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ABSTRACT 

The Middle to Late Eocene Point of Rocks Sandstone serves as an important 

petroleum reservoir in at least a dozen fields on the west side of the San Joaquin basin.  The 

Point of Rocks Sandstone in the McKittrick oil field consists of moderately sorted, medium 

to coarse grained, arkosic arenites deposited as turbidite sands interbedded with minor shales.  

Diagenetic processes in the Point of Rocks Sandstone are dominated by mechanical and 

chemical compaction, alteration of framework grains, precipitation of authigenic minerals, 

and dissolution of grains and cement.  These diagenetic processes affect reservoir quality in 

the sandstone by altering porosity and permeability.  

Textural relationships between authigenic minerals and cements suggest the 

following paragenetic sequence for the Point of Rocks Sandstone: (1) syndepositional 

glauconite, (2) early diagenetic pyrite and siderite, (3) early precipitation of poikilotopic 

calcite cement, (4) precipitation of pore-lining and pore-filling clays, (5) formation of quartz 

and feldspar overgrowths, (6) compaction of framework grains and generation of 

pseudomatrix, (7) fracture and deformation band formation, (8) albitization of detrital 

feldspar and contemporaneous formation of laumontite, (9) precipitation of pore-filling 

kaolinite and late calcite, (10) framework grain alteration and dissolution, and (11) 

hydrocarbon migration. 

Compaction has had the greatest influence on reservoir quality.  Porosity and 

permeability were considerably decreased during compaction due to grain rearrangement and 

fracturing.  The deformation of ductile grains by compaction created pseudomatrix that 

flowed into adjacent pore spaces.  Authigenic minerals produced by the alteration of 

framework grains occur as cements and grain replacements.  These minerals generally 



constitute about 14% of the sandstone and include clays, albite, laumontite, calcite, and 

quartz.  Albitization of feldspar and laumontite precipitation are concurrent processes that 

greatly affected reservoir properties. Laumontite cement occurs as scattered patches 

throughout the sands, occluding porosity and decreasing permeability. 

Porosity is highly variable, ranging from 3 to 17% of the rock volume.  Variability in 

porosity and permeability is due to the occurrence of scattered laumontite and kaolinite 

cement, and also to the presence of deformation bands.  Secondary porosity makes up a 

majority of the total porosity in the sands.  Reservoir quality has been increased by grain and 

cement dissolution.  The composition of the sands has been slightly altered due to the 

leaching and alteration of feldspar and rock fragments.  Mass-balance calculations indicate 

an overall export of aluminum out of the system.  

The data and interpretations for this study were based upon a detailed petrographic 

examination of seventy-one (71) thin sections obtained from four wells located on the South 

Point of Rocks anticline within the McKittrick oil field.  The thin sections were examined to 

determine the variability of Point of Rocks mineralogy, rock texture/fabric, and porosity.  

The collected data are useful to ensure proper estimation of porosity and permeability for the 

South Point of Rocks flank reservoir locations.  These values have a direct impact on the 

hydrocarbon recovery factor and the corresponding development planning. 
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INTRODUCTION 

 The early days of hydrocarbon exploration involved locating the obvious oil and gas 

surface seeps.  Since then the search for and development of hydrocarbons has become 

increasingly more difficult as subsurface structural traps and reservoirs have become more 

difficult to find (Scholle and Schluger, 1979).  Petroleum geologists now have to focus on 

subtle variations in reservoir quality when looking for subsurface prospects.  A major post-

depositional process that can significantly modify the productive properties of a reservoir is 

diagenesis.  Diagenesis includes all physical, chemical, and biological changes that sediments 

undergo after initial deposition up to the lowest grade of metamorphism (Ali, 1981; Pettijohn 

et al., 1987; Boggs, 1992).  Diagenesis can modify porosity either by decreasing it due to 

compaction and cementation or increasing it due to dissolution processes.  Determining the 

diagenetic history of a reservoir can give very important information about the quality of the 

reservoir and thus, the economic importance of the reservoir (Hayes, 1979; Galloway, 1979; 

Ali, 1981).  The risk in the search for hydrocarbon accumulations can be reduced greatly by 

the prediction of reservoir characteristics affected by diagenesis (McDonald and Surdam, 

1984).  The study of diagenesis also results in more efficient management of rock-fluid 

interactions in currently producing reservoirs.       

The objective of this study is to investigate the diagenetic processes and their effect 

on reservoir quality in the Middle to Late Eocene Point of Rocks Sandstone.  Research was 

conducted using samples provided by Chevron from the Point of Rocks reservoir located 

within the McKittrick oil field (Figure 1).  Data obtained by Chevron suggest that the flanks 

of the South Point of Rocks anticline have undergone a different diagenetic history relative to 

the crest of the structure.  Diagenesis affecting the reservoir’s flank resulted in the reduction  
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Figure 1. General location map showing the study area within the San Joaquin 
basin.  Modified from MacPherson (1978). 
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of reservoir quality, increase of authigenic clays, and zeolite cementation.  This antecedent 

has caused uncertainty in wireline well log analysis as well as understanding of natural 

fracture genesis.  The current log analysis used by Chevron for the Point of Rocks reservoir 

was calibrated using core data obtained from the crest of the structure.  This study 

determined the diagenetic mineralogy across the structure and interpreted the history of 

diagenetic events.  The data and interpretations for this study were based upon examination 

of seventy-one (71) thin sections prepared from core samples taken from four wells.  The 

collected data is available for use to ensure proper estimation of porosity, permeability and 

relative hydrocarbon permeability, and hydrocarbon and irreducible water saturation for 

flank reservoir locations in the log analysis.  These values have a direct impact on the 

hydrocarbon recovery factor and the corresponding development planning.  

