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R. G . Loucks2, D. G. Bebout2 , and W. E. Galloway2 

ABSTRACT 

Reservoir quality of lower Teritary sandstone reservoirs along the Texas Gulf Coast is controlled by sandstone deposi
tional environment. mineralogical composition. and consolidation history (compaction, cementation, and leaching). In 
general, s hallow reservoirs have primary porosity that is reduced by compaction and cementation, whereas deeper reservoirs 
result from late subsurface leaching. 

Frio sandstones have the following idealized consolidation history: 

Near-sw:fi1ce to shallow subsurface compaction and ceme11tatio11 stage (0 to 4,000 feet ±) starts with early feldspar 
leaching and replacement by calcite followed by precipitation of poik ilotopic pore-filling calcite cement, clay coats and rims, 
fe ldspar overgrowths, and initial quartz overgrowths. Sand is compacted until arrested by cementation. Reservoir porosity is 
reduced from 40 percent to approximately 25 percent. 

Moderate s11bs111face cememation stage (4,000 to 8,000 feet ±) consists of general precipitation of quartz overgrowths, 
localized welding by massive quartz overgrowths, and development of sparry pore-fill calcite cement. Porosity is commonly 
reduced to 10 percent. 

Modernte subsurface leaclti11g stage (8,000 to 11,000 feet ± ) results in massive leaching of feldspars, volcanic and 
carbonate rock fragments, and calcite cements. Continued leaching may resurrect porosities to as high as 30 percent. 

Deep subsurface ce111enwtio11 stage(> l ,000 feet :t) involves reduction of leached porosity by precipitation of pore-filling 
kaolinite and iron-rich carbonate cements; resulting porosities depend on the amount of this late cement. 

This rock consolidation history can be modified by residence time in each burial stage, thermal gradient. pore-fluid 
changes, and mineralogical differences. Deep Frio production, then, is not from simple primary porosity between grains, as in 
shallow reservoirs. but is from secondary leached porosity. 

INTRODUCTION 
T he quality of sandstone reservoirs in the Gulf Coast 

lower T ertiary Frio section (Figs. I and 2) varies from a 
few percent porosity in well-cemented sandstones to as 
high as 40 percent in uncemented sands, and correspond
ing permeabilities vary from less than 0.01 millidarcy to as 
high as several thousand millidarcys. Reservoir quality 
depends on a complex relationship between the sandstone 
depositional e nvironment , mineralogical composition, 
and consolidation history (compaction, cementation, and 
leach ing). This report is a preliminary study of Frio sand
stone consolidation history which exerts a major control 
on reservoir development and preservation at increasing 
depths of burial. 

In general, shallow Frio reservoirs exhibit primary 
porosity that is reduced by compaction and cementation, 
whereas deeper reservoirs d isplay secondary porosity re
sulting from moderate to deep subsurface leaching of 
grains and cements. It is proposed that this generalized 
sandstone-consolidation sequence can be applied to other 
lowerTertiary formations in theG ulfCoast area to predict 
reservoir quality. 

'Published with permission of the Director, Bureau of Economic Geol
ogy, The University of Texas at Austin. 
' Bureau of Economic Geology, The University of Texas at Austin; 
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FACTORS CONTROLLING SANDSTONE 
RESERVOIR QUALITY 

General 
Depositional environment not only controls the initial 

porosity in a sand through sorting, but also controls the 
areal distribution and geometry of the reservoir. Superim
pos~d on porosity variations resulting from deposit ional 
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FIGURE 2. Areas of study in the Frio Formation of the Texas 
Gulf Coast. Circulars 75-1 (Bebout and others, I975b), 75-8 
(Bebout and others, 1975a), and 76-3 (Bebout and others, 1976) 
refer to regional investigation on the geothermal potential of 
the Frio Formation published by the Bureau of Economic 
Geology, The University of Texas at Austin. 

environments is the structural setting, which affects the 
rate of subsidence and the residence time that a sand 
remains in a particular diagenetic state. Mineralogical 
composition determines the nature and rate of chemical 
and physical diagenesis. The relationship of depositional 
and structural setting, within the context of the thermal, 
geochemical, and pore-fluid history of the depositional 
basin, defines the sandstone consolidation history. 

Sandstone Depositional Environment 
Along the upper Texas Gulf Coast in Brazoria County, 

the sandstone and shale section of the Anomalia bilater
alis sandstone interval (f5 to T6 interval of Bebout and 
others, 1976) was deposited as a series of depositional 
events consisting of high-constructive lobate deltas in an 
active salt-withdrawal basin (Bebout and others, in press) 
(Fig. 3). Reservoir quality (porosity and permeability) var
ies both vertically within each depositional event and also 
laterally from one part of the salt-withdrawal basin to 
another. The best Frio reservoir sandstones occur at t he 
top of deltaic progradational facies in distributary-mouth 
bar and distributary-channel sandstones; poor reservoir 
quality characterizes the proximal delta front and distal 
delta front sandstones (Fig. 4). 

