dating of shales. Morton | (1983) suggested that ‘the smectite-illite
transition and quartz overgrowth development oCcurr‘ed‘ :below 10.700 ft (3.261 m) in
t‘he'PIeasantiBay‘ou test well (Brazoria Co(mty) about 23.6 Ma ago at a temperature -
of approximately 154°F (63°C): the diage“rietié reactions were caused by an upward
flush of basinal flqids. However, the heavy 5180 composition Q‘f quartz overgrowths at
the Pleasant Bayou test wevll implies that they bformed at much shallower levels
(Loﬁcks and others, 1981; Milliken and otbhers; 1981). Present evidence from the ‘Gulf
Coast suggests that the smectite-illite transition begins at 176°F (80°C) (Freed. 1980:;
Loucks and others, 1981). but the major conversion of‘sm'ec,tite to illite is only
achieved‘ at 212°F‘(100°C) (Freed. 1980). Hence the smectite-illite conversion postdates

quartz overgrowth development at any stratigraphic level (Land and others. 1987), and
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fragments/chlorite clasts versus primary porosity in the Frlo ‘A’ sandstones, Northeast '
Hitchcock field. :



upward transport of silica in solution is thus required for both these reactions to
occur simultaneously. This idea is consistent with the model of the smectite-illite

transition being a result of an upward flush of basinal water.

Leaching and Secondarvaoro‘SitAy Fdrmation

Feldspar overgrowths have beén corroded'duringv ieaching' of feldspars: volcanic
rock fragments and carbon‘a-tes that resulted in the enhancement of porosity.
Secondary poro'sity formation largely 'postdates the formation of QUartz‘ overgrowths in
Brazoria County but occurred both "-beforeva'nd,aftevr calcite cementation (iLouck‘s and
ot_hersvb 1981). Leac:hing‘ of feldspar o‘v‘ergr‘ow.ths_p-redates carbonéte cémentation in the
Frio A’ sandstones in_the Novr'theas't Hitch;ock well. |

The carbon dioxide and organic acid content of invading K*- and AR*_rich
basinal brine was proba‘lrbly‘ increased by decarboxylation and maturation of organics
(iHuht. 1979; Kharaka and others, 1985). Acid waters with a pH of 4 to 6 can leach
carbonates, felds‘pa‘rsi and volcanic rock frégments, ljesultfng in perv>a’$ive secondary
porosity formation (Loucks and others'-' 1981 ) Sec'ondary porosity and feldspar
overgrowths show sumllar concentratlon variations, implying .that they were formed at

similar times and probably in similar formation fluids (fig. 54)..

Contmued Transformatlon of Smectite to llllte and Formatlon
of Late Fibrous lllite

Smectite continued  to transform to illite as late fibrous- illite formed on mixed-
layer clay flakes in the lower Frio Formation in Brazoria County. Oxidized smectite-
illite is génerally confined to layers with high contents of muscovite and biotite mica,

volcanic rock fragments, and chloritized clasts (9.156, 9,166, and 9,189.5 ft). At

117



n
T
=
b3
o
&
1@
x
g— :
etz
E @a
A
2|
D
'S K4
NNE
=lEl2
|53
S|o|a
glg|»n
50| |
_ a0 .8
Quariz '
overgrowths
Secondary.
porosity ./'* x 1300 .61 |
Quartz® :
|20.4| 5
10f.210
Feldspar :
overgrowths. Yol Yol %o
T g . | |
14 15 T 7 18 19" .20 - 2
Primary porosity ( percent) QA 7732

Figure 54. Concentrat|on of quartz, quartz and feldspar overgrowths, and secondary
- porosity versus prlmary porosuty Frio ‘A’ sandstone, Northeast Hitchcock' field.

118

bz
\
| VES—

(.

L



@

_9 156 ft. oxidized smectlte |ll|te has a flbrous texture and is pseudomorphous after
'bnotlte The mvadmg brine must “have continued to have hrgh Kt and Al contents,

: 'and its. temperature exceeded 194 to 212°F (90 to ‘1AOO°‘C)_ (Foscolos and others. 1976:

Powell and others 1978) The conVers.lon ‘of smectite to illite releases 10 to 15

. volume percent water of the compacted bulk volume of the arglllaceous sedlmentj»

~ (Burst. 1969).

 Sparry Calcite Cements

Sparry calute formatlon postdates quartz overgrowth development and Ieads to -
porosity d-estructlon- (Loucks and others 1981),‘-Sparry calcite crystals have fllledf
corroded edges of quartz overgrowths' (9. 166‘ ft. 2 -794« m) 'but‘ have euhedral

boundarres in - pore spaces suggestlng that they postdate secondary porosuty formatlon

Two penods of sparry caIc:te formatlon in the Frlo A sandstones are indicated by

calcite vemlets that cut fractured sparry calcute crystals ‘but are termmated by later
red ferroan calcnte cements
'An'lncrease in 'concentratlon of’- Ca2+'.in pore fluids as'a result of the transition

of smectite to illite probably resulted in the crystalhzatlon of p0|k|lotop|c and sparry

calcites. Calcrte also becomes more msoluble at hlgher temperatures (Karser and

Rlch_mann. 1981) as the sedlmentary plle becomes burled to mcreasmg depths Pure,
calcite formation: requrres_the,v.xrt‘ual-» absence of fer.r»ous iron in sulfide rich waters

(Kaiser and Richmann, 1981). |

* Ferroan Calcite and Chlorite. Ce'mentsv

Ferroan calcite replaces plagloclase parallel to alblte twins and mlcroclme parallel

to cross—hatchlng The preferenttal replacement of alblte twms in plagloclase mdrcates

that albitization postdates red ferroan: calcnt:e_ cry'stalllzatlo‘n. Ferroan» calcite rr_ms
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'corrovded quartz and féldspar_overgrowths and sparry calciteS'(9.156 and 9.189.5 ft)

and it forms veins. Precipitation of ferroan calcite cauSed porosity destruction (Loucks .

and others, 1981). Ferroan calcite éqn replace calcite by the reaction given below

(Kaiser and Richmann. 1981):
Calcite + 0.05 Fe?* = Ferroan Calcite + 0.05 Ca’* (4)

"‘I;he ferroan‘calcite may have formed from i:ncreasi‘ng cohcent‘rations' of Fe** in
pore fl‘uids“dvue to the continUéd conversion of smectite to illite at high buriél
temperatures. Ferroan calcite is more insolub»le than pure calcite at increasing
temperature (Kaiser and Richmann, 1981).

‘:'Crystailization of chlorite from iron-rich solutions, which may have been generated

by the transition of smectite to illite. continued to‘destroy porosity. In some places

the chlorite appears to be directly derived from chloritized volcanic rock fragr_nents; :

Chlorite has filled cores of ferroan-caIci.te-cefnented zohe’d feldspars in the Frio A"

‘sandstone. Northeast Hitchcock_'fiel‘d,‘ ‘indiCating thatv it pqstdates the carbonate

: cementation. ” | | ' |
Sparry calcite, ferroan calcite, and chlorite have successively’ cemented leached

quartz and feldspar oVérgrthhs and corroded féldsparé. These cerhents ‘have similar

concentration variations in the Frio ‘A’ sandstones. implying that they were formed at

similar times and probably in similar ‘pore. waters (fig.,5’5)’. They show different -

- concentration trends compared with the earlier overgrowths and the later kaolinite

(figs. 54 and 56). Furthermore, the late carbonate and chlorite cements in the well-
‘winnowed sandstones show an inverse concentration ‘trend to the leached porosity,

indicating that they caused porosity destruction (fig. ‘55).
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Albitization of Feldspars

Feldspars have been albitized at temperatures above 122 to 248°F (50 to 120° C) :
(.Lou‘cks and others, 1981; Kaiser personal 'communication 1983). Two reactrons have

been suggested through which plagloclase and potassrum feldspar are. converted to

albrte (Kalser and Rlchman 1981)

Plagioclase + 0.6 Na™ + 12 H,Si0,° = 1.3 Albite

+ O.&Caz-f-
-f- 24 _}HZO:. g o | (5) }
Microcline + Nat = Abite + K* ~ (6)

Plagioclase was albltrzed earher than potassrum feldspar in: the Frlo in Brazorla'

County, but albite was stable before kaohnlte precrpltated therefore albltlzatlon beganv

_earlier (Kalser. and Rlchmann» 1981).» Isoto.plc data and trends»»m fe-Idspar composrtlon“ i
indicate that albrtlzatlon |n Brazorra County occurs shghtly deeper than the smectrte— o

illite transition (Loucks and others, 1981) Textu_res in- calcitized feldspars suggest that

feldSpar ‘grain replacement by calcr.te‘ »p.rece_dedj comolete ralbibtiv_zvationv V(Loucrksf and .'others,‘
1981). . o | | L

Rare laumontite (a‘ zeolite) has‘forn1ed in the Frro sandstones m Pleasant. Bayouf\'v
(Bra‘zoria Cou-fnty) and in the McAIIen Ranch flefd (Loucks and others 19-81) The’ :
Iaumontlte at McAllen Ranch fleld formed between 248 and 392°F (120 and 200° C)

»‘ (Loucks and others. 1981) in formatron water wrth a CO content of less than 1

percent (W'inkler 1976)

- The 6180 of the alblte in the Pleasant Bayou well is estrmated at. -13 2 o/oo.

