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To detect‘ and investigate the potential resource base in untapped
free-gas-bearing 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 invesﬁigate in detail the control of depositional environment
and diagenetic history on porosity and permeability preservation
in the Friwo ‘A’ sandstones.

To select six Miocene sands in Northeast Hitchcock field for
disposal lof brines from the Frio 1-A sand on the basis of
evaluation of potential aquifer volumes and heterogeneities
through analysis and interpretation of net-sand and log facies
maps.
To document known brine-disposal potential of Miocene sands in
Northeast Hitchcock field and nearby fields where significant brine
disposal has occurred in analagous and correlative Miocene sands
using daﬂa 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
contlnuous portions of potential brine-disposal Miocene sands.

To evalqate 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 /-\rthu‘r (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 probablie 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.

At the Northeast Hitchcock field the presence of the " Skolithos
assemblage” and other structures has substantiated the shallow-
marine. tidal. 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 high-energy depositional environment of reworked on
distributary-mouth-bar sandstones is the major control of the
high p0505|ty (+£30 percent) and permeability (+1.000 md,
0.99 um®) 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 distributary
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 assist in determining this safe upper flow rate.



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 'heterogeneou§ submarine canyon and submarine fan reservoirs in Port
Arthur field, Jefferson County, produced 57 billion cubic feet (Bcf) of gas and 2.65
million barrels (bbl) of condensate in a 13-yr period prior to abandonment of the field
in 1972. Port Arthur field was abandoned when increasing 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 substaﬁtial quantities Qf gas that can be produced
by the co-production method. This technology attempts to reduce reservoir pressure
through the production of Iargé volimes of water. Free gés, bypassed in the reservoir
as it was invaded by the rising gas-water interface, becomes mobilized and
recoverable. Additional but minor gas dissolved in fo‘rmation water is produced at the
surface as pressure is reduced‘.‘ The co-production potential of Port Arthur field was
analyzed in detail during an vongoing project\funded‘by t‘h‘e Gas Research Institute
(Gregory and others, 1984) and‘wlas consideréd highly prospective.

Highly encouraging initial production potential was obtained from a Hackberry
sand idéntiﬁed by The University of Texas at Austin and ResTech log analysts during
detailed sife characterization.  On the basis of this result and in light of ongoing oil"
reservoir characterization stl‘idieé." which have shown that substéntial volumes of
producible hydrocarboné remain in untapped compartments in complex reservoirs (Tyler
and others. 1984:>"Gallowéy énd Cheng. 1985: Tyler and Ambrose, 1985; Fisher and
‘ Fin.ley, 1986). it was decided to reexamine the potential for additional recovery of free

gas at Port Arthur.



Hackberry reservoirs at Port Arthur were deposited in a submarine canyon and
fén environment (Ewing and Reed. 1‘984)A Submarine canyon and fan reservoirs are
notoriously complex and because ofvthis heterogeneity are characterized by low
hydrocarbon recovery efficiencies (Guevara. in press: Tyler and Gholston. in press).
The high degree of compartmentalization of these deep-water reservoirs results from
rapid lateral facies changes coupled with noncontinuous or episodic depositional events.
Deep-water HackBer'ry reservoirs at Port Arfhur field display complex internal
architectures consistent with their depositional setting. The‘ existence of additional
untapped free-gas-bearing zones is thus highly likely. This report describes thg
methodology and results of the».reexploration of framework sandstone reservoirs at Port

Arthur field.
Setting of Hackberry Reservoirs

The updip Frio Formation in southeast Texas consisted of a deltaic headland
adjacent to which (to the east) was an interdeltaic barrjer-island and strandplain
complex composedi of sandstones encased in shelf, lagoonal, and coastal plain
mudston'es (Ga‘lloway and others, 1982). Sand-body orientation in the Buna
barrier/strandplain system is strike parallel. Gross sand content decreases while thev
‘total thickness of the formation increases seaward.

The Hackberry consists of a basinward-thickening ‘wedge of ‘muds and sands
erosionally 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 absence
of canyons and thus displa’ys rapid thickness variations. South- to southeastward-
trending linear sand thicks mapped in the subsurface by Ewing and Reed (1984) Were
deposited in a system of dip-oriented. areally restricted canyons (fig. 2) that probably

merge basinward beyond the limits of well control with a more extensively developed



MIOCENE (Fleming)

— -

Drscorbis

Hererosteging

Marginuling

Cibicices
\\\ hozzardr

Upper

Marginuling
texana

S T -~

—A3 | "
///-//-/ Ammoboculites
nummus
/

HACKBERRY Boliving

/ mexicana

P
Gyrotging
éca/%fa

A5--—-4

FRIO

Middle

struma

Nodosaria
blanpredr

Lower ’ Texfu/qr/‘q .
. MiSS1SS/PPIENSIS

s
VICKSBURG =

Loxostoma &’
delicata

QA/3lI

Figure 1. Frio stratigraphic relations and diagnostic foraminifers, Jefferson County area
(from Ewing and Reed, 1984). ’



‘(¥86T 'poay pue
Suim3 wouy) spuueyd Kuaqgydep) 1omoj Suueaq-pues Jo uolnquIsIp |euol3ay g 2unSi

wy 9 0 13 001 =1DAI INOJUOD)

_ puos £113Q%30H ON

PalIdjul 313ym

8¢ -v0 . -—
PaySOp *133) U1 SSAUNIIY} PUDS \oo_ k\_DO i
SIXD 2UUDYY) e W 40
X
SOX3) JO UOISSIUIWOY) POOJJIDY 3ul O %%, 09
BuIp10220 110413535 SOD JO 110 A113QYIOH \\\\\v
NOILYNVIdX3

"0 SY3IBWYHD

awoqQ Hos
K113Q%90H

7N

- HSd_NO¥IWYD
HSd N3ISYI VI

e = e e ey

o
zomauwwu\/\:f_ 00 ALy38N
s 05 NIOEYH),

\

\

\

dVW
NOILVOO1

09 NOLM3IN
‘03 ¥3dsvr

w HSd N3ITIV




submarine fan system.

The source of sands and intervening muds in the Hackberry was the
kcc‘)n'temporan‘eous Houston delta system that lay west of the Buna shore zone.v Sands
that passed through the delté system into the receiving basin were transported
- alongshore by longshore drift. Much va the sediment not deposited in the Buna
barriers and strandplains was captured by caﬁyons that extended landward from the
deep basin onto the shelf (fig. 3). The origibn of the canyons remains enigmatic;
however, they were efficient conduits for the siphoning of sediment from the shelf.
Much of the sediment was deposited internally within the canyons. Depositional
processes were highly complex and evollved','through‘ time. The resulting sand-body
reservoirs display an evolving ihternal architecture 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 énd Reed, 1984). More important to exte.nded

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
detailed reservoir description.