In the area of the most rapid subsidence near the Dan
bury dome, the Frio sandstones were deposited in the 
proximal delta-front facies on the downthrown side of a 
large growth fault (Fig. 3). This rapid subsidence resulted 
in less early cementation of the sands at shallow depths, 
but with burial, subsequent increased compaction de
stroyed the potential reservoirs. Extreme loss of porosity 
with rapid burial of uncemented sands is well illustrated by 
Hsu (1977) in the Pliocene of the Ventura field in Califor
nia. Probably a similar history typifies unconsolidated 

deltaic Pleistocene sands in the deep subsurface under the 
GulfofMexico . In the Chocolate Bayou area, on the other 
hand, slower subsidence of the Frio sands allowed early 
cementation which, in tum, prevented significant com
paction ; subsequent leaching resulted in formation of ex
cellent reservoirs at depths greater than 16,000 feet. Other 
studies by Morris and others (1977) and Tillman and 
Almon (1977) have documented the role of the deposi
tional environment in determining sandstone reservoir 
quality. 

Sandstone Mineralogy 
In defining diagenesis as related to reservoir quality, 

Galloway ( l977a) stressed that sandstones are a mixture of 
discrete grains with different chemical and physical 
stabilities. The grains are stable in some chemical and 
physical en vironments and are unstable in others. As the 
grains stabilize in new diagenetic.environments, the alter
ation products may reduce or enhance reservoir quality. 
Therefore, it is important to know the regional as well as 
the local variation in the mine~alogy of a sandstone unit. 

Sandstone reservoirs in the downdip Frio (9,000 feet 
and deeper) comprise quartz, feldspar, (plagioclase and 
orthoclase) and volcanic and carbonate rock fragments . 
The relative proportions of these rock components vary 
from the upper to lower Texas Gulf Coast (Fig. 5). T he 
Frio sandstones of the upper Texas Gulf Coast contain 
more quartz and less feldspar and volcanic rock fragments 
(quartzose feldspath ic volcanic litharenite and qua1tzose 
lith ic arkose), and those of the lowerTexasGulfCoast are 
higher in volcanic rock fragments and feldspar than in 
quartz (feldspathic volcanic litharenite). Carbonate rock 
fragments are more common along the lower Texas Gulf 
Coast and decrease in abundance northward (Lindquist, 
1976a; 1977). The Frio sandstones of the middle Texas 
Gulf Coast have a transitional composition between those 
of the lower and upper Texas Gulf Coast. This regional 
change in composition occurs independently of grain size 
(Fig. 6). The Catahoula Formation, the updipoutcropping 
equivalent of the Frio, exh ibits these same regional com
positional variations (Galloway, 1977b). 

Average reservoir quality increases in the deep Frio 
sandstones from the lower to the upperTexasGulfCoast. 
The improved quality in upper T exas is attributed to fewer 
carbonate rock fragments and to greater mineralogical 
stability; this trend will be discussed in greater detail in the 
section concerning sandstone consolidation case his
tories. 

Sandstone Consolidation History 
The sandstone consolidation history for the downdip 

Frio Formation has been worked out by Lindquist (1976a, 
1976b, 1977) and Bebout and others (in press). Both of 
these studies emphasize reservoir quality in deep Frio 
sandstones. The consolidation sequence and case his
tories elucidate where and how to search for the best 
sandstone reservoirs in the deep Frio, and with some 
modification these principles should be applicable in other 
lower Tertiary units. 

The Frio sandstone consolidation sequence is based 
mainly on outcrop, shallow core (less than 100 feet) and 
deep core (9,000 to 17,000 feet) data; a few samples bet
ween 100 to 9,000 feet have been examined. The depth 
range for different diagenetic stages is only estimated, but 
even if the depth ranges are modified with future work, the 
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FIGURE 3. Structure map of the Anomalia bilateral is zone of the Frio Formation in Brazoria and Galveston 
Counties, Texas. A large salt-withdrawal basin is indicated by the s tructurally low area in the center of the map. 

overall paragenetic sequence will remain the same. The 
basis for the paragenetic sequence and estimation of depth 
is given in Table I. Other authors (Stanton and Mc Bride, 
1976; Stanton, 1977) have noted that some of the following 
diagenetic features occur at shallower depths in the Wil
cox Formation of the Texas Gulf Coast. 