’ '(PDB) by Loucks and others (1981), and water lnvequrlrbrrum_ with this a_lblte vshould; »

have a 6130 ratio of -32.5 o/oo (PDB) using Friedman and O'Neil's (1977)
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fractionation curve. Present formation waters in the Frio Formation are not in
equilibrium with the albite at the present temperatures but would be in equilibrium at
temperatures between 284 and 392°F (140 and 200°C) (Loucks and others. 1981).
This suggests that the formation fluids in Pleasant Bayou have recently been replaced
by basinal fluids that are now out of equilibrium with the albite.

The extremely depleted nature of the oxygen-isotopic composition of fluids that
were i:‘l stable equilibrium with the albite in the Pleasant Bayou well at the time it
formed suggests that they are saline waters of meteoric origin. The water may have
entered the Lower Frio by brine density flow after having increased salinity by
dissolution of salt domes near the surface (T. Jackson, personal communication,
1986). The period of brine density flow probably preceded the growth faulting because
brine-bearing sandstones have been displaced vby the major growth faults bounding the
Chocolate Bayou field in Brazoria County. Hence, the brine density migration must

have been an early event.
Kaolinite Cements

Kaolinite begins to crystallize when the temperature exceeds 190.4 to 248°F (88
to 120°C) (Loucks and others, 1981) but most of the kaolinite formed at 212°F
(100°C) in acidic basinal brines (pH 4 to 6) that were undersaturated with respect to
calcite (Kaiser and Richmann, 1981). Burial history data indicate that the temperature
exceeded 212°F (100°C) in the Frio ‘A’ sandstones in the Northeast Hitchcock ﬁéld
less than 1 Ma ago, which suggests that kaolinite formation was a recent event.

The 6°%0 of the kaolinite is estimated to be -10.5 o/oo (PDB) in the Pleasant

Bayou well. This kaolinite is stable in formation waters with oxygen isotope ratios of

-25.5 o/oo (PDB). similar to the isotopic ratio of present formation waters (Kharaka
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and others 1977b. 1979) The invasion of a deeply sourced (temperature greater than.‘ g

392°F [200°C]) Co, —rich acrdrc basmal brine less than 1 Ma could have caused‘u

precrprtatlon of kaolmrte and resulted in 6180 of the pore waters becommg heavier,

and therefore no longer in equrhbnum with albite,

Kaolinitevhas cemented corroded feld_spar and quartz overg‘rthhs and fe'rr-oang

calcite in the Frio "A’ sandstones. mdrcatrng that it postdates ‘their formatron'

Kaolinite fills- secondary pores and occludes porosrty Kaolmrte crystalllzatron postdates

a perlod of secondary Ieachrng (Kalser and chhmann» 1981) and carbonate

cementation, but some leachlng must have occurred contemporaneously wrth kaolrmte'

cementation (Loucks and. others 1981)

Kaolinite formed as a gram replacement of plagloclase that eventually consumed

the whole grain as dragenesrs. proceeded (Kaiser and Rlchmann,, 1981),’ The content of

- kaolinite is 3.5 volume percent in the weII-WinnOWed Frio 'A’ sandstones in the

Northeast Hitchcock field. Kaoliniteecontentvhas an i'n:verse concentration t’ren-d

compared with that of potassium. feldspar which suggests tha't‘ it has formed from

potassuum feldspar (fig. 56) The kaolmrte concentratlon trend is quite dlfferent from

the plagroclase concentratron trend so plagroclase appears to have formed a minor.

source for kaolinite in the Frio VA reservoir (fig. 56)-

At surface conditions, - potassium feldspar can be leached and altered to kaolinite
by solutions with a low pH and high CO content: the 'CO may be'a product of,
organic reactlons (Mason 1966) Hydratlon of potassrum feldspar wrthln the Frio "A" -

sandstones -by acidic’ (C.O ebearr'ng.) waters Wlll, produce kaolrmte-'and result» in a

porosity increase because of a volume reductlon srmllar to the volume of kaollnlte

produced In the well- wunnowed dlstrlbutary mouth bar sandstones this could have'f

caused a porosrty increase of 35 percent The hngh permeabrlrty of the well- wmnowed

sandstones has apparently resulted. in them preferentlally acting as condurts for the
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migration - of acidic w‘aters and the subsequent hydration of potas-sium feldspars.
" The probable reactions through which feldsp'a'_rS'a«rfe»r altered to kaolinite are given

below (8 and 9 from K‘aiser and Richmann. 1981):

»K-Y‘Feldspa'r -+ 4H2CO3 + 2H20 = ‘Kaolin'ite: + 4KT
| + 4HCO, + 8Si0” (7)

Plagioclase + 1.3 H' + 3.45 H,0 = 0.65 Kaolinite
| | + 03 Ca?t
+ 0,77 Na+‘ ,
+ 14 H,5i0,° | (8)

2 Abite + 2H" + 9 H,0 = Kaolinite
4+ 2 Nat | »
- 4 4 HSI0S 9
Dissolution of Féldspa’rs ‘

Carbonate cements in the Pleasant Bayou well are dissolved (Kaiser and

Richmann, -1981) where carbonate cementation preceded or occurred contempdraneously

~ with kaolinite' cementation (Loucks and others.~1981). Poikilitic laumontite crystals at

“McAllen ranch field have been also been leached (Loucks and others, 1981) by fluids

with carbon dioxide contents greafer than 1 percent (Winkler, 1976).

Many skeletal -and vacuolized feldspars in the Frio ‘A’ sandst»ones.'kat the

Northeast Hitchcock field ‘are rimmed and cemented by kaolinite, but« the interior of
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crystals are devoid of clay ~ This structure suggests that m'any feldspars have

undergone dissolution a.n‘d. corrosion fafte_r, ‘the kaolinite preci‘pitated, This leaching

resulted in a further enhancement of the porosity

Evidently the invading basinal brine was fairly acidic and initially formed kaolinite,”

but as more deeply sourced waters reached the Frio Formation, the COZZ. content and

acidity increased and leaching began. Morton and other;é' (1983) showed that the 'COz :
content of brines in Brazoria C:ountvy_vincreva’ses with ‘increasing depth. consistent with ,
the interpretation that increasingly deeply sourced brines will contain. higher COé

contents.
Iron  Chlorite -

At the Northeast Hitchcock field, iron-chlorite formation appears to ‘postdate

qua}rtzv overgrowths and framboidal pyrv’it_‘e on which ii»tv‘ has formed (Light. 1985).

- However, in the Pleasant Bayou ‘well, chlorite rQsettes’have formed on euhedral

ka'olin,:ite'ﬂakesv and thus postdate the périod‘ of kaolinite cementation. Kaiser -and

Richmann (1981) ihdic‘ate_th"at ifo-n chlorite crystallized from kaolinite be:twe'en_"302' and’

347°F (150 and 175?C) by ,the reaction éhdwn» below:

1.4 Kaolinite + 2.3 Fe?* + 23 Mg?™ + 62 H,0 = Chlorite
- | o
o2 S0
+92H" (10)

3 Kaolinite + 3.5 Fe’* +'35 Mg’* + 9 H,0 = Chlorite

Ceuw
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Chlorite is stable in Brazoria County formation waters at temperatures between
302 and 347°F (150 and 175°C) and at pH from 4 to 6 (Kaiser and Richmann,
1981).

A late upward migration of basinal brines Iéss than 1 Ma old is required to
produce high temperatures necessary for chlorite crystallization. Formation water in the
Lower Frio is ndt in isotopic equilibrium with albite. Which implies that isotopically
diff‘erent‘ fluids have invaded the formation (Loucks and others, 1981)‘. Light
hydrocarbdns were introduced into the Frio reservoirs after chlorite precipitated because
the presence of hydrocarbons in pores retards diagenetic reactions (Selley, 1970).

Similar hydrocarboﬁ— and Fe-rich saline fluids may have produced pyrite-bearing
calcite cap rocks on. nearby’salt domes (Light and others, in press). The high ClI/Br
.ratios of the present Frio formation fluids indicate they Contain components  of salt
dissolution (Kharaka and others, 1979) an’dv have therefore mi‘grated' past. salt domes,
probably on the downdip side of the fault blocks. The invading basinal brine appears
to ‘have become pryogressively more acidic and Fe- and methane-rich. with CO2 forming
more than 10 pefcent éf the produced gas in the Lower Frio reservoirs in Brazoria

County (Morton, 1981).

CONCLUSIONS

Depositional environment is the major control of the high porosity found in the

Frio ‘A’ sandstones at the Northeast ’Hitchcock’ field, Galveston County. The high

porosity (+ 30 percent) and permeability (x 1,000 md. 0.99 pmz)»of the Frio "A’

reservoir is largely the result of its deposition in a distributary.—mouth-barbcomplex that

was subsequently reworked by shallow-marine processes. The wide lateral extent of
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the Frion ‘A’ sandstone. which.’ is a consed'uei’l‘{e'of‘eXtensive marinev’revl/orking. will
allow free access to water influx from the 'south'west :-extension of,thlsf\aduifer' (Light.
1985). o

The well-winnowed _sandstone_slhave the highes-t ‘porosities and permeab»il-lties and
contain the most abundant -authigenic .ka'olinite.»which »suggests that they have acted
as preferentlal conduits for the mtroductlon of acrdlc waters that hydrated the,
potassnum feldspar to kaolmlte Hvydratlon of potassium f}el‘ds,par to 'kaollmte by
migrating acxdrc waters prior to the :introduction. of hydrocarbons resUIted in a porosity
increase of upl- to 3.5 percentin the wel'l-winnowed»dist'ributary-mouth—bar Frio A

sandstones. The removal of potassium feldspar g’,r.alns and. their redistribution ‘as

