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Feldspar Diagenesis and Reservoir History of the

Miocene Temblor Formation, Kettleman
North Dome, California, U.S.A.

0| WalELolF AEL tAS 00|24 BEaE0M
BNo| SHRST HFUS WA

Yong Il Lee(¢]84)* and James R. Boles**

Abstract : The Early Miocene Temblor Formation forms an important sandstone reservoir at Kettleman North Dome
oil field, California. Sandstones are mostly arkosic in composition except deepest sandstones containing much volcanic
rock fragments. Arranged in paragenetic sequence prior to feldspar alteration, the Temblor sandstones contain cements
of early calcite, dolomite, quartz, albite, mixed-layer chlorite/smectite (C/S) and smectite, and anhydrite. Diagenetic
changes associated with feldspar are albitization of plagioclase, late calcite and laumontite cementation and grain
replacement, plagioclase dissolution, and kaolinite cementation. Plagioclase albitization and late calcite and laumontite
cementation in Temblor sandstones occurred at the time of maximum burial with temperatures up to 130C. Volcanic
plagioclases were selectively albitized. Most diagenetic changes are interpreted to have occurred before the major
uplift which occurred within the last one million years ago. Since then to the time of hydrocarbon emplacement
plagioclase dissolution and kaolinite cementation occurred. This reaction occurred in relatively closed system due to
the occurrence of kaolinite next to the site of plagioclase dissolution. Unaltered part of volcanic plagioclase and plutonic
plagioclase which escaped albitization during maximum burial were preferentially dissolved to make plagioclase po-
rosity. Secondary porosity resulting from dissolution of plagioclase and carbonate and anhydrite cements was mainly
produced by formation waters containing organic acids released during catagenesis of organic matter.

Key Words : San Joaquin basin, Temblor Formation, Sandstone diagenesis, Reservoir porosity, Burial history
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INTRODUCTION

Arkosic sandstone reservoirs containing abundant felds-
pars are known to contain enhanced secondary porosity from
dissolution of feldspars (Bjorlykke, 1984). Reports document
dissolution of feldspars through water-rock interaction from
flushing by both formation waters during deep burial (Boles,
1982, 1992; Franks and Forester, 1984; Land, 1984; Lun-
degard and Land, 1986; Milliken et al., 1989) and meteoric
waters during shallow burial and/or uplift (Bjorlykke and
Brensdal, 1986). The latter is well demonstrated in North
Sea oil fields (Bjorlykke and Brensdal, 1986).

Even though significant amounts of hydrocarbon are being
produced from the San Joaquin basin, California, few studies
have been done on sandstone diagenesis except Boles (1984,
1987), Boles and Ramseyer (1987), and Schultz et al. (1989)
on North Coles Levee field in the central basin, Hayes and
Boles (1995) and Fischer ef al. (1988) in the eastern flank,
and Merino (1975a,b) and Tieh ef al. (1986) in the western
flank of the basin. At Kettleman North Dome (Fig. 1), Merino
(1975a) described detailed 15 diagenetic minerals from the
Miocene Temblor sandstones. He showed that in the deepest
sandstones alteration of detrital minerals such as plagioclase,
mafic minerals, quartz, etc. provided sufficient aluminum,
silicon, and titanium, but insufficient sodium and calcium and
excess potassium for late diagenetic mineral formation.
Diagenetic minerals described by Merino (1975a) were re-
cognized in this study and are considered in terms of the
reservoir point of view. Porosity contribution from dissolu-
tion of plagioclase and some cement minerals was not di-
scussed by Merino (1975a). Although the amount of cement
dissolution is difficult to determine, plagioclase porosity co-
nstitutes up to 1/3 of the total point-count porosity of the
reservoir.

Organic acids released to the pore water from the ma-
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Fig. 1. Location map of the Kettleman North Dome in the San
Joaquin basin, whose western boundary is marked by
dotted lines (modified after Merino, 1975a).

turation of organic materials are known to enhance the so-
lubility of aluminosilicates (Surdam et al., 1984). Their role
will be pronounced in the formation waters with low pH and
when the alkalinity of the formation water is mainly cont-
ributed by organic acids instead of bicarbonate (Surdam ef
al., 1984; Lundegard and Land, 1986; Harrison and Thyne,
1992; Reed and Hajash, 1992). Formation waters containing
organic acids are mainly responsible for production of se-
condary porosity by dissolving carbonate cements and alu-
minosilicate minerals (e.g., Harrison and Thyne, 1992; Ha-
mley and Nuccio, 1992; Chowdhury and Noble, 1992) The
purpose of this study is to describe diagenesis parageneti-
cally and to interpret reservoir history of the Miocene Te-
mblor sandstones at Kettleman North Dome oil field as well
as to compare and contrast them with other studies in the
basin. The Temblor Formation at Kettlemen North Dome,
San Joaquin Basin was chosen for this study because this
formation produces both oil and gas, and because it has a
relatively simple geologic history of subsidence to deep bu-
rial and uplift to the present. In addition to previous works,
interpretation of porosity preservation and formation me-
chanism may provide more understanding of reservoir cha-
racteristics in the San Joaquin Basin.