Frio sandstones have the following idealized consolida
tion sequence (Fig. 7): 

N ear -s111:face to shallow subswface compaction and 
cementation stage (0 to 4,000 feet ±) starts with early 
feldspar leaching and replacement by calcite (Fig. 8). This 
authigenic calcite is a common diagenetic feature in the 
paleosoil zones in the Frio outcrop (Galloway, 1977b). 
Also, the early precipitation of poikilotopic pore-fill cal
cite cement is indicated by the loose packing of enclosed 

grains and the lack of any other cement type around the 
grains (Fig. 9). Fortunately this massive pore-filling ce
ment is a localized phenomenon and does not affect any 
appreciable amount of the reservoir. Clay coats (Gallo
way, 1974) are formed by mechanical infiltration (Fig. l O) 
of clay-rich waters into the porous soil zone (Bums and 
Ethridge, 1977), whereas the clay rims (Fig. 11) are pre
cipitated from pore fluids during shallow burial (Gallo
way, 1974; Bums and Ethridge, 1977). Although clay rims 
occupy only a small volume of pore space, they can be 
detrimental to permeability by red ucing pore-throat 
diameter (Galloway, l977a). Feldspar overgrowths are 
precipitated in the shallow subsurface but are minor by 
volume (Fig. 12). Qua1tz overgrowths and clay rims tend 
to arrest compaction of the sandstones. Reservoir poros-
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FIG URE 4. Depositional facies of high-constructive lo bate delta 
systems interpreted from the electrical log of the Phillips No. I 
Houston "JJ." The highest porosity and permeability occurs at 
the top of the deltaic cycles in distributary-channel and 
distributary-mouth bar facies. 

ity is reduced from ihe original 40 percent to approxi
mately 25 percent during this near-surface to shallow sub
surface consolidation stage by compaction and early 
cementation (Fig. 7). 

Moderate subswface cement at ion stage (4,000 to 8,000 
feet ±)continues the precipitation of quartz overgrowths 
(Fig. 13). Well-developed quartz overgrowths have been 
identified at a depth of5,300 feet. ln areas where there was 
rapid compaction of sands, welding by massive quartz 
overgrowths occluded the pore space and destroyed any 
potential reservoir (Fig. 14). Following development of 
the quartz ove rgrowths is the fo rmation of sparry pore-fill 
calcite cement (Fig. 15) which is extremely common dur
ing this stage of diagenesis in the lower Texas Gulf Coast 
Frio (Lindquist, 1976a, 1976b, 1977). Porosit ies are com
monly reduced to 10 percent by cementation in the moder
ate subsurface (Fig. 7). 

Moderate subswface leaching stage (8,000 to 11,000 
feet ± )results in massive leaching of feldspars (Figs. 16, 

17), volcanic and carbonate rock fragments (Fig. 18), and 
calcite cements (Fig. 19). Some of the feldspar leaching 
may actually be the result of solution of the early calcite 
that replaced the feldspars in the soil zone (Lindquist, 
1976a, 1976b, 1977). Continued leaching may resurrect 
porosities to as high as 30 percent (Fig. 7). T his moderate 
subsurface stage is impo11ant for deeper reservoir de
velopment. 

Deep subsw:face cementation stage (11,000 feet ±) 
causes reduction of leached and remaining primary poros
ity (Figs. 16, 17) by precipitation of pore-fill kaolinite (may 
a lso be re plac ing feldspars) and iron-rich calcite and 
dol_omite cements (Figs. 19, 20). The iron in the carbonates 
was identified by potassium ferrocynide stain. The kaolin
ite, composed of crystalline .booklets several microns in 
size, forms a meshwork in the pore spaces that does not 
sign ificantly reduce porosity but is detrimental to permea
bility. The late iron-rich carbonates commonly form single 
euhedral crystals (Fig. 20) or form as an outer layer on 
earlier iron-poor calcite cement (Fig. 19). The amount of 
late cementation in this deep subsurface stage determines 
whether reservoirs will exist at depth (Fig. 7). 

This sandstone consolidation sequence can be modified 
by residence time in each burial state, thermal gradient, 
changes in pore-fluid chemistry, and mineralogical differ
ences. Comprehensive discussions of probable pore-fluid 
history in the Frio sandstones are given by Galloway 
(1977b) for the shallow subsurface and by Lindquist 
(1976a, 1977) for the deeper subsurface. Criteria for rec
ognition of sandstone consolidation stages relative to the 
zone of secondary leac hed porosity are presented in 
Table 2 . 