~ kaolinite cement could explain. the open texture of some of the. sandstones, in which

many of the quartz »grains appear unsuppo‘rted Because“the conversion -of" po’tassium

feldspar to kaollnlte results in a decrease in volume of about 50 percent the

percentage concentratron of kaolmlte is' a rough estlmate of the volume of secondary -

porosrty produced by this process

Well- wmnowed sandstones wrth hngh porosrtres and permeabllrtles contam the

“most- abundant authlgenlc kaolmrte these sandstones have acted as preferentlal_‘

conduits for m-|grat|ng acrd wa.ters and for m'ajor’ fluid -flow d'unng co-pr‘oductxon
Authlgenlc kaolinite can create flwd productlon problems because its dellcate structure'»
is fragrle In addrtlon chlorrte cements and chlorite rims on quartz overgrowths are
present in some’ sandstones ‘and these may also be dlslodged during high productron»‘
rates. The dlslodged clay and chlonte flakes will accumulate at and obstruct pore
throats at high production rates. | A | |

A maximum safe rate‘ofvfluid _production will need to be determined for co-

‘produced wells that will not result in dislodgement and “migration of kaolinite and
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chlorite into .pore throats. Experimental flow tests conducted at different flow rates on
kaolinite-rich sandstones and measurement of resulting changes in permeability could

assist in determining the safe upper flow rate.
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FLUID-INJECTION POTENTIAL OF PROPOSED
-~ MIOCENE BRINE-DISPOSAL SANDS IN THE
NORTHEAST HITCHCOCK AND ALTA LOMA FIELDS,
‘ GALVESTON COUNTY, TEXAS

by William A. Ambrose

~ INTRODUCTION

'Economically faVOrable production of gas and water from hydrfo-pres'sm‘ed‘ reservoirs

in ‘the Texas Gulf Coast has been effectlvely demonstrated by Gregory and others_ c

(1983) and Anderson and others (1984) who have .presented’ prellmmary results of co-
production’ actrvrty from the hydropressured and geopressured Fr|o 1-A (9.100 ft) sand
in Northeast Hntchcock field in Galveston County Texas. Large ‘amounts of'bri‘ne’are _

also produced Wlth gas from the Frlo 1-A sand: cumulatlve productlon of brlne fromv

"the Frio 1A sand in Northeast Hltchcock fleld to August 1984 has beenﬁ. |

7.990.000 bbl (Anderson and others 1984)
Miocene sands. buried at-depths' from 2,000 to 6.800 ft (610 to 2,073 m), have

~ been targeted to receive brines co-produced from the Frio 1-A sand. Up to 7500 bbl

of brine per day in each of three wells are to be drsposed of into the most optimum

Mlocene sands within a small dlsposal srte in Northeast Hrtchcock field. The selectlon

of these brine-disposal sands was . in- part based on.a study of thelr contmunty S

thickness. and documented flurd-myectronf'potentlal in Northeast letchcoc:k field and

surrounding areas.
Objectives
The Bureau of Economlc Geology developed f|ve specrflc objectlves to be met in

order to successfully select approprlate Miocene - brrne dusposal sands in Northeast.

‘Hltchcock field. Those obJectlves were:
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(1) To determine the extent of the fault. block containing Northeast Hitchcock
field and ‘adjacent Alta Loma field in order to define the maxnmum area‘ where
Miocene sands are continuous by -not having been offset by faults.

(2) To provnde three pr|mary and three alternate Miocene sands for disposal of
brmes by evaluating their potentlal aquifer volumes and heterogenelty on the basis of
'v‘analysxs and mterpretatlon of several structural cross sections, net-sand ‘maps, and
~depositional facies maps of the most. laterally extensive and thlckest Miocene sands in
Northeast Hitchcock and Alta Loma fields.

(3) To document known brine-dis.posal potential of Miocene sands in Northea:st
Hitchcock. Alta Loma, and in nearb‘y fields where signifi'cvant brine disposal has
“occurred in vanal-ogous artd vcor‘relative Miocene sands. These data were obtained from

the Texas Railroad Commission of Texas.

(4) To select potential sites for brine disposal in Northeast Hitchcock and Alta

Loma fields on the basis of the common occurrence of the thickest and most laterally

continuous’ portions of potential brine-disposal Miocene sands.

(5) To evaluate factors that would limit the optimum brine-disposal potential of

Miocene sands in Northeast Hitchcock and Alta L-oma.fi'e'lydsv, such as sand-,bodky

heterogeneity due to facies architecture, and cementation due to diagenesis. -

Study iA;rea_, Data Base. and Methods

Northeast Hltchcock and Alta Loma Felds are located in Galveston County Texasv ‘ .

(fg 57). Alta Loma field was included in the study because it is located within the

same major fault block that contains Northeast Hitchcock field. Hence. brines injected

into Northeast Hitchcock field have the potential to flow also into Alta Loma field:
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Figure 57. Location of Northeast Hitchcock field, in which six Miocene sands (2.000
to 6,150 ft deep) have been proposed for disposal of brines associated with methane
co-produced from the underlying Frio Formation. Hastings West field contains 43 wells
- that have been used to inject brines into several Miocene sands analogous to those of

the Northeast Hitchcock field.
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4Details.’of this fault block are illustrated on a structure rnap of Northeast
Hitchcock and Atta Loma »fields’. which v"is_' contoured on the top of the 4.240—ft sand
(fig. 58). Two major growth faults that offset Miocene sands 'fromv750 to 200 ft (15
to 61 m) isolate the two,‘fields into a block covering a'pproximately 35 mi?
(89.6 k‘mz.). Northeast Hitchcock field -is vIocated‘ in a structurally high area within the_
fault block; many of the n‘rihor faults that offset the underlying Frio 1-A‘sand3 in this
varea die out in the Miocene sectlon | - | o

- The data base consisted of 94 well Iogs drstrlbuted throughout Northeast

Hrtchcock and Alta Loma fields, as well as portlons of nearby Franks, Gillock South

.Hrtchcock ‘and Sarah White fields (fig. 58). The names of the well logs are listed in ‘

table 8.

Other data incorporated into the study were brine-disposal histories of Miocene

sands in five of the wells in the Bureau of Economic Geology data base. These wells
‘are also indicated in figure 58. Similar but more extensive brine-disposal data from

analogous and correlative Miocene sands in Hastings West field (fig. 57) were

analyzed in order to determine the maximum brine-disposal potential of Miocene' sands

in the ‘region.

Six structural dip sections and one structural strike section were constructed in

‘Northeast Hitchcock and. Alta Loma. fields. in order to document the location and.

“offset: of the major bounding faults and to determine“the lateral -extent and thickness

of Miocene-'depo.s'i-tio'nal. units to be c-ons-idered» for brine dispos-al Net-sand and
deposrtnonal facies maps based on Sp log patterns were constructed for thrrteen-

erocene sands (f'g 59). Net-sand thlckness was determmed from SP Iogs by usmg a-

cutoff Iirre‘ drawn 35 percent of the dlsta-nce from the SP baseline to a “normalized

maximum SP deflectron for. the Miocene .in the. study area. This value has been‘

successfully used for accurate determination of net sand in studles of other Tertiary

\

formatrons in the Texas Gulf Coast by the Research Planning |nst|tute whlch based

‘the value on electrlc log crossp|ots and whole core data. and by the Bureau of
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L  Figure 58. Structure map of Northeast Hitchcock and Alta Loma fields. contoured on -
vy N . . . e i . . 0. - R . o
o~ the top of the 4,240-ft sand. Two major growth faults, with throws 'fron‘b 50 to
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Table 8. Well logs used in brine-disposal study of .
Northeast Hitchcock and Aita Loma fields.

Weli
No.

1

O 0 ~N O ;U AW N

NN N N RN ke e b e A 3 e e e
AW R = O W N O ;D e WN O

Operator and Lease

Pan Am. #1 State Moses Lake
Pan American #2 Scofield Comm.
Mecom #A-1 Univ. of Texas | (
Pan American #D-4 Kohfeldt |
Pan Am. #D-3 S. Gillock Un.
Pan American #DD-1 S. Gillock
Pan American #B-1 S. Gilloék
Pan American #1-N S. Gillock s
Mid Sts. #1 Westbridge Un. ‘ -
Cockburn #1 Dobbs, et al
Hanson #2 Title and Guar.

Total Pet. #1 Stuart

Pan American #1 Bogatto Comm. o
Cockburn #1 Aarco .
Sue-Ann #1 Dynamic Land Devel.
L.B. Wright #1 Schaub

Adobe & Cameron #1 Stubbs
Phillips #1-A Fox

Phillips #1-D Davis

Cockrell #1 Lemm

Phillips #1 Delaney

R.L. Burns #1 Delaney

Humble #1 Coon Fee

Phillips #1-A Huff |
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25
%
27
28
29
30
3
32
33
34
35
36
3
38
39
40
at
42
43

44

45
46

47 .

48
49

50

51

52

l

Phillips #1 Prets

Phillips #1 Thompson

Kennedy and Mitchell #1 Delaney
Phillips #1 Sundstrom |
Placid #1 Weidman

Phillips #1-A Louise

Mecom #1 Kipfer
Tx. E. Trans. #1 Hitchcock G.U.
Mecom #1 Wittgen '

Phillips #1 Lasalo

~ J.S. Michael #1 Newman

Slater et al #1 Flake G.U.
Kimball #1 Knox est.
Placid #1 Camp Wallace G.U.