GEOLOGIC BACKGROUND

Kettleman North Dome oil field in the western San Joa-
quin basin, California is the northernmost of the Kettleman
Hills consisting of three anticlinal structures (Fig. 1). Ket
tleman North Dome is about 28 km long and 8 km wide.
Kettleman North Dome field comprises sediments ranging
in age from Recent through Upper Cretaceous. Production
is obtained from, in descending order, the Temblor (lower
to middle Miocene), Vaqueros (lower Miocene), Kreyenha-
gen (Oligocene to Eocene), and Upper and Lower McAdams
(Eocene) formations (Sullivan, 1966). The midpoint depth of
reservoir ranges from 2,060 m to 3,450 m below sea level
(Kharaka and Berry, 1974). Kettleman North Dome is a
steeply and doubly plunging asymmetrical anticline with a
steeper limb on the southwest flank. Based on the relative
thickness of the units affected by the folding, Harding (1976)
determined that the fold was formed approximately within
the last one million years. At Kettleman North Dome about
600 m to 1,000 m of sediments have been removed by ero-
sion (Merino, 1975a).

The Temblor Formation is the main oil and gas producing
zone in the field. The Temblor is 300-680 m thick (Merino,
1975a) and is subdivided into five zones; namely, Zone I
through Zone V, which are separated by at least 15 m thck
impervious shales (Fig. 2). Zones I, II, and V were deposited
in shallow marine to deltaic setting, Zone III in submarine
fan, and Zone IV in deltaic setting (Kuespert, 1985). Rese-
rvoir pressure is slightly higher than the hydrostatic values
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Fig. 2. Cross section X-Y of Kettleman North Dome oil field
(modified after Sullivan, 1966).

Table 1. Location of Temblor sandstone core samples at Kett-
leman North Dome field.

Core interval Number
of thin Temblor

Well location
Well studied,

number o tion township range ft (m)  sections Z00€
56 8 22 18 8312-9747 5 ItoV
(2533-3249)
58 17 22 18 6400-7030 4 Ito IV
(1951-2143)
61 20 22 18 7070-7663 3 I to V
(2155-2336)
55 20 22 18 7136-8131 4 I to IILV
(2175-2478)
V21 17 22 18 6578-7291 3 LILIV
(2005-2222)
8 8 22 18 7893 (2406) 1 v
F1 35 21 17 6888-7253 2 LI
(2099-2211)
H1 29 21 17 7428-8275 9 ItoIV
(2264-2522)
V38 34 21 17 7480-7490 2 \Y

(2280-2283)

(Kharaka and Berry, 1974).

PETROLOGY

A total of 33 Temblor sandstone core samples were co-
llected from 9 wells (Table 1). Sandstones are mostly me-
dium to coarse grained. The average porosity is 15% in
uncemented sandstones. Compositional variation was dete-
rmined by counting average 600 points per thin section. The
main framework grains consist of quartz (39.7%), plagioclase
(10.9%), potassium feldspar (11.0%), and rock fragments
(14.5%), primarily of volcanic origin. The ratio of plagioclase
to potassium feldspar ranges from 0.1 to 3.4 with an average

Zone |
Zone 11

F Plag
Zone 111

Zone IV

Zone V ~

(8)

Fig. 3. (A) Classification of the Temblor sandstones at Kettleman
North Dome. Letters I to V represent the average san-
dstone composition in each zone. (B) Zonal distribution
of framework grains in the Temblor sandstones.

of 1.0. Volcanic rock fragments are main lithic component
and constitute generally less than 15% of the rock in Te-
mblor Zones I to IV, but occurs up to 45% in Temblor Zone
V (Fig. 3).