 

 

GEOLOGIC AND TECTONIC SETTING 

The San Joaquin basin is bordered to the east by the Sierra Nevada, to the south by 

the Tehachapi/San Emigdio Mountains, and to the west by the Temblor Range (Figure 1).  

The Stockton arch separates the San Joaquin basin from the Sacramento basin to the north.  

Structurally, the San Joaquin basin is an irregular-shaped, northwest to southeast trending 

basin with a wider, gently dipping eastern side and a narrower, highly deformed western side 

(Bartow, 1991).  The southern and southwestern margins of the San Joaquin basin are 

bounded by transpressional regions of the San Andreas fault (Wilcox et al., 1973; Harding, 

1976). 
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During Late Jurassic time, the San Joaquin basin formed as the southern extension of 

the Great Valley forearc basin (Fischer, 1988).  During Cretaceous time, convergent tectonics 

characterized the western margin of the North American plate as the Pacific plate subducted 

underneath the North American plate creating the Sierra Nevada magmatic arc (Reid, 1988).  

Rapid erosion of the Sierra Nevada arc created a huge sediment load that was deposited in 

the forearc basin mainly from submarine fans (Reid 1988).  The basin widened progressively 

during Cretaceous and Paleocene time because of the migration of arc magmatism to the east 

and of the trench to the west (Graham, 1987).   

Early Tertiary tectonic events that affected the western margin of the San Joaquin 

basin consisted of oblique subduction, the detachment and dispersal of Mesozoic continental 

margin fragments, the accretion of exotic terranes, and the uplift of Mesozoic batholithic 

complexes (Nilsen, 1987).  Right-lateral strike-slip movement along a fault system widely 

termed the “proto-San Andreas fault” occurred around the same time as oblique subduction 

(Nilsen and Clarke, 1975).  Oblique subduction tectonically accreted granitic terrane of the 

Salinian block during the early Paleogene, which resulted in the development of the 

continental borderland off central and southern California. 

Subsidence in the southern San Joaquin basin during Early to Middle Eocene (52 Ma) 

resulted in a regional marine transgression.  Because of tectonic loading, possibly caused by 

the northeastward thrusting driven by the Salinian block, the rate of tectonic subsidence 

approximately doubled around 50 Ma (DeCelles, 1988).  The southern San Joaquin basin 

experienced two periods of major uplift between approximately 43 Ma and 30 Ma, each of 

which was followed by rapid subsidence (DeCelles, 1988).  The Latest Eocene to Middle 

Oligocene tectonic event represents the final termination of the subduction-related forearc 
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basin and the initiation of the remnant forearc basin that has persisted to the present day 

(Nilsen, 1987). 

A major change in tectonics took place about 29 Ma during the Oligocene when the 

East Pacific Rise spreading center collided with the western continental margin of North 

American (Atwater and Molnar, 1973).  This resulted in the formation of the San Andreas 

fault system and the transition of the western margin of the basin from convergent tectonics 

to transform tectonics.  The southern and western basin margins developed anticlines and 

thrust faults as a result of tectonics associated with the San Andreas fault (Harding, 1976; 

Namson and Davis, 1988).  En-echelon folding occurred as subsurface anticlines formed 

progressively basinward synchronous with movement on the San Andreas fault (Harding, 

1976).  

During most of the Tertiary Period the San Joaquin basin was open westward toward 

the Pacific Ocean.  Migration of the Salinian block along the San Andreas fault eventually 

truncated the seaway opening and isolated the San Joaquin basin from the open Pacific 

Ocean.  Tertiary depositional sequences consisted of deep marine, shallow marine and 

continental deposits that thicken from east to west (Fischer, 1988).  Middle Miocene to 

Holocene subsidence and basin-margin uplift have occurred partly in response to tectonics 

associated with the San Andreas fault (Wilcox et al., 1973).                   

The Point of Rocks sandstone member consists of a sequence of Middle to Late 

Eocene turbidite sands deposited in a submarine-fan complex and is located in the northern 

Temblor Range within the Kreyenhagen Formation.  Interbedded shales contain deep-marine 

foraminifera, indicating that the sands were deposited largely at bathyal or greater depths in a 

basin having free access to the open ocean (Nilsen and Clarke, 1975).  Foraminiferal fauna 
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indicate that the sands are time-transgressive to the north, ranging from Penutian to Narizian 

in age (Nilsen and Clarke, 1975; Mann, 2000).  Paleocurrent indicators and mineralogical 

analysis suggest that the fan was likely derived from a rapidly eroding granitic source terrane 

from the south and west, most likely from the Salinian block (Clarke, 1973).   