Slater et al #1 Delasandre

- H&M Gas and Oil #1 Reichmeyer

Aikman Pet. #1 Drew Unit

Tx. E. Trans. #1 White G.U. 4
Placid #1 Lobit

Hassie Hunt #1-A Ghino

Tx. E. Trans. #1 White G.U. 3
Placid #1 Thompson G.U. 1
Placid #1 Crane G.U. ‘

Tx. E. frans. #1 Henck

Hassie Hunt #1 S.H. Green

Hassie Hunt #3 S.H. Green

Hassie Hunt #1-A Brister
"Hassie Hunt #1 vH, Sealy
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53
54
55
56
57
58
59
60

61

62
63
64
65
66
67

68

69
70

71

72
73
74

75

76
7
78
79
80

)

Hassie Hunt #1 M. David
Hassie Hunt #1 Nelson
Hassie Hunt #1 R.B. Wilkins
Gulf #2 Emil Firth est.
Phillips #1-A Tacquard
Hassie Hu>nt #1 M. Rogers
Alamo Pet. #1 Firth est.

Damson #1 G. Latimer

| Gulf #1 Lowenstein

Phillips #1 O'Daniel Un.
Phillips #2 O'Daniel Un.
Phillips #3-A O’'Daniel Un.
Hassie Hunt #1 Sayko
Phillips #1-A Evans
Phillips #1 McVea

Hassie Huht #2 Sayko

Hassie Hunt #1 M. Jensen

Phillips #2-B Pabst

Tx. E. Trans. #4 Craig
Tx. ‘E. Trans. #3 Craig
Phillips #1 Lauzon

Jolensky-Gideon #1 Tacquard

Phillips #1-B Pabst
Reb. Pet. #1 Chapman.

- Mecom #1 Roos Trustee

Phil‘lips #A-1 Christensen
Crystal Oil #1 Mcllvane
Del Mar #1 W.N. Zinn
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t

81
82

83
84

85
86
87
.
o

90
o1

92
93

94

M PS. Prod #1 Chapman o
vDel Mar #1 Harrls
| b,Tx E Trans #1 Halls Bayou R
:‘Buttt_‘es» #lr‘Sun Amoco Fee -
'. ‘The Texas‘Co; #1 Joe Tucker
“The TveXa‘s,fCov #B-1 J'W 'bHar’rvis
Tx E. Trans #1 Newton
'.Gen Crude #1 Rentmeyer-ancoe

‘v'-Edwm Cox #1 Halls Bayou Ranch ’

Tx. E. Trans #1 Nana B

_‘ Pan Amencan #1 R.E. Bradmg
. Buttes #2 A B Marshall

Fma, et al #1 Marshall

 Phillips #1 Mcllvane |
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Figure 59. South end of structural dip-section B-B’ through Northeast Hitchcock and
Hitchcock fields (see fig. 58 for location of cross section). Five lower Miocene sands
and one upper Miocene sand are proposed for brine disposal.
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Economic Geology in ite‘studie_sv of t‘he Frio barrier-strgndplain tl;end in the Texas Gulf
Coast (Tyler and Ambrose, 1985). | -

>Deposi‘tiona| facies. maps of each I\/Iiocene» sand selected for'study‘bwere based on
char’acte'ristic SP patterns tha‘t>we}re’i'nter‘prete'd in conjunction with the net-sand
maps. Appl'ication ofv SIP‘ patterns to depositional systems interpretation has been
effectively derﬁons‘trated in previous studies of fhe Miocene in the Tex'»as"GLll’f Coast
~ (Morton and others, 1985) and of o’ther:Tert-iary ’u'nits (Galloway and Cheng, 1985;
‘Tyler and Ambrose, 1985). . . B |

MIOCENE DEPC‘)SIITIONAL S»YSTEMS IN' THE TEXAS GULF COAST
Regional Miocene Depositienal Systems

Miocene sediments of the Texas Gulf‘_Coast were deposited by several ‘stages’ of
-deltaic progradation Qv‘er the Frio paleocontinen.}tal margin. In the Texas Gulf Coast,
the Miocene clastic wedge ,‘thi‘clkens fro‘m‘ less than 2,000 ft (61.0>m)' 'u‘p'dip»vto abv
maximum of 10.000 ft (3,050-m)_ offshofe., 45 mi (72 km) from the present coastline
(Rainwater 1964). The lower Mioce‘n‘e in the region ofb Northeast Hitchcock and Alta
Loma fields was depOSIted in a progradmg barrier-strandplain system that formed a
promment stnke—parallel belt of sand, bounded seaward by a transmonal zone of thmv
distal- shoreface and inner-shelf sandstone and siltstone interbedded with shelf‘
mudstone The barrier- strandplam system is bounded landward by massive mudstone
containing'thin'sandstone channel uni'tsdeposuted in a muddy coastal plain (Galloway
and others, 1986). |

Upper Miocehe.sedime-nte were deposited in a succession o‘f fluvial, fluvial-
dominated delfaic,, and str‘anbdplainﬁ en\iironments super,impoeed :over older lower

Miocene progradational wedges (Doyle.’._1979). These facies are commonly comprised of

141



abundant lenticular fluvial and distributary channel sands encased in silty and muddy
coastal plain sediments.
Miocene Depositional Systems,
Northeast Hitchcock and Alta Loma Fields

The Miocene in Brazoria and Galveston Counties was deposited as a succession
of deltaic and barrier-strandplain facies overlain by fluvial and deltaic facies (Doyle.
1979). The Miocene in Northeast Hitchcock and Alta Loma fields has been informally
subdivided in this study into a lower barrier island and wave-dominated deltaic
interval, 3,000 to 3,500 ft (915 to 1.070 m) thick, and an upper fluvial and fluvial-
dominated deltaic interval, 1,800 to 2,200 ft (550 to 670 m) thick (fig. 59). In
Northeast Hitchcock and Alta Loma fields, the lower Miocene barrier island and deltaic
sequences. which may consist of up to four separate sand bodiés. eacl up to 50 ft
(15 m) thick, are generally thicker and more continuous than the lenticular, laterally
discontinuous fluvial and fluvial-dominated deltaic sequences of the upper Miocene.
Because of the greater thickness and lateral extent of lower Miocene sands, more
attention and effort was directed toward choosing these as potential units for brine
disposal. The thickest upper Miocene units that were selected for study were chosen
not only for the sake of comparison with lower Miocene units, but also because of
their shallow depth, which makes them economically favorable in terms of drilling

costs.

PROPOSED BRINE-DISPOSAL SANDS,
NORTHEAST HITCHCOCK AND ALTA LOMA FIELDS

Factors Considered in Selection of
the Brine-Disposal Sands

Five lower Miocene sands and one upper Miocene sand are proposed for brine

disposal in Northeast Hitchcock and Alta Loma fields (fig. 60). Of these six-sands,
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Type Log

PHILLIPS
Thompson No. /
Galveston County, Texas

Northeast Hitchcock Field
Res

2030 sand

4240 sand

6150 sand

Primary sand for fluid
injection -

m Alternate sand for fluid
injection 0A 7730

Figure 60. Type log from Northeast Hitchcock field, featuring proposed primary and
alternate brine-disposal sands in the Miocene.
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three are designated as primary choices (the 3.780 ft. 4,240 ft. and 5.460 ft. all Iower‘

Miocene) an;i three are selected as alternates (2.030 ft. upper Miocene, and ‘5.750 ft,
6.150 ft. lower Miocene). |
‘Four major factors were taken into consideration in the selection of these sands:
(1) sand-body complexity due to high number and diversity of
compbnent depositional vfac'ies.‘ |
(2) thickness of brine-disposal sand, '
(3) previously documented brine-dispo.sal capacity, both in Miocene
sands in Northeast Hitchcock and Alta Loma fields and in analogous,

correlative sands in nearby fields. and

(4) depth of the brine-disposal sand.

Sand-Body Complexity

The majority of the proposed brine-disposal sands are simple genetic units

consisting of only one major sand body interbe’dded with one or tWo minor shale
.stringers,"rather fhan thick.. composite ivnterv‘als of sand aﬁd shale. By focusing on
simple genetic units', it is possible to select more homogeneous aquifersv for brine
disposal. Thick sequences of sand interbedded with shale commonly contain numerous
hﬁeterogeneit,ies that reflect the high number ofv component sand bodies and depositionél
facies in the interval. |

Additionally, original depositional environment playsva‘ key» role in bdeter,mining
aquifer cdmblexity. .Largei and relatively continuous sand bodies tend to be more
common in barrier—strandplain and - delta-front- sands rather than in fluvial-channel
deposits, which are associated with such discontinuities as abandoned-channel-fill,
levee, crevasse splay.‘ and floodplain déposits (Morton allxd others, 1983). The presence
of these fluvial facies. most of which feature large grain-sjze variations, results in

complex aquifers subdivided into many compartments separated by permeability
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~ barriers. Additionally, many fluvial facies contain interhal permeability differences. which

result in furtherfc‘om'plications.