FRIO SANDSTONE CONSOLIDATION 
CASE HISTORIES 

The reservoir quality of Frio sandstones vary region
ally. Along the lowerTexasGulfCoast (Fig. 2) permeabil
ity in sandstone cores deeper than 13,000 feet averages 1 
to 2 millidarcys; Lindquist (1976a, 1976b , 1977) concluded 
that most of the deep reservoirs are cemented with late
forming kaolinite and iron-rich calcite and dolomite. To 
the northeast along the upper Texas Gulf Coast (Fig. 2), 
however, permeability in dee p Frio sandstones ranges up 
to hundreds of mill idarcys. This higher permeability is 
interpreted as the result of less well-developed late carbo
nate cementation. Compositional variation is believed to 
be one of the major factors controlling late carbonate 
precipitation and consequent reservoir quality of the Frio 
sandstones. Abundant carbonate rock fragments along the 
lower Texas Gulf Coast probably provided nuclei fo r the 
late carbonate cement that destroyed much of the porosity 
of these sandstones, whereas this type of cement is less 
well developed to the northeast along the upper Texas 
Gulf Coast where carbonate rock fragments are rare. This 
relationship is supported by a positive correlation be
tween carbonate rock fragments and carbonate cement. 

Preliminary diagenetic studies of the Frio in the area of 
Chocolate Bayou fie ld and Da nbury dome in Brazoria 
County, T exas (Fig. 2) by Bebout and others (in press) and 
a detailed diagenetic study of the lower Texas Gulf Coast 
Frio by Lindquist (1976a, l976b, 1977) show a range of 
variations in diagenesis of the sandstones (Fig. 6), induced 
by regional and local variations in mineralogy, deposi
tional environment , thermal history, and pore-fluid 
chemistry. 
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Case I: Chocolate Bayou field area (Fig. 7). In the 
shallow and intermediate subsurface to a depth of approx
imately 9,000 feet , normal compaction and systematic 
early stages of cementation reduced porosity to less than 
15 percent. At depths of9,000 to 11 ,000 feet, the leaching 
stage increased porosity up to 30 percent. Much of the 
secondary porosity was preserved at greater depths but 
some kaolinite and iron-rich carbonate cements were de
posited, reducing the average porosity to 25 percent or 
less. 

Case II: Danbury dome area (Fig. 7). Early rapid sub
sidence in a salt-withdrawal basin prevented early stage 
cementation and resulted in greater-than-normal mechan
ical compaction. During the later stages of compaction at 
intermediate depths massive quartz cementation further 
reduced porosity to less than 10 percent (Fig. 14). T he 
massive quartz cementation probably hindered the de-

velopment of secondary porosity at greater depths. The 
final result is the lack of porous reservoirs in these over
compacted and cemented sandstones. 

Case 111: Lower Texas Gulf Coast (Fig. 7). Normal 
compaction and ab1mdant early sparry calcite cementa
tion formed in the intermediate depth zone and resulted in 
the reduction of porosity to less than 10 percent. In con
trast to the less soluble quartz cement of the Danbury 
dome area, the comparatively abundant sparry calcite 
cement was leached and up to 30-percent porosity pro
duced. Following this leaching stage kaolinite and iron
rich carbonate and zeol ite (analcime) cements drastically 
red uced porosity to less than 15 percent. 

These case histories indicate that variations in the con
solidation sequences of sandstones from different areas 
along the Texas Gulf Coast ultimately produce a wide 
range of reservoir quality. 
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OASIS FOR PARACENETIC SEQUENCE (RELATIVE TIMINCI 

Common Cea.tu re in pa-lcosotls o( the Cataho\lla Formulon t F"rto 

cquwaler.t) (Galloway. 1977bl. Fclda~r overcrowtht tn le:.chcd 

voids of (cldspan reveal early le;u:·h•n1. 

l.,..'\ck of any other cements indicates very early "d1a1enehC lrecdng": 

po:-oalty w3s tot3lly occluded before any other cement.a don su.c;c 

took place. lmmcdi:atcly ~dJ~ccn t to pol ki.lotoptc ca lc lle C(:mont are 

5l)nd$tonet that contili n several cement typct and tho grAU'" ~r6 

no rm~lly c:ornp.3 eted. 

Common CeatuTc i n ptllco•oih of th e Catahoula form/\tlon (01'.' llOw'1 y. 

1977b). 1\lso overlain by qua r tz ovoq;rowth1. 

Qu n rtz ovc r,crowths a rc .:t.bt cnt where c htorito clay rit't'1s Aro thi c k: 

similar slh1.)t1on :is de acribcd by Ti llman and A lmon (1977), 

Euhcdra l ag;J.inst quo\ct~ ove rgro wth• which lndlc:..to1 they rormod 

befor-e quactz.. 

Overlie clny coats, ~bsent a r ound c;lay rtms. anhedrtll aaaln1t 

felds~t overgrowth• and :lbsent where: poikllotop1c cAlctCa it 

pre.tent. £uht-d•al ag.:iansi a~rry cakHc. tc.aohnho, .and iron· rich 

carbon.tc c ements. Also leached- gu.in ernbaymcntt tnto 

the qao:t:H:. overgrowt.h indi.c:atc& lcO\chin& OC'c\lrred aftor quart-z 

cef'tu:.nra:i.on (F\g. 18A •. 