While the Point of Rocks Sandstone is an important hydrocarbon reservoir along the 

west side of the San Joaquin basin, it also has a large significance in cross-fault correlation 

used to constrain the timing and magnitude of right-slip movement along the San Andreas 

fault (Graham et al., 1989).  At the time of its deposition the submarine fan straddled the 

proto-San Andreas fault before significant right-lateral offset occurred (Figure 2).  The right-

lateral movement along the San Andreas fault has bisected the Point of Rocks fan and 

displaced its other half, the Butano Sandstone, by about 300 to 330 km (Graham et al., 1989).  

The Point of Rocks-Butano submarine fan is one of the best documented examples of a 

cross-fault correlation used to measure the timing and magnitude of offset along the San 

Andreas fault (Carter, 1990). 
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Figure 2. Inferred middle Eocene paleogeography during the time of deposition of the Point 
of Rocks Sandstone based on restoration of 300-330 km of right slip along the San Andreas 
fault from Clarke (1973). Diagram taken from Critelli and Nilsen  (1996). 
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STUDY AREA 

Location 

The South Point of Rocks anticline lies in the northwestern portion of T30S, R22E, 

M.D.B.&M.  The South Point of Rocks anticline is located within the McKittrick oil field 

located on the western side of the San Joaquin Valley (Figure 1) about 1.5 miles west of the 

town of McKittrick, California, in Kern County.  The structure encompasses approximately 

six sections.  The samples for this study were obtained from four wells located on the South 

Point of Rocks anticline.  The wells are 572-18Z (Sec. 18), 710-17Z (Sec. 17), 714-17Z 

(Sec.17), and 788-7Z (Sec. 7).  Figure 3a shows the structure of the McKittrick oil field from 

the top of the Carneros Sandstone.  Figure 3b shows the location of the wells in relation to 

the structure.  Wells 714-17Z, 788-7Z, and 572-18Z provide samples from the flanks of the 

Point of Rocks anticline and well 710-17Z provides samples from the crest. 

 

 

Figure 3a. Structure map of the top of the Carneros Sandstone within the 
McKittrick oil field (California Division of Oil and Gas, 1985).   
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Figure 3b. Simplified structure contour on top of the South Point of Rocks 
Sandstone.  The locations of wells 788-7Z, 572-18Z, 714-17Z, and 710-17Z are 
shown in the figure. 
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Structure 

Moderate to intense folding and faulting characterize the northeast region of the 

McKittrick oil field.   In the southwest area of the McKittrick oil field lays the McKittrick 

thrust, which is a major fault of the area (Weddle, 1965).  The South Point of Rocks structure 

is a faulted anticline trending northwest-southeast, roughly parallel to the Temblor Range.  

This structure is one of a series of en echelon folds that generally exhibit decreasing intensity 

toward the San Joaquin basin (Weddle, 1965).  These folds have very gentle, uniform dips of 

about 20 degrees (Bertholf, 1962; Weddle, 1965).       

 

Stratigraphy  

The Point of Rocks Sandstone is a member of the Kreyenhagen Formation, a major 

source of oil and gas in the San Joaquin Valley.  The Kreyenhagen Formation is a 

widespread deep-marine shale that covered most of the San Joaquin basin in the late Middle 

Eocene and Late Eocene (Isaacson and Blueford, 1984; Nilsen, 1987).  The formation is 

thickest to the west adjacent to the San Andreas fault and thins northward to the Stockton 

arch.  The Kreyenhagen Formation is almost entirely diatomaceous and radiolarian shale, 

with rare siltstone and sandstone interbeds (Reid, 1988). 

The Point of Rocks Sandstone mostly consists of arkosic sandstones interbedded with 

minor shales.  The sands range in thickness from 3,000 feet in outcrop in Devils Den and the 

northern Temblor Range to 5,000 feet in the subsurface in the southern San Joaquin Valley.  

It is thickest adjacent to the San Andreas fault and thins to the north and east, where it 

wedges out and interfingers with the Kreyenhagen Shale (Carter, 1990).  The Point of Rocks 

Sandstone is divided into five parts by interbedded shales that range in thickness from 50 to 
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150 feet.  Individual sands can reach a thickness of more than 200 feet.  The Point of Rocks 

sequence is overlain by more than 650 feet of Kreyenhagen Shale, which is in turn overlain 

by the Oceanic and Phacoides Sandstones (Figure 4). 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Generalized stratigraphic column of the McKittrick oil field. 
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Point of Rocks Reservoir Properties 

 The Point of Rocks Sandstone is productive in at least a dozen fields on the west side 

of the San Joaquin basin, including McKittrick, Cymric, Pyramid Hills, Devils Den, North 

Coles Levee, North Antelope Hills, McDonald Anticline, and Belgian Anticline (Carter, 

1990).  Point of Rock Sandstone reservoirs occur at depths ranging from 8,000 to 11,000 

feet.  Reservoir parameters vary widely in the Point of Rocks Sandstone.  Porosities generally 

range between 20-25%, although porosity as high as 38% was reported in shallower 

penetrations at Devil’s Den and Pyramid Hills (California Division of Oil and Gas, 1985).  

Most reported permeabilities range between 100-500 md, however 5 darcies was reported at 

Pyramid Hills, probably due to shallow burial depths (600ft) and diagenetic enhancement 

under the basal Monterey Formation and Temblor Formation unconformities (Carter, 1990).  