Barrier-isl‘and and del.t,a-fr’or‘)t sands rewbrked by "rﬁarine pch‘esbses,‘inv éo.ntrast, are
commonly well sorted and laterally continuous. These vp'rop‘;erti-es result in e‘xcellent.
reservoirs (Tyler and éthers. 19'84). Heterogeneities within t‘he}se systems are minimal.
although the p'resencev of modifying facies such as tidal ch‘_avnnels and,washover. fans

N

may‘vlocally disrupt ~aquifer continuity.
Thickness of the BrihéADisposal Sand

Thickness of the depositional unit for uée,as a brine-disposal sand also i‘s an
important factor. Both fhe thick‘gst Miocene 'd'e'positional sequences and 'the thickest
individual sand bodies i‘n«Northea’st‘ ‘Hitchbc‘:‘o‘ck arid‘ Alta Loma fields ére found in the
lower Miocene. Accumulatioh of up to 300 ft (90 m) of sand in some lower Miocene
deposifional‘sequence‘sbbsuch‘ as the 5.750 ft sand was probably the result of
intermittent. subsidence anng»reactivated Frio growth faults that occurred as delt‘a aﬁd
barﬁerv-'islland systems prbgraded over the Frfo_ paleocontinental margin early in the
Miocene. Relatively thin Y(Iess th‘an 150 ft. 46 m) ubper Miocene depositional
sequences in Northeastintchcbck and Alta Loma fields were probably 'associa‘te‘d'withv
diminishing rates of si;bsidenéei as the lower Miocene shelf margin became more stable

(Galloway and others, 1986).
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Previously Documented Brine-Disposal Capacity

Northeast Hitchcock and Alta Loma Fields

Because only a few scattered wells in Northeast Hitchcock and Alta Loma fields
have available b\rine-injection information, it was impossible to make a stéti’stically
valid correlation between depositional systems and thicknesses of brine-disposal sands
and amounts of brine injected. Documented rates of brine injection in Northeast
Hitchcock and Alta Loma fields vary considerably, with a ran-ge of values from 622 to
72.000 bbl of brine per well per month. For instance, in the 3,780-ft sand there is a

large difference (622 versus 20,200 bbl of brine per month) in amounts of brine

disposed into two nearby wells in identical depositional environments, which suggests

that factors other than aquifer quality and depositional environments are controlling
amounts of brines disposed of in Northeast Hitchcock field. Therefore, it was
necessary to document brine-disposal rates in other Miocene sands in an area

represented by a larger, more consistent data base.

Hastings West Field (Brazoria ‘County)

Hastings West field, which contains 43 active Miocene disposal wells, is located
15 mi (24 km) northwest of the Alta Loma field (fig. 57). Although Hastings West

field is situated in an area slightly updip from Northeast Hitchcock and Alta Loma

fields, the Miocene there is also composed of a succession of thick (300 ft [91 m] or

more), laterally continuous sands overlain by a succession of relatively thin (commonly
less than 70 ft [21 m] thick). discontinuous fluvial and moderately continuous fluvio-

deltaic sands. locally up to 150 ft (45.7 m) thick (fig. 61).
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- Figure 61. Type log in Hastings West field, located 15 mi (24 km) northwest of

Northeast Hitchcock and Alta Loma fields (fig. 57). Marine and fluvio-deltaic sands
received 242,000 barrels of brine per day in 1985 from 43 wells in Hastings West
field. Lower Miocene sheet sands and other shallow sands are capable of receiving up
to 10,000 barrels of brine per day per well. Figures obtained from the Railroad
Commission of Texas. :
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Thick lower Miocene sands in Hastings West field received 88,000 bbl of brihe
per day from 19 wells in 1985. These s‘andé. vwhich are correlative with other lower
Miocene sands in Northeast Hitchcock and Alta Loma fields, are capable of receiving
up to 9.500 bbl of brine per well per day. Therefore, by ahalogy with other lower
Miocene sands in Hastings West field, lower Miocene barrier-island and wave-
dominated deltaic sands in Northeast ‘Hitchcoc‘k and Alta Loma fields should be
capable of receiving the required 7,500 bbl of brine per day |n eavch of i‘hreef disposal

wells.
Depth of the Brine-Disposal Sand

Because of cheaper drilling and other related costs associated with shallow sands,

certain of the thickest and laterally continuous upper Miocene sands were considered:

for study. However, other factors such as aquifer heterogeneities due to distribution of .

discontinuous depositional facies strongly offset the economically favorable shallow

depth factor of the upper Miocene sands in the study area.

Lower Miocene Brine-Disposal Sands,
Northeast Hitchcock and Alta Loma Fields

Primary Brine-Disposal Sands

All of the prdpos-ed" priméry’ br,ine—disbos’alv sands in Northeast Hitchcock. and Alta -

Loma-fields are ‘in the lower Miocene and consist of the 3,780-ft sand (fig. 62).
‘4,2_40-ft sa.ndb(ﬂ‘g. 63). and 5.460-ft savnd (fig. 64). All of these sands were deposifed
in either elongate, strike-parallel barrier-isyland. sandy éhoreféce. or wave-reworked
»del'tai‘c‘ systems. These units are relatively simple, individua.l genetic sand bodies
featuring only a minor number of interbedded shales. Consequently. the depositional

facies tracts within these sands are relatively simple. only slightly modified by minor
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crosscutting features such as‘sand-fi'lledl tida’lrchannels and sandy. lobate washover
fans‘. By virtue of their average individual thickness of 70 to 90 fi (21 to 27 m) and |
latéral continuity, the 3,780-—ft, 4,240-ft. and 5.460-ft sands should be‘ excellent aquifers
for brine disposal fn ‘Northeast Hitchccck and Alta Loma fields. Key aspects of these
and all other potencial b'rine-disposal sands ‘presented.in this report are summarized in

tables that accompany the net-sand maps.
Alternate Brine.—-Dispo_sal‘ Sands

Alth’oUgh thé 5.750-ft and the 6,‘1‘50-ft: sands exhibit sheetlike and lobate net-sand
patterns that are similar to those of thc pcimary sands previo.us’ly'described. ’these two
sands are designatved» as.éltcrnate choices“ owing to cercain offsetting factors. The
5.750 ft sand (ﬁg 65). although tHe thbickest of those proposed in f‘he study, is the
most complex and features several major interbedded shale stringers, each up to 25 ft
(7.6- m) thick. These shale stringers Servc as barriers to fluid flow that may limit the
overall capacicy of the aquifer.’bThe 36.150-'ft sand (figs. 66 and 67). although sheetlike
and continuous as a consequénce' of being deposit’ed in a barrier island and high-
energy shoreface system, ,isrthe deepest a‘rnd th‘innest (generallly 40 to 60 ft, 12 to

18 m) of the six proposed brine-disposal sands.

Upper Miocene B'rine-Dispo“saI Sands,
Northeast Hitchcock and Alta Loma Fields

Upper Miocene fluvial sands, typiﬁed by the 2.800-ft sand 'i(f"igsv. 68 and 69). are

poor choices for brine ‘disposal due to the abundance of lenticular, isolated fluvial-

~ channel sands encased in muddy and silty overbank and floodplain deposits. However,

the 2,030-ft sand (ﬁgs.‘ 70 and T71). deposited in a fluvio-deltaic setting, is offered as |
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DEPOSITIONAL SYSTEMS AND BRINE-DISPQSAL
POTENTIAL OF THE 3.78C-FT SAND {LOWER MIOCENE). '
NORTHEAST HITCHCOCK AND ALTA LOMA FIELDS

Interval Description

A. Sand-Body Geometry:
Continuous sand sheet developed parallel to depositional strike: up to 110
ft (33.5 m) of sand along the main axis of deposition, which runs through
Northeast Hitchcock and Sarah White fields.  This unit is thinner and less
sandy updip toward Alta Loma field, where it is only 40 ft (12 m) thick.

B. Depositional Facies: ’
Barrier-isiand system deposited in a 1- to 4-mi- (1.6- to 6.4 km) wide belt
along depositional strike. The barrier core, distributed in a continuous band
from Northeast Hitchcock field to an area between Sarah White and Alta
Loma fields. is transected by sand-poor tidal channel deposits in Northeast
Hitchcock field. Small-scale, lobate washover deposits grade updip into a
back-barrier lagoon system located in Alta Loma and Franks fields. -

Il.  Reservoir Characteristics
A. Brine-Disposal Potential in Northeast Hitchcock and Alta
Loma Fields:
‘Excellent, due to development of a continuous sheet sand 70 to 110 ft
(21.3 to 33.5 m) thick along the main depositional axis. Areas where
brine disposal may be ‘less optimum are in sand-poor areas such as the
complex lagoonal facies (Alta Loma field) and in crosscutting tidal channel
deposits (Northeast Hitchcock field).
B. Brine-Disposal History:
Northeast Hitchcock field: 20,240 bbl per month in well 26, situated in
barrier core deposits marginal to to a tidal channel system: 622 barrels per
month in well 24, situated in a similar setting. ’
C. Area of Greatest Sand Thickness and Best Continuity For
Brine Disposal:
Within barrier-island core facies. specifically between Alta Loma and Sarah
White fields (wells 57, 63. and 66) and in similar facies in Northeast
Hitchcock field (wells 25, 31, and 34).
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Figure 62. Net-sand and depositional facies map of the 3,780-ft sand (lower Miocene).
This sheet sand. deposited in a barrier island environment, is a primary choice for

brine disposal. based on excellent sand continuity and an average thickness of about
70 ft (21.3 m) in the study area.
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DEPOSITIONAL SYSTEMS AND BRINE-DISPOSAL
POTENTIAL OF THE 4240-FT SAND (LOWER MIOCENE).
NORTHEAST HITCHCOCK AND ALTA LOMA FIELDS

I. Interval Description
A. Sand-Body Geometry:
Primarily . an irregular belt, 60 to 110 ft (18.3 to 33.5 m) thick, developed

parallel to depositional strike, but also consisting of a series of lobate and
lenticular sand bodies that pinch out downdip.