Deep in the lower Frio, barrier and‘ Vstrandplain‘ sandstones encased in shelf and
lagoonal mudstones are present. These éands thin upward and gradé into thinner shelf
sands en;ased in th’ickly dév’eloped shelf mudstones. This lower Frio interval was
deposited during coastal onlap. The Hackberry rests unconformably and erosionally on
the truncated shelf mudstones of the lower Frio (fig. 4). Basal Hackberry sa_ﬁds 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) vlog 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
increasing amounts of mud layers deposited between more and more thinly developed
sand units. Sands of intervél C are more thinly developed than those of interval D,
and the upper ‘intervals are characterized by thin s’an.d stringers dominated by thickly
developed mud layers (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. Younger Haékberiy intervals were deposited during abandonment
of the submarine fan complex as,r\successive turbidite pulses were weakened and
became unable to pass through the canyon (fig. 5). Most of the gas production from
Port Arthur (68 percent, or 38.6 Bcf) was from these ‘upper. highly complex sandstone

intervals.

RESERVOIR ARCHITECTURE AND THE POTENTIAL FOR
UNTAPPED COMPARTMENTS

A body of evidence confirming that the internal geometric arrangement 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 fund.améntal 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 the
lowest recovery 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 spacings.

Conversely. highly compartmentalized reservoirs have the greateét potential for
additional hydrocarbon recovery. Although interval C was the most prolific of the
Port Arthur Hackberry sands. having produced 19.6 Bcf of gas and 863.000 bbl of
condensate, undrained compartments still existed in this reservoir at abandonment.
Recompletion of an abandoned well in an abandoned field (lower completion in well 6,
fig. 6) 'displéyed an initial potential of 5.5 MMcf of gas and 300 bbl of condensate at
a flowing tubing pressure of 6,300 Ib over a 24-hr 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 notvbeen perforated Weré selected 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 demonstrated in figure 6 are present in each of the sands
mapped. Similar depositional trends are repeated in each of the sands mapped but

with differing orientations (figs. 7 through 15).

12
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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 brofound influence of facies architecture on reservoir continuity (figs. 8
and 14). Coupled with the bifurcating geometry of the channels, shale out of reservoir
facies into basin plain mudstone provides a first-order magnitude facies change.
Equally important are the changes from channel ‘to levee to spiay and marginal
turbidite as these variations and the accompanying 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: ‘structurei.f 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 fhe position_‘ of the gas-water contact within
each of the individual stringers. S'an‘dfdistribution and architecture of the reservoir
sands determines.the spatial variability of hyd‘rocarbohs. In most of the reservoirs at
Port Arthur, sand pinch-out results in discontinuous pods{ of pay within 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 chvannel—f'ringe
facies compose the principal pay elements: boundaries between these two facies
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 available p;)rosity 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

|
o
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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 0.2
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
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 Bcf 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 anavlvySis 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 disposalrgeology 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 lower sands in the

Hackberry are thick. aggradational canyon-fill deposits: upper sands were deposited

during submarine fan abandonment. It is in these upper. highly discontinuous.

internally heterogeneous reservoirs that the best potential for reserve growth thfough

strategic infill drilling; or alterhatively. selective recompletion of existing wells, exists.
A recurrent characteristic of the untapped stringers is the development 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
13.9 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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COMPATIBILITY OF HACKBERRY AND MIOCENE FORMATION WATERS
PORT ARTHUR FIELD, TEXAS

by M. P. R Light
INTRODUCTION

The likelihood of scale formation in production tubing, surface equipment, and
Miocene disposal sandstones at the Port Arthur field, Texas. has been investigated
with regard to the disposal of Hac’kberry’ formation waters co-produced 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 drop in
pressure that causes carbon dioxide to exsolve from formation waters, thereby
increasing the pH. Carbonate scaling in production tubihg occurs at temperatures in
excess of 212°F (100°C) and iess than 140°F (60°C). whereas the intervening
temperaturé range is characterized by corrosion (Tofnson and O’'Day, 1987). |

Disposal of Hackberry fluids ‘into Miocene aqu‘ifers requires a knowledge of the
average compositions and hence compatibility of Miocene and Hackberry formation
waters. No published data are available on Miocene formation waters in the‘Port
Arthur area, so five Miocene ‘formation—water analyses from Cameron Parish, Louisiana
(table 3; Collins, 1970), adjacent to Port Arthur, were averaged and compared with
two Haékberry formation-water analyses from the co-production 1-6 well in the Port
Arthur field (table 4). ThebHackberry waters were collected by Institute of Gas
Technology (IGT) staff, and analyses jwere conducted at the Bureau of Economic
Geology (B}EG) using standard' procedures, including the uvse of an inductively .c'oupled
plasma atomic emission spectrometer. Both the Miocene and Hackberry waters are
sodium chloride brines and plot close to the pure halite dissolution. line (fig. 18). Low-
salinity waters have probably'been diluted with pure water because they Iie‘ along the
NaCl dissolution line. Condensation of pure water from gas has apparently reduced the

salinities of these waters by three orders of magnitude.
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Table 3. Analyses of oil field brines from Upper-Miocene sands,
Cameron Parish, Louisiana (Collins, 1970).

No. S12 T12S S28 T12S S28 T12S S12 T13S  S12 T13S .
R10W R10W R10W ROSW ROSW
Depth 5,978 ft 3,297 ft 2,925 ft 4,575 ft 5,824t
oH 6.6 5.6 5.99 6.1 6.0
S.G. 1.088 1.088 1.090 1.085 1.089
T.D.S. 124,378 126,457 127,649 126,631 121,867
K 195 168 187 ND ND
Na 44,607 46,011 46,485 46,798 44,025
Ca 2,473 2,007 2,073 1,803 2,015
Mg 747 646 646 506 993
Sr 143 130 188 185 95
Ba 90 48 50 80 - 88
Li 2 2 4 ND ND
B 21 30 31 ND ND
cl1 75,837 77,085 77,789 76,906 74,422

HCOg3 157 153 167 262 140

All aqueous species expressed in mg/L.
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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
HCO4 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.dride content of I\/Iiocene‘wat’ers (75-.000 mg,-’L) is much greater than that
of Hackberry waters in the 1-6 well (42.000 mg/L) (fi;s. 19 and 20). Chloride-bromide'
ratios show a depletion in bromide and lie in_a field between pure salt. meteoﬁc
water. and sea water. indicating that the Miiocene waters have a large component
derived from salt dissolution (fig. 21) (Kharaka and others, 1979). whéreas the lower
salinities of the.,Hackberry could result from the abundance of interlaminated shales inb
the Hackberry turbidites. a source of fresher shale waters released during ‘production-
induced pressure drawdowns. The salinity reductions, as already mentioned, could be
caused equally by condensation of pure water from gas.