Chevron data indicate that, in general, porosity among the five sand intervals within the study 

area decreases with depth while permeability slightly increases with depth.  Rapid local 

changes in permeability and porosity account for variations in productivity (Carter, 1990).  

Intervals of natural fracturing have been observed in the Point of Rocks reservoir.                        

 

PREVIOUS WORK 

There are many diagenetic processes that play an important role in reservoir quality.  

Compaction, cementation, recrystallization, and replacement are widely recognized 

mechanisms that lead to porosity reduction (Hayes, 1979; Scholle and Schluger, 1979; 

McDonald and Surdam, 1984; Taylor, 1950; Rittenhouse, 1971a,b; Pittman, 1979; Wilson 

and McBride, 1988).  Blatt (1979) documented the diagenetic conditions that result in either 

quartz or calcite cementation in sandstones.  Galloway (1979) found the reservoir quality in 
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arc-derived sandstones to degenerate systemically with increasing depth of burial and 

increasing degree of heating.  Sheldon et al. (2003) analyzed the role of stress, temperature, 

and pH in chemical compaction of sandstones.  Surdam and Boles (1979) documented the 

diagenetic alteration of volcanogenic sandstones.  Many studies have been done on the extent 

of feldspar alteration (e.g. Land and Milliken, 1981; Boles, 1982; Milliken et al., 1989).  

Milliken (1988) studied Pliocene to Pleistocene sandstones in the northern Gulf of Mexico 

and found that grain alteration increases progressively with depth and takes place without 

influence of significant amounts of meteoric fluids.  Ramseyer et al. (1992) suggested a 

mechanism for plagioclase albitization.  Controls on albitization and laumontite formation in 

Paleogene arkoses were documented by Helmold and van de Kamp (1984).  Noh and Boles 

(1993) studied the origin of zeolite cements in Miocene sandstones.  

Secondary porosity constitutes a majority of the effective porosity in sandstone 

reservoirs of many oil and gas fields (Ali, 1981).  While increased depth of burial tends to 

decrease primary porosity, secondary porosity can be formed during later stages of 

diagenesis through the dissolution of detrital or authigenic minerals.  The occurrence and 

importance of secondary porosity in sandstones has become increasingly recognized over the 

past thirty years (Hayes, 1979; Schmidt and McDonald, 1979; Shanmugam, 1985; Surdam et 

al. 1984).  Schmidt and McDonald (1979) developed a set of criteria to recognize and 

describe the texture of secondary porosity in thin sections of sandstones.  Many workers have 

reported cases where significant leaching of silicate grains created secondary porosity (e.g., 

Heald and Larese, 1973; Land and Milliken, 1981; Wilkinson et al., 2001).  The importance 

of secondary porosity in hydrocarbon reservoirs of the San Joaquin basin has also been 

reported by many workers (Merino, 1975; Boles, 1984; Tieh et al., 1986; Horton et al., 1990, 
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2007; McCullough, 1995).  Siebert et al. (1984) proposed that the clay and organic matter in 

shales produce the necessary water, acid, and complexing agents for the dissolution of 

framework grains, resulting in the creation of secondary porosity.  While secondary porosity 

can be destroyed diagenetically, it can persist to greater depths than primary porosity (Hayes, 

1979).  Harris (1989) found that a limit on the amount of secondary porosity is related to the 

mechanical strength of the sandstone. 

A previous study on the Point of Rocks Sandstone by Clarke (1973) described the 

sands as relatively blocky arkosic sandstones interbedded with subordinate shales.  The sands 

are uniform in composition and typically massive, medium to coarse grained, thick to very 

thick bedded, and moderately sorted, generally intermediate between arenites and wackes 

(Clarke, 1973).  In outcrop the sands are buff to orange-brown, due to interstitial limonitic 

material, and are commonly soft and friable, although calcite cement is locally pervasive 

(Carter, 1990).  The sandstone consists of 35-50 percent quartz, 14-18 percent potassium 

feldspar, 10-18 percent plagioclase, 1-5 percent other minerals (mostly biotite), and 8-10 

percent rock fragments, including chert, quartzite, shale, slate, argillite, phyllite, quartz- and 

feldspar-rich metamorphic and plutonic rocks, and minor amounts of andesitic or basaltic 

volcanic rocks (Nilsen and Clarke, 1975).  The most common heavy minerals are zircon, 

sphene, apatite, epidote, pink garnet, and green hornblende (Nilsen and Clarke, 1975).  

Figure 5 shows a ternary plot of Clarke’s data.  Critelli and Nilsen (1996) have studied 

diagenesis in the Butano Sandstone, however, there are currently no published studies done 

specifically on the diagenesis in the Point of Rocks Sandstone. 
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METHODS 

Microscopy 
The data and interpretations for this study were based upon a detailed petrographic 

examination of seventy-one (71) thin sections prepared from core samples of the Point of 

Rocks Sandstone.  Existing thin sections from wells 572-18Z and 710-17Z were provided by 

Chevron.  Samples from well 572-18Z were taken from a core in 1965 and account for 

twelve (12) of the total number of thin sections examined.  The depths chosen from the 572-

18Z core were taken from varying intervals within a depth range of 9,165 feet to 10,818 feet.  