DIAGENETIC FEATURES

The major downhole diagenetic features observed in the
Temblor Formation at Kettleman North Dome are 1) early
calcite cement, 2) dolomite cement, 3) quartz cement, 4)
albite cement, 5) authigenic clay minerals, 6) anhydrite ce-
ment, 7) late calcite cement and grain replacement, 8) al-
bitization of plagioclase, 9) laumontite cement and replace-
ment, and 10) plagioclase dissolution. K-feldspar overgrowth
and pyrite are minor diagenetic minerals. The timing of
these events relative to burial history will be shown in a
later section of this paper. Most of the diagenetic features
in the Temblor are typical of arkosic sandstones. In addition
to these chemical diagenesis, physical compaction features
are commonly observed.
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Fig. 4. (A) Stressed albitization (arrows) of plagioclase grain
where it is in contact with pointed tips of quartz grains.
Sample 3-58, 2131.2 m. Crossed nicols. (B) The spalled
C/S cements off the grain are shown in pore. The circular
object with high relief is an artifact. Sample 3C-H1, 2460.7
m. Plane light.

Compaction

Evidence for physical compaction is observed in biotite
and muscovite crushed between resistant grains and in fra-
ctured quartz and feldspar grains. In some cases, relatively
soft grains such as brachiopod shells, phosphorous shells,
glauconite, and volcanic rock fragments are also distorted
and pressure-dissolved by compaction. Also observed is the
stressed plagioclase showing strain haloes of stress-induced
albitization (Boles, 1984) when plagioclase is in contact with
pointed tips of quartz and potassium feldspar grains (Fig.
4A). In some samples the collapsed grain molds rimmed with
mixed-layer chlorite/smectite cements are observed. Some
mixed-layer chlorite/smectite rim cements were spalled off
from the host grain by compaction (Fig. 4B). Calcite pore-fill
cements show twinning resulted from loading.

Samples containing abundant late calcite cements have the
pre-cement volume of 25% in the Temblor indicating that
in uncemented samples about one third of original deposi-
tional porosity (38%, Zieglar and Spotts, 1978) had been
reduced by compaction during burial.

grains (Q). Thin dusty lines separate quartz grain and
overgrowth. When they are not present, quartz overgro-

. wth is identified by straight crystal boundary. Sample 2-
55, 2219.2 m. Plane light.

Diagenesis Prior To Feldspar Alteration

Early Calcite Cement . Micritic early calcite cement comp-
rises 39% of the rock, which is the evidence for an early
origin. When examined under cathodoluminescence early
calcite cement shows dark to brown dull luminescence with
thin dull luminescent rims. Based on sparse oxygen and
carbon isotopic composition and trace element composition
the early calcite is interpreted to have precipitated from
mixed marine-meteoric fluids near the sediment-sea water
interface (Lee and Boles, 1995).

Dolomite Cement . Dolomite comprises up to 30% in Temblor
sandstones at Kettleman North Dome. It occurs as small
euhedral rhombohedral crystals (0.02 to 0.1 mm) attached
to detrital grains and euhedral to subhedral pore-filling
crystals. Some dolomite rhombs show diamond-shaped ho-
llow shell due to dissolution of the center zone, which is
revealed in the trace element composition that the cores are
slightly enriched in Ca compared with the rim zones (Lee
and Boles, 1995). The dolomite cement precipitated from
mixed marine-meteoric fluids during shallow burial as in-
ferred from oxygen isotopic and trace element composition
(Lee and Boles, 1985).

Quartz Cement . Quartz cement (Fig, 5) as overgrowths on
detrital quartz grains is a common diagenetic mineral, al-
though it rarely exceeds 3% of rock. Minor meniscus-type
quartz cement is also observed. Quartz overgrowth occurs
more commonly in clear sandstones. Its formation postdates
the early micritic calcite cement and fracture development,
but predates the late sparry calcite.

Albite Cernent . Although occurring in minor amount, dia-
genetic albite cement occurs as overgrowths on and as
healing fractures in plagioclase grains (Fig. 6). In most cases,
albite overgrowth does not show albite twinning and exti-
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Fig. 6. Euhedral albite overgrowths on detrital plagioclase (P1)
are inclusion-free and show euhedral shape. Also shown
is albite cement healing fractures in plagioclase. Light
grain in the upper left is quartz with overgrowths. Sample
5-55, 2478.3 m. Crossed nicols.
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Fig. 7. Oriented pore-lining C/S clay partially occludes porosity,
reducing reservoir quality. Note that clay platelets are
oriented perpendicular to pore wall. Sample 3C-H1, 2460.7
m. Crossed nicols.

nction is somewhat different from the host grain because
of the chemical difference. When albite overgrowth is in
contact with quartz overgrowth, they seem to be coeval in-
dicated by the presence of compromise crystal boundary
between them. The fracture-filling albite is water-clear and
shows a seam along its center (Fig. 9-B). Albite cement fo-
rmation postdates the early calcite cement and fracturing
of grains, but predates the late calcite cement.