Twenty-four water—compositi’on diagrams were constructed from water-composition
data for the Hackberry énd Miocene formation .fluids in the Port Arthur area (figs. 18
and 22). Miocene fluids are enriched in most inorganic species but depleted in
bicarbonate comparéd with Héckberry fluids (fig. 22). Slight reductions in calcium,
iron, bicarbonaté. barium, and sulphate in formation waters over the period of

production of the 1-6 well (fig. 23) suggest that scaling may be occurring.
THERMODYNAMIC CALCULATIONS

Thermodynamic calculations can be used to study the potenj:ial for precipitation of
minerals from aqueous solutions (Kharaka and others, 1979). The SOLMNEQ
computer program, first published by the U.S. Geological Survey, calculates the
equilibrium distribution of inorganic aqueous 'species ‘of major, minor, and trace cations
and anions in formation waters from reported chemical analyses at given temperature,
pH. and Eh (optional) conditions over the temperature range 32 to 662°F (0 to

.350°C) (Kharaka and Barnes, 1973).
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Figure 19. Piper diagram showing compositions of Hackberry and Miocene formation
waters.
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Figure 20. Comparison of major inorganic components of Hackberry and

formation fluids.

37

Miocene



i River water B
1 (Correns,l956) . [
4 ) ) L
A SEA WATER v oPRETS #I
504 O.. ] ) (o} L
o HUFF #1
] + ° 4 L
+ . o
4 . : L
4 foxe) L
. p
g . o o
+ + L
107 N R PB #2
. . °"F" SANDSTONE -
: s L
o 150 wi & L
3 32 "
. ] e :
e gl o
0 - xlx -
o] S|s
9 2004 s =
gl
a ,3 x L
w [ ]
> L
o e
m -
12}
3 1 L
+
1250 L
g L
o
[ . -
3004 -
7 EXPLANATION B
b o Houston deita system -
T +. Norias delta system o
3504 ® Greta-Carancahua barrier r
i strandplain system L
] Pure NaCL B
- R -
(Correns, 1956) S}:{-,%g
400 T T T ) B T T T T T T T T T T
100 200 300 . 400 500 600 700
CHLORIDE /BROMIDE RATIO I

Figure 21. Chloride/bromide ratio versus total dissolved solids for Frio formation
waters from the Texas Gulf Coast compared with Miocene formation fluids from

Cameron Parish, Louisiana.

38

N\



s 108
N 3 a 3
3 P g 3
b ao :
104 o Ano‘i
~7 3 5 3
s 3 3 3
> 4
E E 4
S ] 3
103 EXPLANATION 1033 EXPLANATION
3 O Miocane fluids °] E O Mmiocene fluias
3 A Port Arthur 16 3 A Port Arthur (-6
: O Hockberry fluds o :
'c’ LBLBARLLLE rrrinw rrrrrmw 2 T l‘ll’"‘o‘ T T T 'c’ o LI 'Illl“’ T lll'll{o 4 'l""""’ot T 7T lll"l:o’V T '1["0‘
Qi 1 [
Ca (mg/L) QA 8027 K (mg/L) QA 8028
108 108 3
3 3
3 3
- -
B -
10 g 104 4
3 3 I3 3 00
N - N -
o o o
£ 1 g 1
- P
5] S
08 EXPLANATION 08 EXPLANATION
3 3
3 O Miocene fluids 3 O Miocene fluids
e A Port Arthur 1-6 3 A Port Arthur 1-6
- - QO Hackderry fluids
- - O
'c’ o LELLARLLLL mrrirmw LR ALLLLY 2 LA R AALLL) 3 LERILAALLL " ’c’ rrrrmmw T v T rrrrmrw 2 LR ARILL 3 T 1T 17T |°‘
1] | [ ' [ [ 1
Sr (mg/L) QA 8029 Mg (mg/L) QA 8033
108 108
3 B E EE
3 A A 3 5‘?,9\ a
] ] e@ &
S&
_10*g ot <& C‘§
- 3 - 3
N b | N -
o> o -
£ 7 E 4
5 s
lo‘g EXPLANATION 1034 EXPLANATION
O Miocene fluids E O Miocene fluids
@ A Port Arthur 1-6 3 A Port Arthur 1-6
- -
- -
102 LERLRLALLL S AR AL PR B R S lvllrnz.I T 102 o T URALLL SR AALLL S B AP B L S i
| I 10 0
Ba (mg/L) QA 8030 8 (mg/L) QA 8032
104 108
3 an aQ 3
3 a 3
. B
00-‘§ :oo‘§ A
< 3 E» 3 Q o?
> - —~
& 7 ] a
= -~ e -
2 2..]° o8
io‘g EXPLANATION lO-‘g EXPLANATION
3 O miocene fluias B O Miocene fluids
3 A Port Arthur 16 3 o A Port Arthur 1-6
- - O Hackberry fluids
- -
’OQ T T T T T lrrrntr'oar LRALLLL |1un'°‘ 102 Tor T |Tnun|°l| llI'l'"o'I T lll!"l:o.’ llllll°7
I 1 I 10 i
HCO3(mg/L) QA 8034 Na img/L) QA 8036
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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):

§Gdiff(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

AS| VALUE PROBABLE SCALE PHENOMENON

Inhibitors may not work above ASI=2.3

2_ .
. Range wherem 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

0 / _l_ Equilibrium

<—— Scale will not form below ASI=0

// Scale will dissolve and brine may be very
7 corrosive below ASI=-1.0 QA 8045
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The main difference between’ the BEG SOLMNEQ version and that of the U.S.
Geoylo‘gical Survey is that an extensive cc;mpilétion ‘of borate ‘minerals and aqueous.
molecules (B:zssett. 1976. 1980) has been added to the BEG SOLMNEQ eqﬁation
such that the mass balance and charge balance iterations include the boron species
(Fisher and Ozment. 1984); In‘addition. log (KT) values for many minerals and ions
have been revised and the acetate mélécule and anion ‘have been added (Fishér and
Ozment, 1984). | |