All of these thin sections were stained for potassium and calcium on half of the slide.  Eleven 

Figure 5. Ternary plot showing data from Clarke (1973). Diagram taken 
from Bent (1988). 
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(11) thin sections ranging from 9,224.7 feet to 10,403.9 feet from well 710-17Z were taken 

from five 30-foot spot cores in 1999.  These thin sections were cut for fracture and 

deformation band analysis.  Twenty-four (24) samples each from wells 788-7Z and 714-17Z 

were chosen in May 2004.  Sampling was designed to obtain representative samples of the 

two cores.  The depths chosen from the 788-7Z core were taken from within a depth range of 

9,750 ft. to 9,808 ft.  The depths chosen from the 714-17Z core were taken from intervals 

between 9,685 ft. to 9,746 ft.  Both of these cores were taken from the Point of Rocks 2.  All 

thin sections were impregnated with blue epoxy in order to show porosity.   

The thin sections were examined to determine the variability of Point of Rocks 

mineralogy, rock texture/fabric, and porosity.  All thin sections were point-counted to three-

hundred (300) points per thin section using a standard transmitted-light petrographic 

microscope located in the California State University, Bakersfield (CSUB) Geology 

Department.  For each thin section counted mineralogy, grain size, roundness, and sorting 

were recorded.  Observations were made concerning diagenetic features such as cementation, 

alteration, compaction, and dissolution.  Descriptions and estimations of the percentages of 

detrital vs. authigenic minerals were included in the examination.  Descriptions of visual 

permeability were also made.  The texture and recognition of secondary porosity were 

evaluated using guidelines of Schmidt and McDonald (1979) and Shanmugan (1985).  The 

amount of grain packing was assessed using the method by Harrell (1981) and Wilson and 

McBride (1988).  One hundred (100) grain contacts per slide were counted in order to 

quantify the amount of compaction using Contact Index (CI) (Taylor, 1950; Pettijohn, 1987; 

Wilson and McBride, 1988) and Tight Packing Index (TPI) (Wilson and McBride, 1988).  

Houseknecht’s (1987) method was used to quantify porosity loss as due to either compaction 
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or cementation.  Core descriptions were made as part of this study on the cores that were 

taken from wells 788-7Z and 714-17Z.  These core descriptions are located in Appendix A.   

Optical petrography was supplemented by scanning electron microscopy (SEM) using 

back-scattered electron imaging and energy-dispersive x-ray spectrography (EDS).  Three 

polished and carbon-coated thin sections were examined using the SEM-EDS in the CSUB 

Geology Department for feldspar and cement compositions.  Seventy-seven (77) feldspar 

grains were analyzed for Si, Al, Na, Ca, and K using an energy-dispersive x-ray 

spectrometer.  An additional thirty-eight (38) analyses were made on partially albitized 

potassium feldspar grains to check for any difference in albite composition.  The analytical 

results are presented in Appendix B.    

The accumulated petrographic data collected were used to determine present day 

sandstone composition, to reconstruct and interpret the original sandstone composition, and 

to observe the distribution of Point of Rocks reservoir quality.  The data were also used to 

develop a paragenetic sequence for South Point of Rocks structure that attempts to constrain 

the relative timing of diagenetic events and to incorporate the following: syndepositional 

processes, burial and thermal history, compaction, dissolution (secondary porosity), 

cementation (quartz, calcite, concretions, zeolite/laumontite), authigenic clays (pore 

bridging/lining), overgrowths, natural fracture fabrics, and hydrocarbon migration and 

entrapment.             

 

Sandstone Classification 

The sandstone classification scheme used in this study was the Dott (1964) 

classification scheme as modified by Pettijohn et al. (1987) (Figure 6).  The classification 
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used is based on mineral composition and has minimal dependence on depositional 

environment (Pettijohn et al. 1987).  Since the character of the source rocks largely 

determines mineral composition, this classification is relatable to source rock composition 

and source area tectonism (Pettijohn et al., 1987).  This classification scheme uses only 

framework grains of quartz, feldspar and rock fragments of sand size.  Classification in this 

study places polycrystalline quartz (chert and quartzite) at the quartz end member of a ternary 

diagram.  Plagioclase and potassium feldspars are grouped together.  Rock fragments include 

microphanerites, volcanic clasts, and shale clasts.  This classification, which is appropriate 

for both ancient and modern sands, places an emphasis on sandstone maturity.  The 

mineralogy or composition of the cement is not a criteria used in this classification.   

 

 

 
Figure 6. Classification of terrigeneous sandstones after Pettijohn et al. 
(1987). 
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A secondary criterion for this classification scheme makes a distinction between clean 

sands (arenites) with less than fifteen percent matrix and dirty sands (wackes) with more than 

fifteen percent matrix.  Pettijohn et al. (1987) recognized that this distinction between clean 

and dirty sands introduces diagenesis as well as transport and provenance.  While it is well 

known that matrix commonly has a primary origin, it is also recognized that matrix can 

largely originate through diagenesis (Dickinson, 1970; Pettijohn et al., 1987).  Matrix can be 

deposited from water flowing through sandstone or from chemical or mechanical alteration 

of unstable framework grains.  Matrix can also be derived from mechanical compaction and 

breakage of ductile framework grains.  The term “pseudomatrix” is defined by Dickinson 

(1970) to mean original grains that have been deformed.  This term is used in this study to 

describe grains that have been altered or crushed to the degree that their original integrity is 

destroyed.  This classification recognizes the influence of mineralogical composition on grain 

size and the effects of diagenesis on the origin of matrix (Pettijohn et al., 1987).   