B. Depositional Facies:
A system of lobate, wave-reworked deltas. Individual lobes (0.4 to 1.8 mi

[0.64 to 2.9 km] wide) are composed of 80 to 100 ft (24.4 to 30.4 m) of

sand. Reworked delta-front deposits are most extensive south of Alta Loma
field and also in Hitchcock field. Distal delta-front and interdeltaic deposits
are well developed in Sarah White field and in the southern part of
Northeast Hitchcock field, respectively. \

Il. Reservoir Characteristics
A. Brine-Disposal Potential in Northeast Hitchcock and
Alta Loma: Fields: _
Good to excellent. Continuous, wave-reworked delta-front sands are
extensively developed throughout the area and constitute most of the
potential reservoir sand in Northeast Hitchcock and Alta Loma fields.
B. Brine-Disposal. History: :
None available in the study area.
C. Area(s) of Greatest Sand Thickness and Best Continuity For
Brine Disposal:
Within wave-reworked delta-front facies in Alta Loma field (wells 50, 51,
53. and 55 for example) and, to a lesser extent, within distributary-channel
and delta-front facies in Northeast Hitchcock field (wells 18, 21, 26, and
27). '
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Figure 63. Net-sand and depositional facies map of the 4,240-ft sand (lower Miocene).
The 4,240-ft sand, deposited as a series of lobate, wave-dominated deltas, is proposed
as a primary. brine-disposal sand because of its good sand continuity and thickness of
70 to 110 ft (21.3 to 335 m) in a struke—elongate band throughout the Northeast

Hitchcock and Alta Loma field area.
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DEPOSITIONAL SYSTEMS AND BRINE—DISPOSAL’
POTENTIAL OF THE 5.460-FT SAND (LOWER MIOCENE).
NORTHEAST HITCHCOCK AND ALTA LOMA FIELDS

. Interval Description

A. Sand-Body Geometry:
Sheet sand developed parallel to depositional strike. with minor dip-elongate

~elements on the basinward edge  Thickest sand (60 to 70 ft [18.3 to
21.3 m]) is concentrated in a strike-parallel band. roughly 1 mi (1.6 km)
wide. within Northeast Hitchcock and Alta Loma fields. B

B. Depositional Facies:
Barrier-isiand system.. with barrier-island core facies ranglng in width from
1.7 to 45 mi (2.7 to 7.2 km). The seaward edge is modified by small-
scale tidal-channel and ebb-tidal delta deposits. approximately 0.5 mi
(0.8 km) across at their widest. The barrier system pinches out over a
short distance downdip into thin barrier-front and shelf sands and silts in
the region of Sarah White field.

Il. Reservoir Characteristics
A. Brine-Disposal Potential in Northeast Hitchcock and
Alta Loma Fields:
Excellent. due to deposition of continuous sheet sands throughout the
entire field area.
B. Brine-Disposal History:
None available in the study area. '
C. Area(s) of Greatest Sand Thickness and Best Continuity For
Brine Disposal:
Within barrier-island core facies in belt of 60 to 70 ft (18.3 to 21.3 m) of
sand connecting Northeast Hitchcock and Alta Loma fields (refer to net-

sand map).
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Figure 64. Net-sand and depositional facies map of the 5.460-ft sand (lower Miocene).
Another primary sand for brine disposal. the 5,460-ft sand was deposited in a barrier-
island environment. Maximum thickness of 70 ft (21.3 m) of sand in this simple unit
is developed in a strike-parallel band linking Alta Loma and Northeast Hitchcock fields.
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DEPOSITIONAL SYSTEMS AND BRINE-DISPOSAL
POTENTIAL OF THE 5.750-FT SAND (LOWER MIOCENE).
NORTHEAST HITCHCOCK AND ALTA LOMA FIELDS

I.  Interval Description
A. Sand-Body Geometry:
Multiple lobate and digitate sand bodies (175 to 250 ft [53 3 to 76.2 m]
thick) oriented parallel to deposmonal dip. cutting across the field area.
Associated sheetlike. strike-parallel component of 150 to 175 ft (45.7 to

53.3 m) of sand is developed lateral to and downdip from these lobate

sand bodies.

B. Depositional Facies: }
Composite interval consisting of several progradatlonal wedges -each
consisting of small- to medium-sized wave-modified deltas ranging in width
from 1.5 to 3.5 mi (2.4 to 5.6 km). Associated facies are laterally

extensive delta-front ‘and sandy shoreface deposits developed along
depositional strike. Minor occurrence of sand-poor delta-plain dep05|ts north

_of Alta Loma field.

Il.  Reservoir Characterlstlcs o
' A.  Brine-Disposal Potential in Northeast Hitchcock and
Alta Loma Fields: :
Fair to good, due to complex internal reservoir structure resulting from the
composite nature of the interval. although it is the thickest of those
chosen in- this study. :
B. Brine-Disposal Hlstory
- None available in the study area.
C. Area(s) of Greatest Sand Thickness and Best Contmmty For
Brine Disposal:

In wave-modified delta and delta-front deposits, east of Alta Loma field

(wells 44, 51, and 55).
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Figure 65. Net-sand and depositional facies map of the 5.750-ft sand (lower Miocene).
Although this unit reaches a maximum thickness of up to 250 ft (76 m) in Northeast
Hitchcock field, it may not be an optimum brine-disposal sand because of the high
number of shale breaks and isolated sands as a consequence of having been deposited
as a complex of several lobate wave-dominated deltaic sand bodies.
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.DEPOSITIONAL SYSTEMS AND BRINE-DISPOSAL
POTENTIAL OF THE 6.150-FT SAND (LOWER MIOCENE),
NORTHEAST HITCHCOCK AND ALTA LOMA FIELDS

l. - Interval Descrlptlon

A. Sand-Body Geometry:
Sheet sand developed parallel to deposmonal strike, reaching a maximum
thickness of 64 ft (19.5 m) in the Sarah White field. Scattered occurrences
of sand-poor pockets noted throughout the area.

B. Depositional Facies:
Single genetic unit consisting of a barrler-lsland system modified by tidal
channels and back-barner washover fans.

ll. -Reservoir Characteristics ’
A. Brine-Disposal Potential in. Northeast Hltchcock and
-Alta Loma Fields:
~ Good to excellent. based on sheetlike sand geometry although the unit is
only about 50 ft (15.2 m) thick on average. Northeast Hitchcock field
contains the greatest number of reservoir heterogeneities, but these are
limited to small areas.
B. Brine-Disposal H:story
None available in the study area. :
C. Area(s) of Greatest Sand Thickness and Best Contmmty For
Brine Disposal: '
Within barrier-island core facies in an megular band (0.4 to 3.0 mi [06 to
4.8 km] wide) connecting Northeast Hltchcock field to an area south of
Alta Loma field.
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Figure 66. Net-sand map of the 6.150-ft sand (lower Miocene). an alternate brine-
disposal sand. Good sand continuity is developed throughout Alta Loma and Northeast
Hitchcock fields. although maximum sand thickness is only 60 ft. The strike-parallel
net sand trend is consistent with a barrier-island or wave-dominated coastline
environment (see SP log facies map. fig. 67), where high wave energy winnowed
muds, resulting in the deposition of a clean, homogenous sand body.
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Figure 67. SP log facies map of the 6.150-ft-sand (see net-sand map. fig. 66). The
6.150-ft sand was deposited in a barrier-island environment and is a simple,
homogenous sand throughout most of the fault block containing Alta Loma and
Northeast Hitchcock fields. Minor shale breaks occur in tidal-channel deposits
(Northeast Hitchcock field) and back-barrier channel and washover deposits (west of

Alta Loma field).
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an alternate choice for brin.e-di‘sposa‘l. Favorable pr'o‘pert'ies, of the 2.030-ft- .sandithat
make it attractive as a brine-disp‘OsaI,s'and‘ are shallow idepth and th'i'cknes'sb,of up to
95 ft (29 m)‘ in a sheetlike area in‘the ‘nof‘thern half of the Northeast Hitchcock - ‘
Alta Loma faﬁlt block.. A major factor that detracts from the brine-disposal potential
of the ‘2_,0‘30-vft sand is the occurrence of several Ieﬁt'icular' d'istributary-c‘hannel sahd"

bodies surrounded by muddy delta-plain and interdiétributary«marsh deposits (fig. 71).

POTENTIAL SITES FOR BRINE >D|SPYOS>ALv
NORTHEAST HITCHCOCK FIELD
Althougﬁ» the propose>d brine-disposal ‘s:a_ﬁd‘s we'r‘e mapped throughout the ent'irre‘
fault block containing Northeast Hitchcock and Alta ‘Loma“fields,‘ a bfine-disposal 'si,te.
only within Northeast Hitchcock field is morév practical becguse it is ;ih the area of
current methane and brine co-‘production. The optimum brine-disp‘osal site in Northeast

Hitchcock field should be located where the combined. thicknesses of the three primary

~disposal sands are greatest, and also where these sands are most laterally continuous.

Therefore, the three. prifnary sandS at the brine-disposal site-should be relatively free
from aquifer discontinuities introduced by the presenée of lenticular or isolated vfacies‘
such as quvivaI'. distribu‘t‘ary. or tidal"channels. washover fans, and overbank deposits
such as levees and crevasse splays. | |

On the basis of these criteria and ovther gconomic considerations, the Phillips
Thémpso’n No. 1 well (number 26 in this study) has been selected as fhe initial site
for brine dispo'sal. Within the Phillips Thompson No. 1 well, a total of 218 ft
(66.4 m) of sand from the threé p“r‘imaryi brine-disposal sands is intersecied. These
sands at the disposal site were depbsited in barrier-island core (3.780 ft and 5,460 ft)

and wave-reworked delta-front ('4,240 ft) ehvironm'ents. These depositional
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~ DEPOSITIONAL SYSTEMS AND BRINE-DISPOSAL.
POTENTIAL OF THE 2,800-FT SAND (UPPER MIOCENE),
NORTHEAST HITCHCOCK AND ALTA LOMA FIELDS

I. Interval Descrlptron ;

A. Sand-Body Geometry : . .
‘System of lenticular. dip-elongate pods crosscutting Northeast Hitchcock
and Alta Loma fields. These sands.reach combined thicknesses of up to 70
ft (21.3 m) in Alta Loma field. and individual, thinner (20 to 40 ft [6 to
12 m]) pods associated with sand pinch-outs are located in Northeast

: Hitchcock field. :

B. Depositional Facies: ‘ o ‘ ' ‘

Single genetic unit consisting of a fluvial system dividing ‘Northeast

~ Hitchcock and Alta Loma fields into elongate bands of individual (upward- -

fining SP' pattern) and aggraded (blocky SP pattern) point-bar sands, and

levee and floodplain silts and muds (serrate SP pattern). Progradatlonal'

sands. in Sarah White field may represent Iacustrme delta ‘deposits.