The SOLMNEQ program will compute the Eh of a sample at the desired
temperatIUre. but‘these compu‘tatio‘ns have been kept to a minimum because Barnes
and Clarke (1969) showed ‘that the measured Eh is qqalitati,vely related only. to the
concentration of iron. - Large cha‘nges 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 pfogrém. Different ‘methods of sampling, treatment, and
analyses of formation watérs will cause uncertainties in the final calculated equilibrium
constants (Chave. 1960 Rainwater and Thatcher, 1960; White, 1965). Many chemical
analyses are limited to major cations and anions (Kharaka and Barnes. 1973), as is
the case with data on Miocene formation. waters used in this report (Collins, 1970).
BEG analytica'l precision for major anions and cations on the inducfively coupled
plasma atomic emission spectrometer is 2‘percent._

The rate and reversibility of reactions control the uncertainty in thermodynamic
functions, and less error is to be expected where a .phase reacts more rapidly,
completely, or reversibly (Kharaka .and Barnes. 1973). The quality of the compilations

of equilibrium constants (K) is controlled by the amount and quality of
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thermodynamic and other data available in the literature. but the BEG SOLMNEQ
program contains extensive revisions frofﬁ 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 pfessures of dissolvedbgases. 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 heutral species are assumed equal to activity coefficients of dissolved
€O, in NaCl solutions (Kharaka and Barnes, 1973). SOLMNEQ'computes 1€0, at
the temperature énd ionic strength (up to 3 molal) of the solution by linear
interpolation of ')rCO2 values as a function of temperature and ionic strength of an
equivalent soI_Qtion (Khéraka 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 (§Gdiff.) 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 Computations

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). vCarbonates. barite, silica (as
quartz), and clays are all oversz;turated 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 precipitation of minerals depends on the chemical 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 bicarboﬁate éompared with Hackbérry fluids (fig. 22), aﬁd 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 disposal
reservoir temperature 144°F (62.2°C) was investigated (table 6). Undevr most
circumstances the fluids are oversaturated in carbonates, especially siderite and barite,
and lie within the metastable field (Tomson. 1983). 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 (0Gdiff.) 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 26. Gibbs free energy difference (6Gdiff.) of silica. clays. and carbonates versus
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Figure 27. Saturation index of carbonates and barite versus different mixes of
Hackberry and Miocene formation waters., Port Arthur field.
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Temp. (sep.)
pH

Den.
Aragonite
Barite
Caleite
Dolomite
Siderite

Table 6. Saturation indices of combinations of Hackberry and
Miocene formation waters, Port Arthur field.

Test 7
100%

Hackberry -

41.1°C
6.55
1.05

- 0.5297
1.1967

0.7094
0.9388
1.4193

Test 14
75%
Hackberry
46.38°C
6.4275
1.06
0.3502
0.9398
0.5302
0.8482
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Test 15
50%

Hackberry
51.65°C

6.305
1.07
0.1493
0.6530
0.3290
0.6416

Test 16
25%
Hackberry

56.925°C

6.1825
1.08
-0.0898
0.2562
0.0889

~0.3108

Test 10
100%
Miocene
62.2°C

6.06

1.09

- =0.4299

0
-0.02518
-0.2445



much of the range covered by the saturation indices lies within that in which
inhibitors\ are probably not needed in\a‘\ scale-free system (table 5) (Tomson and
O'Day. 1987). Barite remains oversaturated under all conditions tested but has not
been seen in scale present in surfacé equipment at the 1-6 well (M. Tomson. personal
communication, 1987j. The high concentration of barite in the produced waters may
result from contamination by drilling fluids trapped behi‘n‘d casing. although the low
barium concentrations ?n the Northeast Hitchcock field indicate that this has not:
occurred there. Barite’may- be scaling in the formation or in the tubing near the
perforations where a large pressure decline would lead to its precipitation. Barite was
found to be supersaturated in geopressured waters at surface tem’peratures (7',7°F,
25°C) at the Pleasant Bayou test wells in Brazoria County (Kharaka and others,
1979). |

SOLMNEQ data suggests that barite and carbdnates are oversaturated in the
v Hackberry formation waters, and these computations -are coﬁsistent 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 diagenesis of Miocene sandstones in Louisiana. He
states that detrital quartz has not s'ubstantially reactéd with pore fluids 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, feldspar concentrations are
fairly constant, but potassium feldspars disappear below 15.750 ft (4,800 m) at
(257°F. 125°C) and plagioclase dissolves between 11,800 ft and 16.400 ft (3.600 and
5,000 m) at temperatures in excess of (266°F, 130°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 chiorite. 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 that the declines in iron, bicarbonate, barium, and sulphate during
production of the 1-6 well are a result of minor scaling. 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. 1lwel|. Northeast Hitchcock field. Galveston
County. Texas. This work has resulted in the identification of a numb;er of trace
fossils ‘and sedimentary structures. including th'e "Skolithos assemblage” in the coarse
glauconitic sandstones and planolites burrows in the more shaly sediments. The
presence of the Sko/ithos assemblage and other structures has substant‘iated the
shallow-marine, tidal. distributary-mouth-bar, and distributary- and tidal-channel
depositional énvironment 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 band washover sands filling a bay formed at the

initiation of the transgression that overlapped the Frio in Anahuac times.
Deep Frio Sandstones and Shales

The Oligocene-age Frio Formation has been investigated to a depth of 9.402 ft
: (2,866'm) in the Delee No. 1 well. Three gas-bearing sandstones. were intersected
below 9,392 ft (2,863 m), 9,366 ft (2.855 m) and 9.322 ft (2.841 m) and were
respectively 10 ft (3 m). 4 ft (1.2 m) and 28 ft (8.5 m) thick. The thin, light-gray
sandstone units between 9,402 and 9,322 ft (2.866 and 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,
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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 deposftional pulses before grading up

into the Anahuac shelf shales at 9.101 ft (2.774 m).
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Figure 29. Environmental distribution of selected trace fossils (modified from
Chamberlain, 1978).
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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 a
sandstone, Northeast Hitchcock field.



Figure 32. Burrowed calcareous shale break
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, indicating rapid deposition in high-energy upper flow regime conditions.
Burrowed contorted carbonaceous shale laminations appear in the upper part of the )

core. -



grained. high-energy. plane-bedded top of the channel. although in general the channel
is upward fining. Thié 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—m;) 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). Interdistributary 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 thét 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 Frio ‘Al sandstone above
mud at 9,178.3 ft (2,797.6 m). ;
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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 opp.osite to that normally shown by bar
sandstones (Seiley. 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
between 9,158 and 9.159 ft (2.791.4 and 2.791.7 m).
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sandstone overlying an erosional break at

Figure 36. Indurated calcareous F

9,155.1 ft (2.790.5 m).
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The subrounded grains and moderately sorted nature of these sandstones are similar
to those of the underlying stacked distributary-mouth-bar sandstones. The 2.5-ft-
(0.76-m-) thick erosively based unit above 9.155 1 ft.(2.790.5 m) appears to be a
distributary channel that has cut through its own distributary-mouth-bar system.