 

Mass Balance Calculations 

 The mass transfer of ions (i.e. aluminum) was investigated by comparing point-

counted volumes of dissolved minerals to precipitated minerals.  Mass-balance calculations 

were made based on the point-count data collected.  The calculations served the purpose of 

interpreting whether the ions have been imported into or exported out of the reservoir during 

diagenesis.  A model was constructed based on these observations and calculations to explain 

the diagenetic history of these rocks. 

Mass transfer of aluminum was investigated by measuring point-counted volumes of 

dissolved and albitized feldspars and comparing these to measured volumes of authigenic 
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kaolinite and laumontite.  Relative volumes are calculated from mass-balance reactions in 

which aluminum is conserved between various sources and sinks.  The aluminum sources 

used in this study were potassium feldspar and plagioclase (An30).  The aluminum sinks used 

were laumontite and kaolinite assuming various microporosities.  Other aluminum sources 

and sinks are volumetrically minor in the sandstones examined and have minimal impact on 

the aluminum mass balance.  Mass-balance calculations were completed on 71 samples.  

First, calculations were made assuming that all laumontite came from albitized plagioclase.  

Next, the volume of albitized plagioclase needed to produce the observed volume of 

laumontite was subtracted from the total amount of albitized plagioclase, assuming that 80% 

of the plagioclase volume was albitized.  The left over albitized plagioclase was then applied 

to the rest of the calculations used to predict the amount of kaolinite that would be produced 

given a certain volume of dissolved and albitized feldspar.  These calculations allowed an 

interpretation of import or export of aluminum into or out of the system on the scale of a thin 

section.   

 Dissolution and albitization reactions were written assuming all liberated Al3+ 

precipitated as kaolinite or laumontite.  For the dissolution of potassium feldspar: 

  KAlSi3O8 + H+ + 4.5H2O → 0.5Al2Si2O5(OH)4 + 2H4SiO4 + K+ 
    (potassium feldspar)              (kaolinite) 

The volume of kaolinite produced in this reaction equals 0.458 of the volume of potassium 

feldspar consumed assuming densities of 2.6 g/cm3 for kaolinite and 2.57 g/cm3 for 

potassium feldspar.  This volume assumes no microporosity in the kaolinite.  However, 

petrographic examination reveals that an unquantifiable amount of microporosity is present.  

Assuming 20% microporosity, the volume of kaolinite produced is equal to 0.573 times that 
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of potassium feldspar consumed; if the microporosity is assumed to be 30%, the volume of 

kaolinite produced is equal to 0.655 times that of potassium feldspar consumed. 

 An initial average plagioclase composition of Ab70An30 was assumed based on 

abundant published (e.g. Boles, 1984; Hayes and Boles, 1992) and unpublished (R. Horton, 

personal communication; this study) data.  For the dissolution of plagioclase: 

  Na0.7Ca0.3Al1.3Si2.7O8 + H+ + 3.75H2O →   
      (plagioclase) 

 
0.65Al2Si2O5(OH)4 + 1.4H4SiO4 + 0.7Na+ + 0.3Ca2+ + 0.3OH-        

      (kaolinite)   

The volume of kaolinite produced is 0.650 times that of plagioclase consumed assuming the 

above densities and no microporosity.  Assuming 20% microporosity, the volume of kaolinite 

produced is equal to 0.813 times that of plagioclase consumed; if the microporosity is 

assumed to be 30%, the volume of kaolinite produced is equal to 0.929 times that of 

plagioclase consumed. 

The following reaction is assumed for plagioclase albitization: 

Na0.7Ca0.3Al1.3Si2.7O8 + 0.3Na+ + 0.6H4SiO4  →   
      (plagioclase) 

 
  NaAlSi3O8 + 0.15Al2Si2O5(OH)4 + 0.3Ca2+ + 0.3OH- + 0.75H2O       

    (albite)            (kaolinite) 

The volume of kaolinite produced is 0.150 times that of plagioclase albitized assuming the 

above densities and no microporosity.  If the microporosity is assumed to be 20%, the 

conversion factor is 0.188.  If the microporosity is assumed to be 30%, the conversion factor 

is 0.214. 
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The association of albitization of plagioclase with laumontite cement can be depicted 

by the following reaction: 

Na0.7Ca0.3Al1.3Si2.7O8 + 0.6H4SiO4  →  0.7NaAlSi3O8 + 0.3CaAl2Si4O12·4H2O       
                 (plagioclase)                                (albite)                (laumontite) 

For this reaction, the volume of laumontite produced is 0.621 times that of plagioclase 

albitized, assuming the density for laumontite is 2.29 g/cm3.  The volume ratio of albitized 

plagioclase to laumontite depends on initial plagioclase composition and the volume of albite 

produced in this reaction.   