Anhcdral •g.\in s l q!lart2. and (eldspi. f' oveq;rowth•. Under'Mtnt 

dls soluoon du r i.ng mode Tate jl\Jbsurface leaching ttagc. 

J...enchlng o l calcite c ement th:H t4:pla.ced reJdt~r• l n 10U zone 

a nd nlso leaching o( sparry ca lc ite cem en t . l.Onchod Coldsp:i. rs , 

votc.:in1c ro ck !r-agmcnts, Olnd loaehcd·gta in e m ba.ymenl• ln quo rt~ 
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F"1llcd leached porosity. Al.so, po Tc fluid• thu leached the earher 
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hon..- rich ~arbo!\11.U:: cements had to be b.lslc:: thcrefor·e • .a period 

ol time had to c-fapsc wh1lc porc-lluid chemutry chani;od. 

OASIS FOR OEPTH ESTIMATION 

Soil (caturc at or near surla.ce. 

£v1dcncc o( early ccmentation and 

loose packing placet this cement 

as a aoal o r very sh<1;l:ow s ubsurface 

fca tu re. 

Soil !c:a tu r o ~to r nea r su rfa ce. 

Occu r befo re quartt.. G<'l.Uoway (1974• 

documented thei r formalion between 

I. 000 to S. 000 (ect in s a ndstones of 

ai m Har composition . 

C.:t. Uoway ( 197·0, for sandator.e s o( 

similar compo•ihon. found qua r tz. 

overarowths tosta.:-t b.ecweetl 2., 000 

to .;.. 000 ! eel . Selected .t.a.mples o( 

•'"'no satldstonet mdi~:a.ccd no over-

growth• at 2, SOO feet a:'ld well · 

developed ove rgrowths at S. 100 feet. 

Timing r elauve lo q:uart~ •od feldspar 

over growths a nd to leachini: P'Jts this 

cement la ter. Lindquist r1976a.l noted 

sparry cal c ite Lo be wt:U dc~•c loped at 

dopths of 8, 000 ft. 

Lindquu t (1976aJ noted leaching s tart .. 

lng a round 8. SOO feet. Also, H Ou ids 

relea s ed by lhc t r:t.nsfo rmation of 

montmo ri llonite co UHte caused the 

lcllchlng. this approximatct the. leac hing 

uage 1u nround 8. 000 to 9 . 000 reet. 

Occurs anc r lcachi. ng. ln So-.Jth 

Tcx.a.•. kaolinlte cctnentahon beg•ns 

a. round 10. 000 Ceet. 

Occurt after leaching and alter 

ka0Hn11c cemcnlation because. 

.tccordins to Lindquist (1976a1. 

kaolinite is Habl e :n a lower pH 

than ca rbonacca. 

:• Soc Cdlow.1y tlq74•. L1ndqu11Jt (1976a, 1977). Pe1crson (1977). and St.a nt on (1977), fo r .si n,ilar und1tone con•Olidatlon 1equcnccs. 

TABLE 1. Evidence for delineating paragenetic sequence and estimating depth of occurrence~* 
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between lower, middle and upper Texas Gulf Coast. 

APPLICATIONS 

General 

The recognition of the consolidation sequence in a 
sandstone has direct application to exploration for both 
hydrocarbon and geopressured geothermal reservoirs. 
The applications are in predicting reservoir quality, both 
areally and with depth of burial, and in gaining insight into 
the relationship between timing and depth of the develop
ment of reservoir porosity to that of the generation of 
hydrocarbons. 

Prediction of Reservoir Quality 
In searching for potential geothermal reservoirs in the 

Frio Formation along the Texas Gulf Coast, Bebout and 
others (in press) found that there is considerable variation 
in reservoir quality. Their study used the sandstone con
solidation history of the Frio Formation to explain the 
distribution of deep, high-quality reservoirs that have 
permeability greater than 20 millidarcys, which approxi
mately corresponds to 20-percent porosity, and fluid 
temperatures greater than 300° F. 

For example, along the lower Texas Gulf Coast porosity 
dropped below 20 percent, and permeability dropped to 
less than I millidarcy before the depth was reached where 
fluid temperatures are over 300° F (Fig. 7). Late kaolinite 
and iron-rich carbonate cements destroyed the potential 
reservoirs. From knowledge of both the mineralogy of this 
area (Fig. 5) and the sandstone consolidation history (Fig. 
7), the prediction can be made that reservoir quality 
necessary for geopressured-geothermal prospects are un
likely to be found along the lower Texas Gulf Coast. 
Because of the similar mineralogy in the middle Texas 
Gulf Coast (Fig. 5), the same predictions of poor reservoir 
quality at depths greater than 13,500 feet can be made. 