Il..  Reservoir Charactenstlcs ‘ _
A Brine-disposal Potential in Northeast Hrtchcock -and Alta Loma Frelds R
Alta Loma field area--fair , :
" Other areas--poor, .due to .abundance of Ientrcular isolated point-bar sands
encased in floodplain muds. » ; ' Sl
B. Brine-Disposal History:

- West Alta Loma field: 17,000 bbl per. month in well 88, situated in |

stacked point-bar sands:
C. Area( ) of Greatest Sand Thlckness and Best Contmurty For

Brme Disposal:
~ Alta Loma field, in area of wells 55, 62. and 69.
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' Figure 68. Net-sand map of the 2,800-ft sand, a typical upper Miocene fluvial sand,

: which is a poor choice for brine disposal because of the isolated, lenticular nature of
point-bar deposits (see fig. 69). Although this sand has a fair injection potential in
Alta Loma field, where it has a thickness of up to 55 ft (16.8 m) due to the
presence of several stacked point bars, the occurrence of many sand pinch-outs in
Northeast Hitchcock field precludes this unit as a good sand for brine disposal.
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enwronments are prlme brlne—dlsposal faC|es Good alternate-‘dispos’al sitesfor the

3.780- ft 4240 ft and 5460 ft sands are in wells 21 25 27 31 and 34.

- Assuming 'that all. of the pore volumesv in the three primary sands ic’an' be .
contacted within the Northeast Hitchcbck‘- Alta Loma fault block. v_a total volume of
8”;\105:.700,00() bbl -is available for br'i’ne disposal (table 9) E\le'n' W"ithln. ‘_l\l’O.rtiheast‘, ;
Hitchcocl( field. rv‘vhic*h‘constitutes ap'p-ro)‘(imately"30f _percent“ilof the fault-vblock.-‘a‘_':‘

volume of approximately 2;000.000,000’ bbl of pore space iis;(available.' a 'nUmber that

far exceeds the estimated total of 36,000,000 bbl of ‘br-i‘ne" that are planned for

disposal from,_thewNortheast Hitchcock co-production project.

POTENTIAL PORE VOLUMES AVAILABLE
IN PROPOSED BRINE-DISPOSAL SANDS.
NORTHEAST HlTCHCOCK AND ALTA LOMA FIELDS

Most of the Mlocene sands proposed for brme dlsposal by thrs study are hlghly

continuous throughout the Northeast Hitchcock - Alta Loma fault block Other mmor» |

faults wnthm- this block offset Mlocene umtsonly 40 ft (12.2 m) or Iess and generally»

do not serve to- |solate the reservoirs mto ~separate. structurally bounded pleces
, Potentlal pore volumes |n the proposed sands in Northeast Hltchcock and Alta

Loma f'elds ‘were- calculated by determlmng the total volume of sand 40 ft (12 2 m)

‘_or more in thrckness wuthm the Northeast Hltchcock - Alta Loma fault block ‘The.

'volumes of sand thus denved were . multlplled by a factor of 25 percent whlch

represents the weighted average porosity rangmg from 16 to 30 percent for l\/llocene

sands in the Texas Gulf Coast. M_»loce_ne poros-lty values ,were taken from Doyle

(1979). Morton and others (1985), and Galloway and others (1986).
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- DEPOSITIONAL SYSTEMS AND BRINE-DIS‘P'OSAL
POTENTIAL OF THE 2.030-FT SAND (UPPER MIOCENE).
NORTHEAST HITCHCOCK AND ALTA LOMA FIELDS

1. Interval Descrlptlon .

A. Sand-Body Geometry : : ’
Dip- elongate system of lenticular sands. 50 to 70 ft (15.2 to 21.3 m)
thick. merging updip into a sheetlike system of sands, 70 to 95 ft (21.3 to
28.9 m) thick. Numerous occurrences of sand-poor areas throughout the
downdip half of the study area. Bifurcating trends noted in lenticular sand
bodies in Alta Loma field. ' o -

B. Depositional Facies:

Fluvial-dominated deltaic system, vreprésented‘- by a transition from upper
delta-plain facies in Franks' field to a lower delta-plain system in Northeast-

Hitchcock and Alta Loma fields. Distributary channels transect the lower
delta-plain facies and merge downdlp into upward- coarsenmg delta-front
deposnts .

ll. Reservoir Characteri'stics
A. Brine-disposal Potential in Northeast Hitchcock and Alta Loma Fields:

"~ Fair to medium, due to occurrence of numerous lenticular sands separated
by floodplain and interdeltaic muds. Redeeming features are shallow depth
~ (economically favorable) and- possubly higher permeabilities along main

_ depositional axes. .
B. Brine-disposal hlstory

Hitchcock field: 72.000 bbl per 'month in well 14, situated in crevasse splay

v sands lateral to channel axes.
C. Area(s) of ‘greatest sand thickness and best continuity for brine dlsposal
In stacked distributary-channel sands within Northeast Hitchcock field (wells
18, 20, and 26) and in a similar area east of Alta Loma field (wells 38,
43, and 44). : ’
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Figure 70. Net-sand map of the 2.030-ft sand (upper Miocene), which is included as
an alternate choice for brine disposal because of (1) its shallow depth of burial, and
(2) extensive development of 50 to 75 ft of sand in Alta Loma and Northeast
Hitchcock fields. However, several sand-poor areas exist within this unit, owing to the
lenticular nature of distributary sand bodies in the southern part of the study area
(see fig. 71). ' - ‘ :
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Figure 71. SP log facies map of the 2,030-ft sand (compare with net-sand map,
fig. 70). Although this shallow unit is a good alternate choice for brine disposal,
several heterogeneities exist because of the occurrence of lenticular distributary sand
bodies and the presence of muddy interdistributary bay and marsh deposits.
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Table 9. Volumes available for brine. dispesal into sand greater
than 40 ft thick calculated for the three primary and three
alternate brine-disposal Miocene sands within the fault block

containing Northeast Hitchcock and Alta Loma fields.

A. Primary brine-disposal sands

Limiting factors

Sand Pore volume (bbl)

3780 ft

4240 ft

5460 ft

Total pore volume. primary sands:

2,903.700.000

3.071.000.000

2,131.000.000

8.105.700,000 bbi

B. Alternate brine-disposal sands

Sand -Pore volume (bbl)

Virtually none: sheet
sand. with minor het-
erogeneities due to
tidal channels and wash-
overs.

Minor number of sand-poor
areas separated by lobate
distributary-channel sand
bodies.

Virtually none: barrier-
island sheet sand.

Limiting factors

2030 ft

5750 ft

0150 ft

Total pore volume, alternate sands:

1.764,900.000

8,030.700.000

1.979.500.000

11.775.100,000 bbl

Total pore volume, all sands:

19.880.800.000  bbi
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High number of reservoir
heterogeneities due to
fluvial channel sands en-
cased in floodplain muds.

Contains numerous shale
breaks and permeability
barriers. Several genetic
subunits in the 5750-ft
sand result in a complex
internal structure.

Virtually none; barrier-
~island sheet sand.



Calculated pore volumes for each of three primary and three alternate sands are
summarized in fable 8. Values Iisfed in this table are optimum, calculated with the
assumptioﬁ that the number of interbedded shale stringers is minimal and that no
major pore-filling cements are present in the sands. Certainly these two factors must
still be taken into account when calculating a lower, .more. accurate amount of net
pore volume. However, Miocene sands in this region are not degply buried and are
weakly jcemented‘and poorly consolidated. Additionally. mosi of the shale stringers in
these sands tend to occur on the updip and downdip margin§ of the system in which
they were deposited. which in the study area are mostly confined to regions peripheral
to Northeast Hitchcbck and Alta Loma fields.