 

RESULTS 

Core Descriptions 

 A description of core from Wells 788-7Z (9,750 ft. to 9,808.5 ft.) and 714-17Z (9,685 

ft. to 9,746 ft.) is included in Appendix A.  In general, the cores consist of well sorted, very 

fine- to fine-grain, tan to gray sandstone with sparse hydrocarbons and calcite cemented 

areas.  Wavy clay laminations and soft sediment deformation structures are commonly 

present.  Heavily mottled areas caused by weathered volcanic grains are abundant throughout 

both cores.  Deformation bands are also very common throughout the examined intervals.  

Laumontite cement fills in many of these fractures.              
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Petrographic Data 

Data from seventy-one (71) thin sections have been compiled and are displayed in 

Tables 1, 2, 3 and 4.  Data has been segregated by individual wells.  Petrographic data sheets 

are located in Appendix C.  Textural data has been compiled and are displayed in Tables 5, 6, 

7 and 8. 

 
 
Table 1. Point count data for Well 788-7Z. 
 
 

 
Depth in feet; Compositional data in percent; Qtz = Quartz; K-Spar = Potassium feldspar;  
Plag = Plagioclase feldspar; RF= Rock fragments; Acc Min = Accessory minerals and mafics; 
Carb = Carbonate cement; Laum = Laumontite; Clay = one or a combination of kaolinite, illite, smectite; 
Pri ø = Primary porosity; Sec ø = Secondary porosity; Total ø = Total porosity; tr = trace amounts (<0.3%). 
 
 
 
 
 
 
 

Depth Qtz K-spar Plag RF Acc Min Carb Laum Clay Pri ø Sec ø Total ø 
9752.4 41.3 24.3 16.3 2 2.7 0 2.7 4.3 0.7 4.7 5.3 
9753.4 38.3 14.7 17.3 3.3 7 0 5.3 8.3 0.3 4.3 4.7 
9754 37 20.7 15.7 3 6.3 0 3.3 7 1.3 5.3 6.7 

9754.9 36 18.7 15.7 2.3 6 0.3 6 6.3 1.7 6 7.7 
9757.8 38.7 17.7 17.3 3 5 0 6 7.3 0.3 4 4.3 
9762.6 44 15.3 18.0 2.4 2.7 0 1.3 9.7  0 4 4 
9765.7 38.3 24 20.0 2.7 1.7 0 tr 6.7 0.3 6 6.3 
9768.7 34.7 12 9.0 5 2 27 0  0.3 0  tr tr 
9770.3 36 19.3 13.7 4 3.3 0.3 10 5.3 1 6.3 7.3 
9771.4 38.3 14.3 15.7 3.6 2.7 0.3 10.3 8.3 0.3 6 6.3 
9774.7 36.7 17 18.3 3 4 tr 3 8 1.3 8 9.3 
9776.3 28.3 12.3 18.0 7.7 7 0  0 17.3 0  7.7 7.7 
9776.8 26.3 14.7 14.0 3.4 8 0  0 30.7 0  1 1 
9779.4 32.3 11.3 9.0 7.3 5 23.3  0 1  0 0.7 0.7 
9780.4 37.7 18 16.3 4.7 3.3 8.7 1 6  0 2.7 2.7 
9783.6 39.3 21.7 16.3 6 2.7 0.3 3.7 4  0 5 5 
9791.1 35 17 20.0 4.3 2.3 0.3 7 6.7 0  6.7 6.7 
9794.2 37 16.3 19.3 5 3.3 0.3 5.7 6 0  4 4 
9794.8 42.3 18.7 19.0 7.3 3.7 0.3 0.3 5 0  2.3 2.3 
9798.3 41.3 18.3 18.7 3.3 4.3 0 1.7 7 0.3 4.7 5 
9800.4 40.3 19.7 17.7 5.7 2.3 tr tr 8 0.3 6 6.3 
9800.9 43.7 16 19.3 4.3 3.7 tr 0.7 7.7  0 4.3 4.3 
9802.3 40 18.7 18.0 4.7 3.7 tr 3 7  0 5 5 
9807.3 45.3 16.3 18.0 3 2 0.3 1.7 7.3 0.7 5.3 6 



 24

 
Table 2. Point count data for Well 714-17Z. 
 

 
Depth in feet; Compositional data in percent; Qtz = Quartz; K-Spar = Potassium feldspar;  
Plag = Plagioclase feldspar; RF= Rock fragments; Acc Min = Accessory minerals and mafics; 
Carb = Carbonate cement; Laum = Laumontite; Clay = one or a combination of kaolinite, illite, smectite; 
Pri ø = Primary porosity; Sec ø = Secondary porosity; Total ø = Total porosity; tr = trace amounts (<0.3%). 