Mixed-layer Chlorite/Smectite and Smectite . Authigenic clay
minerals formed prior to feldspar diagenesis in the Temblor
sandstone at Kettleman North Dome include mixed-layer
chlorite/smectite (C/S) and smectite. The C/S clays occur
abundantly as a coating on many detrital grains and a fibrous
pore-filling cement (Fig. 7). The C/S clay occurs up to 50
mm thick and shows greenish brown color. The C/S clays
are regularly interstratified with 50 to 60 percent smectite
layers. The abundance of the C/S clays is closely related
to the abundance of volcanic rock fragments. Thus Zone V

x M 34;’ .
Fig. 8. Pore-filling anhydrite (Ah) cement. Some grain margins
show ragged texture suggesting either some grain dis-
solution before anhydrite cementation or partial repla-
cement of grains by anhydrite cement. Sample 5-55,
2478.3 m. Crossed nicols.

with >40% volcanic rock fragments has much C/S clay ce-
ments (up to 9%). The smectite clays refer to both smectite
and mixed-layer illite/smectite with more than 80 percent
expandability. This clay also forms as a coating on grains
and a pore-filling cement. Petrographic evidence indicates
that the C/S and smectite clays postdate quartz and albite
overgrowths as shown by no C/S and/or smectite rim or
coating between host grain and overgrowths, but predate late
calcite cement. In places, the clay cement arrested develo-
pment of quartz overgrowths.

Anhydrite Cement . Poikilotopic to sparry anhydrite cement
occurs up to 12% of the rock, mostly in Temblor Zone V
sandstones (Fig. 8). It also replaces some detrital grain ma-
rgins. Anhydrite cement clearly postdates quartz and albite
overgrowths and the C/S. Some quartz overgrowths are
corroded by anhydrite cement. When both anhydrite and late
calcite cements are present, detrital grains show point co-
ntacts in anhydrite cemented zone whereas late calcite oc-
curs in more densely packed zone and in crushed biotite
flakes indicating that anhydrite cement precipitated prior to
late calcite cement. Dissolution features of anhydrite cement
are commonly observed.

Anhydrite cement has never recorded from other areas
of the San Joaquin basin. This cement may be common in
the western part of the basin or only recorded in the Ke-
ttleman North Dome. At present the source of Ca and S is
not clearly identified.

Feldspar Diagenesis

Diagenetic changes associated with plagioclase alteration
in the Temblor sandstones are plagioclase albitization, late
calcite and laumontite cementation and grain replacement,
plagioclase dissolution, and kaolinite cementation.
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Albitization of Plagioclase - Albitized plagioclase (Fig, 94) is
common in Temblor sandstone at Kettleman North Dome
(Table 2). Microprobe analysis on plagioclase shows a wide
range of albite composition from 42 to 99 mole percent.
The presence of albitized plagioclase in samples heavily
cemented by early carbonates (1-55 and 2B-H1) indicates
that some albitized plagioclases are of a detrital origin. Al-
bitization in the core of plagioclase with fresh rim, extensive
albitization near both sides of the fractures (Fig. 9B), and

e T . Yﬂ‘

Fig. 9. Albitized plagioclase grains. (A) Completely albitized pla-

gioclase grains (Pl) in Temblor Zone V. Note that pla-

gioclase looks turbid because of abundant vacuoles. Sa-

mple 5-56, 29709 m. Crossed nicols. (B) Plagioclase al-

bitization is well developed near both sides of fracture.

Clear albite fracture-fill with a seam along its center.
Sample 4-H1, 2522.2 m. Crossed nicols.

Table 2. Plagioclase composition, porosity, and formation water
oxygen isotope data of Temblor sandstones.

Zone 1 Zone 11 Zone III Zone V
Sample 1-55, 2B-H1, 2D-H1, 3-58 5-8, 5-55,
2-55 5-61, 5-56,
5A-V38,
5B-V38
N*# 19 69 18 76
Absa 32% 17% 17% 35%
plagio. ¢ 1.6% 2.3% 47% 7.1%
380w** 3.9% 2.8%o0 1.8% 0.2%o0

*total number of point analysis by microprobe. **data are from
Kharaka et al. (1973).

concentrically zoned distribution of dusty inclusions (Fig.
4A) at stressed contact with potassium feldspar and quartz
grains are textural criteria for in situ albitization of pla-
gioclase. The stress-induced albitization of plagioclase oc-
curred after fracture development in grains and albite
fracture-fill. As summarized in Table 2, albite ranges from
17 to 35% of all plagioclases. In addition, multiple point
analyses of single plagioclases reveal that partially albitized
plagioclases occur up to 28% of all plagioclases. The com-
position of unaltered plagioclases shows wide range from
Abs: to Absr.