Three erosively based light-green to taﬁ porous. glauconitic sandstones from 1.5 to
2 ft (0.46 to 0.6 m) thick cap the distributary-channel mouth-bar sequence between
9.153 and 9.148 ft (2,790 and 2,288 m). These indurated sandstones are upper
medium grained, moderately sorted, and contain rounded to subrounded grains. The
sandstones vary from caicareous to very 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).
Erosive contacts between these units are sandstone upon sandstone. The presence of
glayconite, lack of carbonaceous material (Selley. 1979). and the more rounded nature
of the grains in these sandstones compared with the underlying distributary mouth
bars suggest 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 relatively high ‘permeabilities (fig. 28). |

Light-green, weakly laminated, crossbed‘ded. upward-fining channel sandstones lie
between 9,148 and 9.146 ft (2.788.7\3 and 2,787.7 m) (fig. 28). These sandstones are
carbonaceous and indurated at the base and are lower coarse to upper medium
grained, poorly sorted, and contain elongated shale clasts. The major section of the
channel is medium grained, moderately sorted, and contains subrounded grains near
the top. Small grains of quartz are better rounded than the larger subangular grains
and appear stained by iron oxide, suggesting a fluvial or dune source. The channel
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 subtidal lagoonal environment

(Embry and others, 1974), which would then be redistributed by fluvial or tidal

channels:

A friable, medium-grained, moderately sorted massive to crossbedded sandstone

between 9,146 and 9.144.5 ft (2.788 and 2,787 m) forms the base of a sequence of

similarly stacked sandstones from 9,146 and 9,106 ft ‘(2,78“7.7"'and 2,775.5 m)

(f”g 28). The basal sandstone ‘contains rounded. to subrounded grains and. mica at the .

bottom It is calcareous near the top, and horizontal sand-filled burrows occur in the
central section. suggesting a poorly winnowed deltalc deposxtlonal environment (Selley,
1979)j. _However, the presence of more rounded grains of quartz suggests marine
reworking, and this‘ sandstone is interpre‘ted as a wave reworked distributary-mouth-bar
sandstone. A thin planar laminated carbonacéous break at 9.144.5 ft (2.787 m) s
overlain by small scale trough crossbeds (fig. 28).

Indurated, moderately sorted. fine- to medlum gramed trough crossbedded
sandstones between 9.142.5 and 9.137 ft (2.787 and 2,786.6 m) (fig. 28) vary from
éalcareous near the base to very calcareous at thebtop. G-rains‘tend to be subréunded.
and the sandstones are porous. The base of this unit (9,142.5 to 9.141‘ft': 2,786.6 to
2.786 m) (fig 28) consists of a lower medium grained sandstone that is upward fining
and has an erosive base, indicating that it is a channel. It grades up into a very fine
sandstone with horizontaliburrows at 91425 ft (2,786.6 m) (fig. 28). Contorted
bedding is present at ‘the top, suggesting penecontemp‘oraneouS slumping consistent
with a ‘stéeply dipping shoreface and reworking of the Sediments (N. Tylér. personal
communication, 1985). |

The upwafd—ﬁning chanriel sandstone ‘is overl;ain by fwo similar sandstone units;
the base of the lower sand is coarse (9.141 ft. 2,786 m) and contains small elongated

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

fragments. High-angle crossbeds between 9.139.8 and 9,139 ft (2785.8 and 2785.6 m)
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(fig. 28) indicate a steeply dipping shoreface environment consistent with dj'ist:ributary-=
mouth-bar deposition (N. Tyler, personal communication, 1985). The basal 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 distributary-mouth-bar sandstones between 9,141 and 9.137 ft (2.786 and
2,786.6 m).

The upper distributary-mputh-b’ar units grade up into medium—grained sandstone
ahd are overlain by a .50-inch (1.3-cm) thick, horizontally bedded. fine-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 (upper coarse to lower medium grained) sandstone that
contains deformed shale clasts in its upper part 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 light- 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 horizontally laminated to cross-laminated. lower medium-grained 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,
1980). Sand-filled horizontal planolites burrows a‘t. 9.136.7 ft (2.785 m) (fig. 37)
crosscut the erosive unit, Suggesting, that it was deposited in the infralittoral shoreface
toe to transition zone (Chamberlain, 1978). These sandstones may represent
interdistributary bay sediments \_because the lower part of a bay fill commonly consists
of alternating silts and silty clays that often show silt- and sand-filled burrows

\

(Coleman and Prior, 1980).
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Figure 37. Horizontally laminated Frio ‘A1’ sandstones and

(2.785 m) crosscut by horizontal planolites burrows:
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A uniférm. 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 sedimentary structures indicates a shallow-marine
(littoral?) environment. This sand is overlain by a medium to very fine grained. poorly
sorted, upward-fining channel sandstone that has cut erosively into the underlying unit.
The upper part of the channél sandstone is well indurated 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 represents a mud flat
devéloped over a fluvial channel (N. Tyler, personal communication. 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 medium-grained sandstone sequence lies between 9,132.7 and
9,106 ft (2.783.7 and 2.775.5 m). These massive, horﬁogeneous. glauconitic sandstones
are light gray to greenish ;r,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, blocky. glauéonitic sandstones 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 medium-grained sandstone af the base of
the lower unit (9.132.3 ft. 2,783.6 m) is moderately sorted. crossbedded. and slightly
calcareous, and load casts are developed above a thin (1.5 inch, 3.8 cm) silty shale
layer. Load casts are produced by load deformation of the underlying hydroplastic mud
and suggest very 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. contains
subrounded grains, and appears finer grained than the superposed units. Both
horizontal 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). are indicative of variable

(high-low) depositional energy conditions (Howard. 1975).1 Horizontal burrows and

convoluted laminations are present in the upper 1.5 ft (0.46 m) (at 9.125.5 to
9.127 ft. 2v781 to 2,782 m) ‘(ﬁg. 28), ’indicating a Iéw-energy. subaqueous depositional
environment (N. Tyler, personal communication, 1985), probably on a distal
(distributary-mouth?) bar. This zone also contains abundaknt‘authigenic kaolinite. .