In the upper Texas Gulf Coast, however, mineralogy of 
the sandstones is more stable chemically than that of the 
sandstones in the lower and middle Texas Gulf Coast, and 
the sandstones lack carbonate rock fragments (Fig. 5). 
The rock consolidation history in the upper Texas Gulf 
Coast indicates that high-quality reservoirs exist at depth 
in the right structural setting. Good-quality reservoirs 
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with porosities higher than 20 percent and fluid tempera
tures above 300° F exist below 13,500 feet in the Chocolate 
Bayou fie ld area where compaction was normal because 
of initial slow subsidence and early cementation (Fig. 7). 
The lack of carbonate rock fragments to act as nuclei and 
the generally more stable quartz-rich mineral assemblage 
in the upper T exas Gulf Coast inhibited the formation of 
late carbonate cements. However, in areas of rapid subsi
dence, such as in the salt-withdrawal basin near the Dan
bury dome (Fig. 3), there was minor early cementation and 
the sediments were overcompacted. The compaction was 
finally arrested by massive quartz welding which results in 
poor-quality reservoirs below 13 ,500 feet. Poor-quality 
reservoirs are assumed to exist throughout the center of 
the salt-withdrawal basin. 

As these case histories indicate, an analysis of sand
stone consolidation provides a reliable estimate of reser
voir distribution. This analysis can be accomplished 
through the study of a few wells in the area and by applica
tion of the sandstone consolidation sequence as outlined 
in this paper. 

Relationship between Secondary Leached Porosity 
and the Generation of Hydrocarbons 

The zone of well-developed secondary leached porosity 
occurs at depths and ambient temperatures that place it 
well within the liquid window of hydrocarbon generation 
and preservation (Fig. 7) as defined by Pusey (1973 .) The 
liquid window encompasses the temperature/depth range 
within which major oil fields occur, unless there is sig
nificant vertical or lateral migration or post-accumulation 
changes in the thermal regime. The liquid window charac
teristically brackets oil production in Tertiary basins such 
as the Gulf Coast. The window, which extends from 150° F 
to 300° F, includes the minimal temperature (150° F) for 
generation of petroleum from source kerogen and the max
imum temperature (300° F) of liquid preservation (La
Plante , 1972; Pusey, 1973). At temperatures above 
300°F, only dry gas or gas with minor liquids are typically 
found (Klemme, 1972). 

The high porosity produced by secondary leaching 
within a similar depth range as the liquid window suggests 
that most oil and essentially all deep gas and gas-plus
condensate production from the Frio is mainly from sec
ondary porosity (Fig. 21 ). The most productive reservoirs 
should lie within the relatively narrow zone of max imum 
leached-porosity development, particularly in the lower 
Texas Gulf Coast Frio where porosities are enhanced by 
as much as 10 percent (Fig. 7). Productivity of deep Frio 
reservoirs that have experienced significant secondary 
porosity development and preservation (cases I and Ill ; 
fig. 7), should be appreciably better than that of equivalent 
u_nl~ached sections. In fact, development and preserva
tion ofleached porosity must be a primary determinant of 
production economics. The ability to predict the occur
rence and magnitude of leached porosity should be useful 
for efficient exploration for any production from lower 
Tertiary reservoirs in the deep subsurface. 

CONCLUSIONS 
Knowledge of the sandstone consolidation history is an 

important tool in predicting both areal and vertical reser
voir quality. Also the realization that shallow reservoirs 
consist of primary porosity and that deep reservoirs are 
mainly composed of secondary leached porosity aids in 
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FIGURE 8. Authigenetic feldspar overgrowths (1) inside a 
leached feldspar grain (2) indicate that leaching occurred in the 
paleosoil horizon or in the shallow subsurface. Much of the 
porosity is secondary (3) quartz overgrowths (4) filled in most of 
the primary porosity. Frio Formation, Phillips No. I Houston 
"JJ" (15,869 feet), Brazoria, County; Texas. 

FIGURE 9. Poikilotopic calcite cement (I) formed early as indi
cated by loose packing of grains and absence of any other ce
ments around grains. Frio Formation , Phillips No. I Gunderson 
( 12,236 feet), Brazoria County, T exas. 
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FIGURE 11. Chlorite clay rims (I) around quartz grains (2). 
Thick rims inhibited quartz overgrowths. Frio Formation, 
Exxon No. 152-A Galveston Bay St. ( I0,066), Galveston 
County, Texas. 