Late Calcite Cement and Replacement . Late calcite cement
is observed after the precipitation of quartz and albite ove-
rgrowths (Fig. 10A) and occurs mainly as pore filling. The
late calcite usually forms poikilotopic texture and its volume
ranges up to 24% of the rock. Some framework grains, mo-
stly plagioclase, are replaced by calcite, too. Calcite repla-
cement usually occurs in compacted rocks, in which grains
show long to concavo-convex contacts. Although rare, the
late calcite also filled cleavage spaces of crushed biotite
flakes formed due to compaction (Fig. 10B) indicating a re-
latively late origin. Under the luminoscope late calcite shows
homogeneous dull orange luminescence. Light oxygen iso-

Fig. 10. Late calcite cement. (A) Calcite (Ca) pore-fill cement
after quartz overgrowths (arrows). Sampie 1-58, 1950.7
m. Crossed nicols. (B) Calcite (Ca) fills cleavage space
in the crushed biotite flakes. Sample 5-55, 2478.3 m.
Crossed nicols.
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topic composition (—8.8 and —13.5% PDB) and trace ele-
ment composition suggest that late calcite precipitated from
evolved marine fluids during deep burial (70-120C; Lee and
Boles, 1995).

Laumontite Cement and Replacement . Abundant laumontite
pore-fill cement and replacement of plagioclase grains (Fig.
11) occur in one Temblor Zone V sandstone (5-61) comp-
rising 12% of the rock. Another sample from Temblor Zone
III also contains trace amount of laumontite replacement of
plagioclase grains. Some laumontite cements are in optical
continuity with the ones which replaced plagioclase across
the C/S rim-cemented grain boundaries (Fig. 11) indicating
that laumontite precipitation postdates the C/S clays. The
limited occurrence of laumontites suggests that these co-
mponents have not been transferred greater than a zone and
also shows influence of volcanic protolith on their occurre-
nce. The laumontite-bearing sandstone contains the most
abundant amount (56.3% of the rock) of combined plagioclase
and volcanic rock fragment among the Temblor sandstones.
Plagioclases in the sandstone containing laumontite are al-
most completely albitized suggestive of causal relationship
between these two components.

Plagioclase Dissolution . Plagioclase is selectively dissolved
partially to completely leaving a skeletal framework when
incomplete (Fig. 12). Plagioclase dissolution commonly oc-
curred along cleavages, twinning planes, and fractures. Ea-
rly-formed fracture-fill albite usually is stable with respect
to the dissolution and forms a skeletal framework after
plagioclase dissolution. Plagioclase with stress-induced al-
bitization shows dissolution features indicating the stress-
induced albitization predated plagioclase dissolution. Pla-
gioclase dissolution ranges from 0.3 to 8.5% of the rock based
on point counting. The amount of plagioclase porosity inc-

Fig. 11. Laumontite (L) pore-fill cement and replacement of pla-
gioclase grain (P1). Note optical continuity of laumontite
cement to replacement across the original plagioclase
grain boundary delineated by the C/S clay. Sample 5-61,
2335.7 m. Crossed nicols.

reases from Zone I to Zone V (Table 2). The large amount
of plagioclase porosity in Zone V may be related to the
abundance of volcanic plagioclases (Fig. 3B). K-feldspar is
not affected by dissolution except when it is fractured.

Plagioclase porosity is not observed when the rock is co-
mpletely or extensively cemented by calcite, dolomite, and
anhydrite indicating dissolution postdates most diagenetic
changes in the Temblor sandstones at Kettleman North -
Dome. Distribution of plagioclase porosity has no relation
to oil and gas cap zones (Table 3).

Kaolinite Cement . Authigenic kaolinite cement occurs in minor
amount in Temblor sandstones at Kettleman North Dome. It
occurs as clusters of interstitial crystals (Fig. 13). Kaolinite
is commonly associated with plagioclase dissolution and po-
stdates the C/S clay. When kaolinite occurs intergrown with
or in other clays, its identification under petrographic mi-
croscope is very difficult, but X-ray diffraction analysis of
clay separates (<2um) clearly reveals its presence.