A moderately sorted channel sandstone 1.6 ft (0.49 m)‘ thick (at 9.125.5 to
9.123;7 ft: 2,782,5 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 dkepo‘sitional environmeﬁt of the channel sandstone is similar to the
underlying bar sandsto‘nes; including the preseﬁce of the Skolithos association (fig. 39)
(Seilacher, 1978), but the tidal-channel sandstone con’tain‘s a larger percentage of
coarsé‘—grainyed material, éuggesting it’vwas sourced from less-winnowed (distributary
channel?) sediments.‘ |

A homogenebus. upper medium-grained, crossbedded séndstone 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. Carbonaceous streaks occur at

9,118 ft (2.779 m) and horizontal to inclined burrows of the Skolithos association are

present at the base (fig. 40). indicating a shallow-marine tidal environment (Seilacher,
1978). The sandstone grades from 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).



Figure 39. Tidal Frio ‘A1" sandstones containing an arenicolites burrow at 9,124.1 ft
(2.781 m).
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irregular clay clasts are present at 9,121 ft (2.780 m‘), overlain by faint inclined

laminations.

" Poorly sorted sandstones occur at 9,120 ft (2.780 m). suggesting that the.
proximity of a distribdtary channel that fed sediment into the mouth bar. The

oversteepened crossbedding'at 9,115.5 ft (2.778.4 m) is probably related to shear

stress exerted by aqueous currents (Allen and Banks. 1972: Blatt and others. 1980).
The dlstrlbutary mouth bar appears to have retreated because the top of the unit
consists of an upward flmng mud-clast- bearlng moderately well sorted transgresswe
sandstone. The transgressive unit grades from upper medium to fine grained at the
top and contains moderately well rounded grains. Subrounded grains of the moderately
sorted distributéry—mouth;bar sandstones were reworked during a marine transgression
(Coleman and Prior, 1980; N. Tyler, personal communication, 1985).

A similar 9-ft- (2.7-m-) thick. homogeneous. light-greenish-gray, medium-grained

glauconitic sandstone occurs between 9.114.8 and 9.105.8 ft (2.778 and 2.775.5 m).k

Light-green, subrounded to well-rounded grains of microcline and pink orthoclase
feldspar are present at 9.114 ft (2.778 m); most of the grarns are subrounded. The
base and top of the glauconitic sandstone is very calcareous; carbonaceous streaks
occur at 9.108.8 ft (2.776.4 m) where the sandstone varies from indurated to friable.
Sandstones within this unit“show steeply inclined crossbeds with fine- and coarse-
grained crossbedded units. ‘Th‘e 0versteepening.of many of these beds and inclination

of a 3-inch- (7.6-cm-) long carbonized twig at the top of the unit (fig. 41) may be

related to shear stress exerted by the distributary current flow or compaction (Allen

and Banks, 1972; Blatt and others, 1980).

The glauconitic sandstone between 9,114.8 and 9.105.8 ft. (2.778 and 2.775.5 m)

has the characteristics of a distributary-mouth-bar sandstone but has a poorly defined

decrease 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. green clay clasts and scattered argillaceous
de‘tritu‘s clearly evident -at 9,108 ft (2.776 m) Thié sandstone‘-re‘presents the terminal
~ distributary-bar sand of the delta. which was retreating at that time (R. A. Morton,
personal communication, 1984). | | |

The distributary-mouth-bar complex at 9,105.8 ft (2.775.5 m) is erosively overlain

by a 1-ft- (0.3-m-) thick coarse to very coarse. poorly sorted shell hash (fig. 41),

which represents a storm deposit (N. Tyler, personal communication. 1986). The hash

contains subangular to angular shell fragments, is very thinly laminated '(Iaminations
are 1/10 to 1/32 of an inch: 0.08 to 0.25 cm thick). and has contorted bedding.
indicating a very high energy depositional environment. The shell hésh is overlain by a
2- to 3-inch- (5.1- to 7,6-‘cm-) thick, fih‘ely. laminated, greenish-gray to dark}gray
carbonaceous mudstone consisting essentially of layered smectite-illite. The mudstone
probably represents deposition from storm surge waters p’ondec‘i behind the distributary
moutﬁ bar (Hayes. 1980). |

The storm su‘rge complex is succeeded by‘two (1.6- aﬁd 1-ft-, 0.3_— and
| 0.55-m-thick) upward-coarsening sandstones between 9.104.8 and 9.100 ft (2.77g and
2,774 .m) (fig. 42). These sands are separated and overlain by Iaminatedybshales
between 9,101 ;anid 9.100 ft (2.774 and 2.773.7 m). The lower indurated sandstone
unit between 9.104.8 and 9.103.2 (2.775 and 2774.7 m) is poorly ‘sorted. calcareous,
and varies in grain size from Iowe( coarse to fine. Clear to miiky gfay quartz grains,
which are subrounded to ‘vangular‘. are arranged in gently inclined beds that contain
mica at the base. Fine grained sandstone beds are interbedded with mud and
carbonaceous layers and show lenticular to wavy‘ bedding in the lower section; they
are interbedded with conglomerates near the top. The poor sorting and upward-

coarsening nature suggests that these are crevasse splay deposits.
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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 upwar_d-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, personal 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 spasmodic current flow through a levee into an
interdistributary bay eduring 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 splay.

The crevasse splay deposits are overlain by highly stratified mudstoﬁe
interlaminated with rippled, light-green siltstone and very coarse grained sandstone
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. This shelly mudstone was deposited in a saline
to brackish-water swamp of an interdistributary bay or lagoon (N. Tyler, personal
communication, 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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Figure 43. Horizontal view of a planolites burrow in
sandstone at 9.102.5 ft (2.774.5 m).
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Trace Fossils in the Frio A Reservoir

Suspension feeders that live on detrital food kept in suspension by high-energy
waves and currents develop unbranched vertical or steeply inclined burrows in shallow,
turbulent oceanic areas (Frey, 1978; Seilacher, 1978). These shallow-water zenes are
exposed to storms, low-tide, and sudden changes in temperature and salinity from
wh‘ich the suspension feeders withdraw deeply. into the »bufferi-ng sediment (fig. 29,
Seilacher, 1978). In quiet-water deposits, hoWever, where large quantities of organic
_matter settle, shallow, horizontal, more or Iersys ephe’meral burrows and “grazi.ng traces
of deposit feeders dominate (fig. 22). Gradations between thesie two extremes may be
found in estuaries. lagoons, or shoreface sequences iﬁ shallow epeiric. seas, and shelf
“to abyssal areas of continental margins. (Frey. 1978).

Slowly deposuted beds on continental shelves are commonly completely reworked
by organisms, but the high-energy shore depesits show little reworking (Howard. 1972;
Chamberlain, 1978). In the latter deposits the burrows4are concentrated invdistinct

horizons, where: they may be densely crowded (Seilacher, »1978).