FIGURE 12. Authigenetic fe ldspar overgrowth (1) on plagioclase 
grain (2). Light specks in plagioclase grain are areas of calcite 
replacement. Crossed nicols. Frio Formation, Humble No. I 
Skrabanek ( 17 ,030-60 feet), Brazoria County, Texas. 

understanding variations in reservoir quality throughout a 
section. 

The sandstone consolidation sequence outlined in this 
paper should be recognizable throughout the Gulf Coast 
lower Tertiary section. T he diagenetic processes are not 
unique to one area but are general in scope. Nevertheless, 
the processes can be modified by residence time in each 
diagenetic stage, thermal gradient, pore-fluid changes, 
and mineralogical differences which result in a wide range 
of reservoir quality. 
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FIG URE 10. Montmorillonite clay coats (I) around quartz grains 
(2) Frio Formation, Exxon No. 152-A Galveston Bay St. 
(10,066), Galveston County, Texas. 
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FIGURE 13. Euhedral quart z overgrowths (I) on quartz grains 
(2) projecting into a primary pore space (3). Frio Formation, 
Phillips No. I Houston "JJ" ( 15.869 feet), Brazoria County , 
Texas. 
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FIGURE 14. Massive quartz overgrowth welding has occluded 
the pore space. Crossed nicols. Frio Formation, Humble No. I 
Skrabanek (17,030-60 feet), Brazoria County, Texas. 

F IGURE 15. Sparry calcite cement ( I) following quartz over
growt hs (2). Pore space is totally filled . Crossed nicols. Frio 
Formation Humble No. I Skrabanek {16, 130-60 feet), Brazoria 
County, Texas. 
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FIGURE 16. Secondary porosity (I) in leached plagioclase 
grain (2). Kaolinite clay (3) in a leached pore space. Frio Forma
tion, Phillips No. I Houston "JJ'' (15,829 feet), Brazoria 
County, Texas. 
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FIGURE 17. A. Kao1m1te-c1ay till in leached plagioclase grains 
(1) and in primary porosity (2). 

FIGURE 17. B. Crossed nicols of same thin section . Frio 
Formation, Phillips No. Houston "JJ'' (15,833 feet), 
Brazoria County, Texas. 
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FIGURE18. A. leached porosity ( I) in plagioclase-rich volcanic 
rock fragments (2). Leached-grain embayment into quartz over
growth (3). 

TABLE 2. Criteria for recognition of sandstone consolidation 
stages relative to the zone of secondary leached porosity: Some 
criteria for leaching is from Lindquist (1976, 1977) and McBride 
(1977). 

Table 2 

PRE LEACHING ST AGE: 

l. Absence of oversized vugs. 

2. Abundant calcite replaced feldspars. 

3. Abundant sparry calcite cement. 

LEAC HING STAGE: 

I. Partially to completely leached grains . 

2. Leached sparry calcite cement. 

3. Oversized pore spaces. 

4. Leached-grain embayments into quartz over
growths. 

POST LEACHING: 

1. Kaolinite and iron-rich carbonate cements filling 
secondary leached porosity, primary porosity, and 
resurrected primary porosity. 
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FIGURE 18. B. Crossed nicols of same thin section. Frio 
Formation, Phillips No. I Houston "JJ" (15,829 feet ), Brazoria 
County, Texas. 
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FIGURE 19. Partly leached iron-free calcite cement (I) sur
rounded by late iron-rich calcite cement (2) that has totally 
occluded porosity. Thin section stained with alizarin red-Sand 
potassium ferrocyanide. Frio Formation , Phillips No. I Hous
ton "JJ" (16,208 feet), Brazoria County, Texas. 
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FIGURE 20. Late euhedral iron-rich dolomite ( I) in oversized 
pore space. Oversized pore space indicates leached porosity; 
however, euhedral quaitz overgrowths (2) indicate part of the 
pore space was primary. Thin section sta ined with potassium 
ferrocyanide. Frio Formation , Phillips No. I Houston "JJ" 
(15,809 feet), Brazoria County, Texas. 
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FIGURE 21. Schematic porosity versus depth/temperature 
curve for a Frio section intermediate between cases I and m 
(Fig. 7) s howing relative significance of primary versus secon
dary leached Porosity. The lower half of the hydrocarbon liquid 
window, which is characterized by the production oflight liquids 
and distillate, as well as all oft he deep gas productive section, lie 
within the zone of secondary porosity and permeability. 

REFERENCES 

Bebout, D.G. , Agagu, 0.K., and Dorfman, M. H., 1975a, 
Geothermal resources-Frio Formation, middle Texas 
Gulf Coast: Univ. Texas, Austin , Bur. Econ. Geology 
Geol. Circ. 75-8, 43 p. 