BURIAL HISTORY

A burial history diagram (Fig. 14) for the Temblor For-
mation has been constructed using the program SINWELL
(Nigrini et al., 1989) with data from well E72-3P near the
northern crest assuming a constant geothermal gradient.

g - s

Fig. 12. Plagioclase (P1) dissolution resulted in plagioclase po-
rosity shown in gray. Sample 2-V21, 2130.6 m. Plane
light.

Table 3. Distribution of plagioclase porosity in the Temblor sa-

ndstones.
Gas cap Oil zone
sample plagio. ¢ (%) sample plagio. ¢ (%)
1-58 17 2C-H1 40
1-v21 0.3 2D-H1 1.7
1-F1 4.3 3-61 42
2-58 0.3 3-55 16
2-v21 25 3A-H1 25
2-55 2.2 3B-H1 0.2
3-58 21 4-V21 5.6
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1

0.1 mm

Fig. 13. Kaolinite (K) pore-filling cement. Note ragged texture
on plagioclase (P1) suggesting kaolinite has filled pore
space after some plagioclase dissolution. Sample 4-56,
27615 m. Crossed nicols.
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Fig. 14. Burial history of the Temblor Formation at E72-3P well.
This diagram was generated using the SINWELL com-
puter program (Nigrini e¢f al., 1989). Present geothermal
gradient (36T/km) and 10T surface temperature were
used for this diagram. Temperature isolines and dia-
genetic events are superimposed on the burial history
diagram. Thermal regimes for early calcite, dolomite,
and late calcite cements are after Lee and Boles
(1995).

Boundary ages were sourced from Wooding et al. (1940) and
Sullivan (1966). The Temblor underwent subsidence until
middle Pleistocene when the uplift of Kettleman North
Dome accurred at about 1 Ma ago (Harding, 1976). Botto-
mhole temperature measured in the Temblor Zone V re-
servoir is about 100T (B. Bilodean, Chevron, personal co-
mmunication, 1992). The geothermal gradient in the nor-
thern center of the field is calculated from the bottomhole
temperatures measured in 1985, to be 36C/km to 3 km as-
suming 10T surface temperature. This geothermal gradient
is similar to gradients in the southern San Joaquin basin
{Boles and Ramseyer, 1987). Assuming maximum erosion
of 1000 m due to uptlift (Merino, 1975a), the maximum burial

temperature of the Temblor Zone V is about 130C (~1 m.
v.b.p.). During early stages of Temblor deposition, the pa-
leo-heatflow may have been lower than the present value
suggesting the paleogeothermal gradient was lower than at
present. Heasler and Surdam (1985) have modeled that pa-
feo-heatflow has nearly doubled since Temblor deposition
times. Thus, initial geothermal gradient was probably con-
sidered lower than the present values. However, the ma-
ximum burial of the Temblor sandstone had occurred around
1 Ma before the onset of uplift, which suggests that maxi-
mum temperatures calculated using the present geothermal
gradient is a reasonable estimate. The paragenetic sequence
of diagenetic events is superimposed on the burial history
diagram in Fig. 14.

POROSITY IN TEMBLOR RESERVOIRS

Both intergranualr and intragranular porosities occur in
Temblor sandstones. Intergranular porosity is of two types;
depositional and secondary. The secondary porosity is in-
ferred by the presence of plagioclase porosity and of the
etched crystal boundary of calcite, anhydrite, and quartz
overgrowths in open pore space. However, the volume of
intergranular porosity of secondary origin is difficult to es-
timate in case of cements. Intragranular porosity is the pla-
gioclase porosity. Since dissolution of both plagioclase and
carbonate cements in the Temblor reservoirs might have
been caused by acidic waters concurrently, only plagioclase
dissolution will be discussed here.