The effects of cementation due to diagenesis and permeability variations arising

from the distribution of heterogeneous depositio-nal facies will be assessed by analysis

of whole-core and sidewall-core samples taken from the first brine-disposal well in
Northeast Hitchcock field as the co-production project progresses. Not only will baSic
parameters such as sand permeability and porosity be evaluated, but also 'fluid-rock
compétibil‘ity teﬂsts.’s‘ti’mulatiqn fluid studies, and water sensitivity tests will be
conducted in order to judge how effectively the original pore fluids mary be displaced
by the injected brines, a‘nd‘ what effect: the 'injetted brines will have on the rock

’matrix.‘
CONCLUSIONS

Three lower Miocene sands, the 3.780 ft, 4,240 ft. and the 5,460 ft, should be

- capable of receiving 7,500 bbl of brine per day from a three-well disposal site centered

around the Phillips. Thompson No. 1 well ih Northeast Hitchcock field in Galveston "

County, Texas. These sands. each generally 70 to 90 ft (21.3 to 27.4 m) thick m the
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’for brlne drspo

- fault block containing Northeast ‘H‘itch_c_ock’field ban"d adjar':e-nt Alta Loma field,;“lare

highly continuous as a consequence of having been deposited in bar:rier-iSlaﬁh'd.

shoréface, and wave-reworked delta-front environments. -

In furtherrsupport of selectionv of these sands for. diiépos‘a-lv of Iarge _volurmes of
brine, vo,ther Iowerdl\/liocene sahds in the heighboring Hastings ‘West'; field in> B;raz;‘o‘ria
County ‘which are correlative and .analogous to the 3. 780-ft. 4,240-ft, andx5'460—ft
sands are capable of receiving up to 9, 500 bbl of brrne per day per weII In
Northeast Hitchcock freld alone, a volume of approxrmately 2 OOO 000, 000 bbl nsi
ava’llable for brme disposal l'nto "_the- three prlmary"proposed sands. The" ‘estlmated‘" ‘
future dispoeal of only 36.000,000 bbl V:Of b_rine"in the 'Ivifet-,i-mer‘of the Northeast
Hitchcock co-production. project const_itutes onl‘y, 2 p‘er_cent of the total avai'la’hle: pore'
space. | e | o R

Other factors that may detract from the optlmum calculated pore volume available

the three prlmary and three alternate proposed dlsposal sands in

Northeast Hitchcock Feld are heterogeneutles caused by the presence of thm Iaterally

~ discontinuous shale stringers and cementatlon. caused by diagenesis. Future a»nalysis of

whole—core and sidewall-core samples taken fr‘om the ini‘tial'brih‘e—disposal well in the'
Northeast Hltchcock field should result in a more accurate determmatlon of reservoir

dlscontmumes affectmg the brlne mjectlon capacrty of the proposed dlsposal sands
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TCOIVIPATl»BIL!TY OF FRIO ‘A‘VAND"MIYOCEN{E FORMATION WATERS,
NORTHEAST HITCHCOCK FIELD GALVESTON COUNTY

‘byl\/l P R nght

: Five Miocene formation-water analyses: from, Ga-lrleston -County '(tabler 10:) (Kreitler
and Richter, '1986) were averaged -and Vcompared with two Friol"A'-‘formatilo'n—w-ater?
analyses (table 11) from the co'-pr»oduction‘ Delee No 1 well in the No'rth‘east'
Hitchcock field. Galveston County Texas The Frio A water analyses were conducted

at the Bureau of Economrc Geology Two Mrocene dlsposal depths ‘were assumed one_'

“at 4,050 ft (1.235 m) (118.4°F. 48°C) and the other at 5850 ft (1,783 m) (146.3°F.

63.5°C) for ‘comput‘ation purposes.

The equilibrium -distribution of »i:norgahivc ‘aqueous speoie_s iin Frio- 'A‘.an’d Miocene
fluids and the different combinat’ii'o‘ns’ of these waters at surface (separator) and
formation temper.ature'a‘ndf_pH values were estimated ‘fro,m chemica,l'anallyses;

(tables 12 and 13). The Bureau of Economic Géologj/"s SOLMNEQ computer program

-~ (Kharaka an‘d-‘Barnes,' ‘1973) was used ‘to perform 40 ,eq'uilibr‘ium 'computationsiwith» .

these average analyses. A detailed d‘iseuss:ionv"on 'th,e use ovf the SOLMNEQ prOgram '
and uncertainties relvatedr:to data acq'uiSit‘i'o'n.- anaty>ses,‘and comp'utation rs gir/en in the
"iCompatibiIityvof' Hackberry- and M‘iocen,e,formatio'n waters. Port ,Art,hu’r Field, Texas”
section of" this re'p”ort'and will not be discussed further here. |

Silica and earbonat-es appe.ar to be O»Vers’aturated in Frio "A" waters at forrnatio:n
(215°F, 101.7°C) and s*eparator (180 F. 82.2° C) tem‘peratu’res“for pH val'ues greater
than o (fig.‘ 72). Frio "A’ waters are in equmbnum wrth ‘calcite at formatlon..
temperature (215°F 101, 7°C) when the pH is about 575 or 1.76 units less than the"“_‘» :

measured pH. S|I|ca carbonates and barlte are all oversaturated at temperatures lower
\

“than the Frio "A" formation temperature at the mea‘sured pH (7.51) (fig. 73).7 Calcite

also remains oversaturated at Miocene formation temperatures at the mean pH

measured in Miocene formation wat,“er-(6;92) (ﬁg 74).
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Table 10. Analyses of Miocene formation waters from Galveston County

Sample No. 630103
Latitude 7°29.352
Longitude 94.866
Depth 4,018
pH 6.9
T.D.S. 116,832
Na 40,330
Ca 3,400
Mg 986
cl | 71,000
HCO3 126
SOy N.R.

ft

691216

7°29.433
94,967
6,195
6.8
130,908
46,689
3,040
952
80,100
127

ft

N.R.
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N.R.

7°29.350
94.884
7,500
7.0
141,500
50,000
3,300
1,100
87,000
200

630

(Kreitler and Richter, 1986).

ft

741106

7°29.353
94.886
5,800
7.1
124,000
43,200
3,100
910
77,100
102

1

it

N.R.

7°29.375
94.923
7,000
6.3
133,300
46,639
3,040
952
30,100
127
N.R.

ft



Table 11. Analyses of Frio 'A' formation waters
from the Delee No. 1 well
Northeast Hitcheock field,
Galveston County (BEG, 4/85, 9/85).

No. 86-157
Depth 9,100ft
pH - T7.39
K 138
Na 16,400
Ca 495
Mg 78.2
sr . 33
Ba 14.4
Li 3.9
B 43
Cl - 25,600
HCO3 730
SO4 29

All aqueous species expressed in
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86-158

9,100 ft
7.63
135
16,400
490
78.3
33
8.0
3.9
14
26,000
780
31

mg/L.



Test
Temp.
pH
Test.
Temp.
pH
Test
Temp.
pH
Test

Temp..

pH
Ca
Mg

- Na

Cl
HCO3

Table 12. Tempei‘ature, pH, and concentration of aqueous species in

100% -
Frio
201
 82.2°C
7.51
201
. 82.2°C
7.51
201
82.2°C
7.51
201
82.2°C
7.51
492.5
78.25
16400.0
25800.0
755.0

Test
213
214
215

combinations of Frio 'A" and Miocene waters,

Northeast Hitchcock ‘field.

75%
Frio
202
73.65°C
7.3625
206
77.53°C
7.3625
220
73.65°C
7.23
224

77.53°C

7.2

1163.4

303.7

23645.4
39115.0

600.4

Temp.

48°C
48°C
48°C

50%
Frio
203
65.1°C
7.215
207
72.85C
7.215
221
65.1°C
6.96
225
72.85°C
6.38
1834.25
529.1
30890.8
52430.0
445.7

pH Test

R
5
6

176

25%
Frio
204
56.55°C
7.0675
208
68.18°C
7.0675
222
56.55C
6.68
226
68.18°C -
6.57
2505.1
754.6

 38136.2

65745.0
291.1

Temp.
63.5°C
S 63.5°C

63.5°C

100%
Miocene

205
48°C

Miocene
- Depth ft

4050

’6092 o

209
63.5°C
6.92
223
48°C
6.4
227
63.5°C
6.25
3176.0
980.0
45381.6
79060.0
1364

- Table 13. Assumed temperatures of Miocene waters at varying pH.

pH

5850

4050

5850

i i
- i}

-



Oversaturated

#

Quartz (82.2%)

Quartz (10166°C) ~—— S~
Chalcedony (101.66°¢) SN N S Chalcedony (82.2°%)

Sarite (82.2%) \\ Barite (101.66°)

-4

Undersaturated

1
7

QA 8042

Figure 72. Saturation indices of silica and carbonates in Fno A formatlon waters
Delee No. 1 well, versus ,PH at formation temperature (215°F, 101.7°C) and separator
temperature (180°F, 82.2°C).
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L

L~

Oversaturated

-C"’

\

Undersaturated N
-3 QA 8043 =

Figure 73. Saturation indices of silica and carbonates in Frio "A" formation waters o
Delee No. 1 well, versus temperature at measured pH (7.51).
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Log-ﬁ-—?-l-

-3

" QA 8044

Figure 74, Saturation indices of calcite versus pH at Miocene formation temperatures
of 118.4°F (48°C) and 146.3°F (63.5°C).
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Carbonates 'remaih‘oversatu‘rated in nearly all mixtures of Frio A" formation
waters with Miocene fluids at estimated formatiéh temperatures (figs; 75 and 76).
~ Because the Sl indices are generally larger than 1 (Tomson and O'Day. 1987),
inhibitors will need to be injected into the produced fluids to prevent stal,ing both in

surface equipment and in the Miocene disposal formation.
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100% 75% 50% 25% 100%

Frio-A Frio-A Frio-A Frio-A Miocene
Fluids Fluids Fluids Fluids Fluids

' Separator Formation
temp.82.2% ' o temp.48°
pH 751 equilibrium
surface pH 6.4

depth 4050 feet

34

SATURATION INDEX

— QA. 7727

Figure 75. Saturation indices of various mixes of Frio ‘A" and Miocene waters at a
Miocene formation temperature of 118.4°F (48°C) and measured pH of 6.4.
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100%
Frio-A
Fluids

75%
Frio-A
Fluids

50%
Frio-A
Fluids

25%
Frio-A
Fluids

L\-«’d\

100%
Miocene
Fluids

Separator
temp.82.2%
pH 7.51
surface

SATURATION INDEX

Formation
temp.63.5%
equilibrium
pH 6.25
depth 5850 feet i

Figure 76. Saturation indices of of various

QA 7726

mixes of Frio ‘A" and Miocene waters at a

Miocene formation temperature of 146.3°F (63.5°C) and measured pH of 6.25.
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