Spencer (1976) outlined further distinctions between thes‘e‘ two contrasted

depositional environments from associated rocks and structures. Planolites. small
terebellina, and nondescript horizontal burrows characterize the siltetone, shale, and
t>hin sandstones offshore, where bedding is discontinuous, very thin to laminar, wavy,
and mlcro -cross-laminated. Medium- S|zed vertlcal burrows, especially arencolites and

sparse ophlomorpha charactenze the porous, well- sorted medium- to thin-bedded

sandstones. of the foreshore, . where horlzontal to Iow—Ievel crossbeds are common, and-:

current and ‘symmetncal ripples are present in only some deposits.
A steeply inclined trace cylindrical‘ fossil is present 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 (2783.1 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 c¢m) 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).

‘Ophiomorpha occur from the Permian to the Holocene and characteristically have
cylindrical pipe-shaped burrows from 1.2 to 2 inches (3 to 5 cm) in diameter with a
smooth interior and pelleted exterior (Chamberlafn. 1978). The center of the'trace
fossil is frequently left 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 A1’ sandstones: (9.130 ft
(2.782.8 m); 9,126.7 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 olive-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
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vpassively filled with sand. and appear to be vertical sections through part of

" arencolites (U) burrows.  The trace fossils present in the Delee No. 1 well represent

either vertical sections through the upright parts of an arencolites U, which has the

appearance of a skolithos burrow. or particularly large examples of skolithos

(Chamberlailn. 1978).

The-large trace fossils fhat are present in the sandstone interval between 9.132.7
and 9,106 ft (2.783.7 and 2.775.5 m) have the characteristics of the Skolithos
association (Seiléé.hér,'1978:‘Blatt and others, 1980). According to Crimes (1975), this
association is characterized by .the presence of vertical to steeply inclined skolithos,
arencolites, ophiomorpha. diplocraterion, -and thalassinoides trace fossils (Crimes, 1975;
Seilacher, 1978). However, diplocraterion had an age range that lasted from the
‘Cambrian to the Cretaceous (Chamberlaih., 1978). so thé Oligocene—age Frio reservoirs
should cdntain a more restricted Skolithos assemblage.

The Sko/ithos association indicat‘es a sandy intertidal depositional environment

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

small waves and tidal currents (Seilacher, 1967: Rhoads, 1975; Blatt and others,

1980). This association is thus relatively restricted geographically and is commonly

r'eworRed'duri,ng transgression and progradation (Chamberlain, 1978). High-energy,

sand-rich shorelines have few trace fossils, but the intertidal zone is less physically

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

protective linings in the burrows (Blatt and others, 1980). In general, vertical and
horizontal burrowing indicates high-energy and lpw-energy subaqueous. conditions
respectively (fig. 29 ‘Howard, 1975).

The interpretation that the sandstone sequence betweevn 9.132.7 and ‘9.106 ff
(2.783.7 and 2775.5 m) contains the Skolithos association is consistent with the

presence of an ophiomorpha and few large arencolites burrows showing well-developed

88



protective linings. Skolith.os and ophiomorpha burrows have thicker, more thickly lined.
stronger retaining walls iﬁ loose sediments than in coherent sediments (Ffey, 1978).

In modern sediments ophiomorpha burrows are constructed by several crustaceans.
including the shrimp callianassa (Blatt and ‘other's. 1980). and these burrows may be

less complex in loose sediments than in coherent sediments (Dorjes and Hertweck,

1975). Furthermore, in sandy littoral sediments. the skolithos association represents a

densely crowded but low-diversity trace fbssil assem"blage (Seilacher, 1978), which is
consistent with the low diversity shown by the Skolithos association fossils in the Frio
‘Al1° sandstones. Seilacher (1978) also notes that the mud-pelleted. lined burrows of
the callianassid shrimps (ophiomorpha) in marginal facies of late Mesozoic and
Cenozoic age are useful in indicating marine or brackish conditions.

The depositional ranges of the trace fossils found in the Frio ‘A1’ sandstones are
shown in fig. 29, (Chamberlain, 1978). Large skolithos and ophiomorpha trace fossils
are confined to the tidal channel‘ and beach environments (fig. 29). However, Iérge
thick-walled arencolites only exist with the other fossils in a beach environment
(fig. 29). This high-energy environment charact_eriz-ed by soft sand would have few
trace-fossil burrows. The low-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,
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probably a result of avulsion of the fluvial system in the delta, subsidence of the

<

delta: lobe. and the formation of an interdistributary bay.

Lined ophiomorpha burrows idéritified at 9.130.6 ft (2,7‘83‘ m) (fig. 38) occur in a

2.5-ft- (0.76-m-) thick zone that contains both horizontal and subvertical burrows,

indicating highly variable (high-low) dvepositional energy (Seilacher, 1978). Lined
burrows of the caIlianassid,shfirhps (ophiomorpha) in marginal f-acies are useful in
indicating marine or brackish conditions (Seilacher, 1978). Brackish to marine waters
fill shallow (23 to 33 ft, 7 to 10 m) intérdistributary bays that form marginal to
major distributary,ﬁsystems in a deltaic environmenf (Coleman :an'd Prior, 1980). The
Iinéd ophiomorpha burrows in the Frio‘ ‘Al 'Sandrstvone may have,formed in a sandy

tidal beach facies adjacent to an interdistributary bay. ‘
/ .

Certain types of organisms prefer to. construct dwelling burrows in well-compacted.

muddy sediment, and the presence of a stratum with ‘many of these burrows indicates
a .period of nondeposition during which the necessary compaction of the sediment

could take place (Blatt and others. 1980). Abundant horizontal planolites burrows

“occur within the silty and shaly layers of a transgressive unit between 9,100.6 and

9,101 ft (2.773.8 and 2.774 m). The planolites burrows are abundant and overlap
parallel to one another. ‘These siltstones and shales are characterized by planar ripple-
I‘amination and contorted bedding and contain fragments of wood, macerated organic
debris, and clam shells. The depositional environment of this shelly.'shale was a saline
to brackish-water swamp of an interdistr-ibutary bay where little sedim_ent was being
deposited and com‘pacti‘on could ‘take place (Blatt and others, 1980; N. Tyvler. persoﬁal