Although it is difficult to date the timing of plagioclase
dissolution and kaolinite precipitation, petrographic evidence
clearly reveals that this event occurred after late calcite
precipitation and albitization of plagioclase. Since hydroca-
rbons are trapped in the structure, they must have migrated
after the structural development at Kettleman North Dome
within the last one million years. The reservoir porosity
should have been preserved and formed before or imme-
diately after structure formation,

Plagioclase dissolution due to meteoric water invasion
during and after uplift is unlikely considering from the
present formation water chemistry. The present Temblor
formation waters were interpreted by Kharaka and Berry
(1974) and Kharaka et al. (1973) to be meteoric water mo-
dified by shale membrane hyperfiltration primarily based on
low deuterium composition of the waters. These “meteoric”
waters have anomalous high salinities up to 41,000 mg/l
(Kharaka and Berry, 1974, table 3). However, San Joaquin
basin formation waters possessing similar low deuterium
values as well as oxygen isotopic compositions and salinities
to those of the Kettleman North Dome oil field are inter-
preted as the diagenetically modified sea water by Fisher
and Boles (1990). We believe the meteoric origin of the
present Temblor formation waters is questionable due to
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high salinities and rather interpret they are diagenetically
modified connate waters (Lee and Boles, 1995),

According to the reconstruction of Temblor sandstones
before structure development, the maximum temperature
of the Temblor Zone V is estimated about 130T (Fig. 14).
Among plagioclases of different origins volcanic plagioclases
are more susceptible to albitization in diagenetic fluids than
plutonic ones (Ramseyer et al., 1992). The plagioclase albi-
tization reaction is known to occur between 120C and 160T
in the San Joaquin basin (Boles and Ramseyer, 1988). In
Temblor sandstones plagioclases seem to be mixtures of
both volcanic and plutonic origins due to the presence of
significant amount of K-feldspar and volcanic rock fragment
(Fig. 3B). Hence burial of Temblor sandstones to 130C might
have caused volcanic plagioclases to react preferentially to
albitization process along fractures and at the stressed co-
ntacts. The occurrence of albitized plagioclase in Temblor
Zone 1 suggests that plagioclase albitization reaction occu-
rred at temperatures below the lower window, probably
around 100C. Even lower temperature for plagioclase albi-
tization was suggested by kinetic modeling (Ben Baccar et
al., 1993). Apparently plutonic plagioclases did not undergo
albitization during maximum burial because they were not
bathed in a thermal fluid of appropriate temperatures. Due
to the albitization reaction volcanic plagioclase became al-
tered partially to completely, whereas plutonic plagioclase
remained unaltered and later became the target of attack
by acidic pore waters. Sometime after albitization of pla-
gioclases up to present day plagioclase dissolution (porosity)
developed.

The plagioclase albitization and dissolution in the Temblor
is supported by higher Ca/Na ratios in formation waters (Fig.
15). Similar observation was reported from formation waters
in the southern San Joaquin basin (Fisher and Boles, 1990).
Also, 80 composition of the Temblor formation waters be-
comes lighter stratigraphically from +3.9% in Zone I to
+0.2% in Zone V (Table 2; Kharaka et al., 1973). Partly, this
is explained by albitization of plagioclase because the albite
is replacing a feldspar formed at high temperatures (Fisher
and Boles, 1990). Based on the chemistry and isotopic co-
mposition of the formation waters the in situ albitization and
dissolution of plagioclase was more active in Zone V san-
dstones (Table 2), which also indicates lack of fluid mobility
between zones in Temblor reservoirs.

Plagioclase dissolution post-dating plagioclase albitization
indicates that this diagenetic change occurred during and
after structural development. Because meteoric influence on
plagioclase dissolution has been ruled out by the formation
water geochemistry, no appropriate hydrologic flow regime
is suggested for plagioclase dissolution during uplift of Te-
mblor sandstones. Also, the fact that precipitation of kaolinite
occurred next to the site of plagioclase dissolution instead
of some distance away from it indicates local conservation
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Fig. 15. Plot of Ca vs. Na concentration for the Temblor for-
mation waters at Kettleman North Dome. All Na/Ca
ratios are above the evolution value of sea water caused
by albitization of plagioclase. The theoretical pathway of
sea water may follow Na/Ca ratio from 46 to 22 at 120C
(Helgeson, 1972). The present formation water contains
more Ca than the predicted amount, probably caused by
dissolution of plagioclase after albitization reaction. SW:
sea waier. Data from Merino (1975b).

of Al inspite of some mass transfer reported in the Gulf
Coast by Moncure et al. (1984). The present Temblor re-
servoir temperature ranges from 85 to 100C (Fig. 14) su-
ggesting plagioclase dissolution at temperatures close to this
range. Similar temperature range for plagioclase dissolution
was reported in the southern San Joaquin basin (Boles, 1987,
1992). Then, it is interesting to note that the dissolution of
plagioclase grains as well as of calcite and anhydrite cements
in Temblor sandstones occurred between 85 to 100C and
this temperature range corresponds closely with a marked
increase in organic acids in pore waters of the San Joaquin
basin (Carothers and Kharaka, 1978). These organic acids
are known to have the capability to dissolve aluminosilicates
(Surdam et al., 1984). The overlap of the large presence in
organic acids in pore waters with the apparent timing of
plagioclase, calcite, and anhydrite dissolution at Temblor
sandstones shows the probable influence of kerogen matu-
ratton on porosity enhancement.