- - · Dorfman , M.H., and Agagu, 0.K., 1975b, Geoth
ermal resources-Frio formation, South Texas: Univ. 
Texas, Austin, Bu r. Econ. Geology Geol. Circ. 75- 1, 
36 p. 

_ _ , Loucks, R.G., Bosch, S.C., and Dorfman, M.H., 
1976, Geothermal resources-Frio Formation , upper 
Texas Gulf Coast: Univ. T exas, Austin, Bur. Econ . 
Geology Geol. Circ . 75-3, 47 p. 

- -· Loucks, R.G., and Gregory, R., in press , Frio sand
stone reservoirs in the deep subsurface along the Texas 
Gulf Coast- their potential for the production of geop
ressured geothermal energy: Univ. Texas, Austin, Bur. 
Econ. Geology Rept. Invest. 

Bums. L.K., and Ethridge, F.G., 1977, Petrology and 
diagenetic effects of graywacke sandstones: Eocene 
Umpqua Formation, Southwest Oregon (abst.): Rocky 
Mountain Section AAPG and SEPM 26th Annual 
Meeting, April 2-6, 1977, Denver, Colorado, p. 51-52. 

Galloway, W.E., 1974, Deposition and diagenetic altera
tion of sandstone in Northeast Pacific arc-related ba
sins: implications for graywacke genesis: Geol. Soc. of 
American Bull ., v. 85 p. 379-390. 

__ , 1977a, Diagenetic control of reservoir quality in 
arc-derived sandstones: implications for petroleum exp
loration (abst.): Rocky Mountajn Section AAPG and 
SEPM 26th Annual Meeting, April 2-6, 1977, Denver, 
Colorado, p. 47-48. 

__ , 1977b, Catahoula Formation of the Texas Coastal 
Pla in-depositional systems, rruneralogy , structural 
development, ground-water flow history, and uranium 
distribution: Univ. Texas, Austin, Bur. Econ. G eology 
Rept. Invest. 87, 59 p. 

Hsu, K.J ., 1977, Studies of Ventura field, California, ll : 
lithology, compaction , and permeability of sands: Am. 
Assoc. Petroleum Geologists Bull ., v. Gl, p. 169-191. 

Klemme , H.D ., 1972, Geothermal gradients: Pt l , Oil 
Jour., v. 69, p. 136, 141- 144. 

LaPlante, R. E., 1972, Petroleum generation in Gulf Coast 
T ertia ry sed iments (abst.): Arn. Assoc. Petroleum 
Geologists Bull., v. 56, p. 365. 

Lindquist, S .J ., 1976a, Sandstone diagenesis and reser
voir quality, Frio Formation (Oligocene), South Texas: 
Unpub. M.A. thesis, Univ. Texas, Austin, 147 p. 

_ _ , I 976b, Leached porosity in overpressured 
sandstones-Frio Formation (Oligoce ne), South Texas 
(abst.): Gulf Coast Assoc. Geol. Soc. Trans., v. 26, p. 
332. 

__ , 1977, Secondary porosity development and subse
quence reduction, overpressured F rio Formation sand
s tone (Oligocene), South Texas: this volume. 

McBride, E.F., 1977, Secondary porosity-importance in 
sandstone reservoirs in Texas: this volume. 

Morris, R.C., Proctor, K.E., and Koch, M.R., 1977, Pet
rology and diagenesis of deep-water sandstones, 
Ouachita Mountains, Arkansas and Oklahoma (abst.). 
Rocky Mountain Section AAPG and SEPM 26th An
nual Meeting, April 2-6, 1977, Denver, Colorado, p. 
49-50. 

Peterson, S.J ., 1977, Diagenesis and porosity distriqution 
in deltaic sandstone, Strawn Series (Pennsylvanian) 
North-Central Texas: this volume. 

Pusey, W.C., 1973, Paleoternperatures in the G ulf Coast 
using the ESR-keragen method: Gulf Coast Assoc . 
Geol. Soc. Trans., v. 23 , p. 195-202. 

Stanton, G.D. , 1977, Secondary porosity in sandstones of 
the lower Wilcox (Eocene), Karnes County, Texas: this 
volume. 

- -·and Mc Bride, E.F., 1976, Factors influencing voros
ity and permeability of lower Wilcox (Eocene) sand
stone, Karnes County, Texas (abst.): Am. Assoc. Pet
roleum Geologists Bull ., v. 60, p. 725-726. 

Tillman, R.W., and Almon, W. R., 1977, Diagenesis of 
Frontier Formation offs hore bar sandstones, Spearhead 
Ranch F ield, Wyoming (abst.): Rocky Mountan Section 
AAPG and SEPM 26th Annual Meeting, April 2-6, 1977, 
Denver, Colorado, p. 53. 