‘communication, 1985.). The planolites burrows suggest. however, water depths 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 thickness (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 deposits 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. Above the distal-bar deposits are
distributary-mouth-bar deposits‘composed 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 resuvlt' 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 larger amounts of transported organic
material are common within the section (calcareous fragments): mica content is high
throughéut 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 sequence. 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 Mississippi Delta. Sedimentation
rates seaward of the river mouth are extremely high, averaging slightly less 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 been documented. In adjacent
interdistributary bays., accumulation rates rarely exceed 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 deposition may increase this thickness to 230 ft (70 m) (Coleman and Prior,
1980). The Frio ‘A" sandstones lie within these thickness limits.
The Frio "A" sandstones between 9.141 and 9.106 ft (2.786 and 2.775.5 m) have

the characteristics of distributary mouth bars. They,'are/generally medium grained,

moderately to well sorted, and contain angular to subrounded grains of quartz,

feidspar, and volcanic. rock fragments. The higher permeéb-ility sands are friable and
contain thin 'calca‘reous streaks and inclined laminations that dib up to 10 degrees br
steeper. | | |

The lower permeability.‘ parts of t“he sahd uni'ts are similar but show more
variability in grain size from fine calcafeous sandstones having convoluted bedding to

coarse grained, erosively based pebbly sandstones. The latter are poorly sorted, have

distorted or convoluted bedding, and contain carbonaceous and calcareous shell "

fragments, shell molds. and echinoid spines. Thin, dark-gray fissile shale layers occur

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

carbonaceous fragments. Mica is present in variable amounts throughout the entire

mouth-bar sequence.
Distal-bar deposits are characterized by laminated siltstones, silty sandstones, and

clays. Distal bars are a highly favorable environment for burro'wihg organisms

(especially soft-bodied animals), and distal-bar deposits tend to be highly bioturbated

(Coleman and Prior, 1980). Because of the proximity of these deposits to river
mouths and their shéllow-water nature, a wide variety of sedimentary structures can
be produced by high' floods on rivers or storms ‘(Col_‘eman and Prior, 1980).‘ The
decreasing grain size of the glauconitic sandstones between 9,132 and 9.106 ft
(2.783.7 and 2775.5 m) suggests that these sandstones represent a distributary mouth

bar that was overlapped by distal-bar deposits. -~ This interpretation is consistent with

the presence of lined ophiomorpha trace fossils, which suggest brackish conditions

(Seilacher, 1978)‘. Although distal-bar deposits in most progradational sandstones grade -
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from finer to coarser sediments_vertically (Coleman and Prior. 1980), the reversed
grading seen in these sandstones may result from the distributary mouth bar
retreating (R. A. Morton, personal communicationb. ]984).

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 (2.5 to 5 cm) of shell and pebble
placer at the base, grading up into 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 contorted bedding, indicating a very. high-energy depositional
environment. That these sediments were deposited in a high-energy environment is
supported by the presence of a long inclined twig in the underlying sediments that
appears to have been dragged over by the current flow during deposition of the shell
hash. The shell hash répresents a storm dgposit 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 plant'fragments are a
characteristic of washover deposits (Schwartz, 1975).

The shell hash is overlain by dark-gray-green mudstone that contains coaly
fragments and is much finer grained than the overlying silty Anahuac Formation. This
clay may represent a pure clay layer deposited directly above the washover shell hash
by storm surge waters ponded behind the distributary mouth bar (Hayes, 1980) or
clay deposition under relétively quiet conditions within a lagoon developed behind bars
formed by the transgressive reworking of the stacked distributary-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. es‘t'uarine. tidal flat‘. or offshofe regions below storm Wave base
are uéually highly bioturbated  (Howard, 1975; Coleman and Prior, 1980). |
Coleman and Prior (1980) state that »the interdistributary bays (fig. 44) into
which crevasses prograde are ndrmally 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-coarsening bay

fill consists of alternating silts and silty clays with organic debris, and the clays often"

show silt- and sand-infilled burrows. With increased sedimentation these burrows are

overlain by -coarser earticles.' silty and ‘sandy_stri,r‘lgers begin to i_htercalate with the
silty clays. and bufrowing is generalyly reduced" Finally. sands and silty sands alternate
with clay laminations and graded beddmg and’ small scale chmbmg rlpple structures
"are the most common type of Iammatlon Organic debris becomes a common type of
stratifi catlon

A hlgh content of transported orgamc debris and mica is common in the
overlymg distributary mouth bar, which progrades across the site and is capped by
small overbank crevésse splays. 'Splay deposits contain silt. sand, and clay beds. and
the silts and sands have well-developed small scale rlpple—lammatlons

Complete crevasse splay sequences are represented by two sets of Iamlnated

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 the Frio ‘A" reservoir. The poorly sorted and

conglomeratic nature indicates a fluvial dominance, and the upward-coarsening fabric
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
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EXPLANATION -
- Distributary channel

@Qmsse splay e istributary channel-mouth bar
- Abandoned channel - Deita-front slump
Delta plain Deita-front frontai spiay

(marsh, swamp & interdistributary bay)

Figure 44. Depositional model of the Lower Frio Formation,
(from Tyler and Hahn, 1982).
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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 transgressive Anahuac shale wedge represents a period of marine invasion of

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

the Northeast .Hitchcock a‘re}a this unit is approximately 2.500 ,ff (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;a‘bility of this core has

@

enabled a very detailed examination to be made of the contact relations between the

transgressive Anahuac Formation and the subjacent progradational Frio Formation.

The ‘Anahuac is a light-gray platy to blocky shale. ~Silty intervals tend to be

very calcareous and contain pyrite. At a depth of 8.900 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,(S,bonta‘neous“botent'i‘al) (SP) Iog
and the appearance of abundant pyrite in the cuttings. The decrease in"r“ate of
penetration appears to correlate directly to thé 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 arevgenerally'

‘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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rocks may. however, result from diagenetic changes below the sediment-water interface,
and the skeletal partS may be removed totally by solution (Blatt and others, 1980).

Organic spines derived from echinoids (figs. 45 and 46). rounded quértz grains,
blocky feldspars. mica. and shell fragrﬁentsr (figs. 47 and 48) are concentrated in
carbonaceous shalé directly above the top of the Frio Formation (T2 marker horizon)
at 9.100.6 ft (2.773.8 m) inr the Delee No. 1 well (fig. 49). This basal shale probably
represents a lag deposit formed from the reworking of 'th.e top of crevasse splay
deposits that breached an interdistributary bay or lagoon during the transgression of
the Anahuac Formation. |

Echinoids usually inhabit rocky coastlines (Crimes, 1975). although a few forms’ Qf
echinoderm occur on sandy beaches living below the tide level (Komar, 1976). Flat
indurated blocks of sandstone and limestone are present along the beaches of the
Chandeleur Islands, which represent the reworked Saint Bernard delta lobe of the
Mississippi Delta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>