Plagioclase dissolution is not restricted to oil zone as ob-
served at North Coles Levee (Boles, 1991), but occurs
equally in both oil and gas zones (Table 3). This means that
a) plagioclase porosity is pre-oil and gas emplacement or that
b) communication exists between oil and gas zones or that
¢) development of gas zone was late after development of
plagioclase porosity. Two hypotheses can account for the
dissolution of plagioclase. The first is that organic acids
migrated prior to the migration of the present Temblor hy-
drocarbons might have caused the plagioclase dissolution
(ie, Crossey et al., 1986; Surdam et al., 1984, 1989). This
is supported by no obvious differences in diagenesis between
present gas, oil, and water zones indicating no further si-
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gnificant diagenesis has occurred since hydrocarbon emp-
lacement.

Second, plagioclase dissolution and kaolinite precipitation
are related to the organic acids derived from oils. This
mechanism was advocated from the Miocene Stevens san-
dstones at North Coles Levee by Boles (1991, 1992), who
reports that plagioclase dissolution and kaolinite precipita-
tion are found in oil zones but not in the gas zone. Organic
acids are recognized as a dominant alkalinity component in
the San Joaquin basin formation waters (Carothers and
Kharaka, 1978; MacGowan and Surdam, 1990; Fisher and
Boles, 1990). They are also present as a chief alkalinity co-
ntributor in the Kettleman North Dome formation waters
in the form of acetate and propionatae ions (Willey et al.,
1975). If plagioclase dissolution had been caused by organic
acids in the present formation waters, then this event is very
late and is still occurring today. This hypothesis may explain
kaolinite precipitation proximal to plagioclase dissolution
sites. However, experimental study shows that the organic
acids are effective in modifying stability of aluminosilicates
only when the pH of the fluid is very low (<5) and thus
is acidic (Surdam et al., 1984; Harrison and Thyne, 1992).
The measured pH of the Temblor formation waters at Ke-
ttleman North Dome is nearly neutral (6.3-7.9) at surface
temperature (Kharaka and Berry, 1974), and the calculated
pH at 1007 is alkaline ranging from 8.1 to 8.7 with the as-
sumption that biocarbonate is the main alkalinity component
(Merino, 1975b), although this value may be too high for the
reservoir conditions. Therefore, the role of organic acids in
the present formation waters contributing to the solubility
of aluminosilicates is difficult to assess and hence interp-
retation of plagioclase dissolution by the organic acids after
hydrocarbon emplacement is ambiguous.

SUMMARY

1. The Temblor Formation (early Miocene) at Kettleman
North Dome is an arkosic hydrocarbon reservoir with abu-
ndant volcanic rock fragments in the deepest Temblor (Zone
V) sandstones. The point-counted reservoir porosity avera-
ges about 15%.

2. Diagenetic changes in the Temblor include compaction,
cementation, and alteration of grains. Micritic calcite and
dolomite cements formed early during shallow burial, which
were followed by fracturing of grains, quartz and albite ce-
ments, clay (C/S and smectite) cements, anhydrite cement,
late calcite cement and replacement, and by plagioclase al-
bitization with progressive burial. The Zone V sandstones
also contains laumontite cement and replacement after pla-
gioclase due to original compositional difference. Plagiociase
dissolution and kaolinite cementation as well as some ce-
ment dissolution are the latest diagenetic changes in Te-
mblor sandstones. Relatively closed system is inferred for

plagioclase dissolution and kaolinite precipitation.

3. Most diagenetic changes seem to have occurred before
the uplift of the Temblor to form the present anticlinal st-
ructure. Albitization of plagioclase and associated calcite and
laumontite cementation and/or replacement in Temblor sa-
ndstones were the highest temperature (130T) diagenetic
events occurred at the time of maximum burial. Volcanic
plagioclases were preferentially albitized, whereas unaltered
part of the volcanic plagioclase as well as plutonic plagioclase
was dissolved later forming plagioclase porosity.

4, Secondary porosity was formed by dissolution of pla-
gioclase and some carbonate and anhydrite cements after
structural development but prior to hydrocarbon emplace-
ment. Organic acids influx during kerogen maturation is
interpreted to be responsible for secondary porosity for-
mation.
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