 

 

 

 

 

 

 

 

 

 

Depth Qtz K-spar Plag RF AccMin Carb Laum Clay Pri ø Sec ø Total ø 
9690.6 24.7 1.3 1.70 0.0 11.7 0.0 0 59.3 0 1.3 1.3 
9696.6 51.3 16.3 10.30 3.7 0.3 0.0 0.0 14.3 1.0 2.7 3.6 
9699.6 41.0 10.7 17.30 3.3 8.3 0.0 0.3 12.7 1.3 5.7 7.0 
9700.6 42.3 15.0 14.30 2.7 1.7 0.0 4.7 6.7 1.0 5.3 6.3 
9701.8 42.0 18.0 11.70 2.7 1.3 0.0 6.0 5.0 2.7 10.3 13.0 
9702.3 45.0 18.0 13.70 2.3 0.3 0.0 0.7 9.3 2.7 8.0 10.6 
9708.1 45.0 13.3 10.70 4.0 3.3 0.0 0.0 7.7 3.7 12.7 16.3 
9709.3 44.3 17.3 13.30 1.7 3.0 0.0 0.0 8.3 3.3 8.7 12.0 
9711.1 41.0 11.7 11.70 1.3 2.0 30.7 0.0 0.3 0.0 1.4 1.4 
9713.9 43.7 14.0 15.00 4.0 2.3 0 tr 7.0 3.0 10.7 13.7 
9716.1 44.7 15.7 14.00 4.6 2.0 0 tr 7.7 1.3 10.0 11.4 
9718.2 44.3 15.7 12.00 4.3 4.7 0 tr 10.0 2.0 6.7 8.7 
9719 41.0 11.0 8.00 4.3 4.0 29.0 0 tr 0.0 2.7 2.7 

9722.2 43.7 18.0 6.30 2.7 3.3 0.3 1.7 10.0 0.3 12.3 12.6 
9729.2 29.3 16.3 16.00 4.3 17.7 0 0.0 15.0 0.0 1.3 1.3 
9729.9 41.0 14.7 12.00 2.7 5.0 0 2.0 14.4 0.0 8.0 8.0 
9731.9 40.0 17.0 17.00 3.7 3.7 0 4.0 4.0 0.0 8.0 8.0 
9737.9 38.7 16.7 10.70 5.0 2.3 0 12.0 5.0 0.0 8.0 8.0 
9738.9 51.0 21.0 12.30 3.0 2.3 0 tr 6.7 0.0 3.7 3.6 
9740.2 46.3 15.3 11.70 3.0 2.7 0 4.3 6.3 0.0 10.3 10.3 
9740.8 53.0 19.0 9.70 3.0 3.0 0 tr 5.7 0.3 6.3 6.7 
9741.8 46.3 18.7 12.70 3.4 3.7 0 tr 9.3 0.0 5.7 5.6 
9743.8 38.7 13.3 8.70 2.0 2.3 35.0 0 tr 0 0  0.0 
9744.6 23.7 16.3 12.00 0.7 13.7 0 tr 30.6 0.0 0.7 0.6 
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Table 3. Point count data for Well 572-18Z. 

 

 
 
 
 
 
Table 4. Point count data for Well 710-17Z. 

 

Depth in feet; Compositional data in percent; 
Qtz= Quartz;  
K-Spar= Potassium feldspar; 
Plag= Plagioclase feldspar; 
RF= Rock fragments; 
Acc Min= Accessory minerals and mafics; 
Carb= Carbonate cement; 
Laum= Laumontite; 
Clay= one or a combination of kaolinite, illite, smectite; 
Pri ø = Primary porosity; 
Sec ø = Secondary porosity; 
Total ø = Total porosity  
tr = trace amounts (<0.3%) 

 

 

Depth Qtz K-spar Plag RF Acc Min Carb Laum Clay Pri ø Sec ø Total ø 
9165 48.7 14.7 12.7 0.3 1.7 2.0 0 3.7 0.3 2.7 3.0 
9658 31.7 18.3 16.3 1.3 2.0 0 2.0 7.0 0.3 6.7 7.0 
9688 47.3 17.3 17.7 1.0 2.3 tr 1.0 0.3  3.7 3.7 
9932 44.0 13.0 14.0 2.4 2.3 0 0.7 tr 0.7 6.3 7.0 

10235-68 44.7 18.0 16.3 1.6 2.3 1.0 1.7 7.0 0.3 6.0 6.3 
10238-B58y 53.0 14.7 12.0 2.7 2.3 0 8.0 2.3 1.0 4.3 5.3 

10238-58 44.0 17.3 13.7 3.3 3.0 0 4.0 7.0 0.3 7.3 7.7 
10238-858x 39.0 10.0 8.0 1.6 0.7 40.7 0 0 0 0 0 
10818-58A 52.7 11.0 13.7 1.0 3.0 0.3 7.7 1.7 0.0 9.0 9.0 
10818-38 37.3 15.7 15.0 1.4 10.0 0 0.7 14.3 0.0 4.0 4.0 

10818-58B 46.0 18.7 14.0 3.3 2.7 0 4.7 2.3 1.0 5.7 6.7 
10838 50.7 15.3 14.7 1.7 1.7 1.7 7.7 1.0 0.0 5.3 5.3 

Depth Qtz K-spar Plag RF Acc Min Carb Laum Clay Pri ø Sec ø Total ø 
9224.7 28.7 15 17 5 6.7 0 0.3 11  0 16 16 
9224.8 33 17 22.3 3.7 3.7 tr tr 8.4  0 10.3 10.3 
9225 33 15.7 19 3 2 0.7 tr 7.3 0.3 16.7 17 

9225.1 31.7 18.7 19.7 4.4 3.7 0.3 1 10 1.3 9 10.3 
9225.3 33 15 18.7 4 2.7 0.3 0.7 9.7 1 13.7 14.7 
9230.7 35 13.7 18.3 4.3 3.3 tr 1 10.7 0.3 10.3 10.7 
9233.6 38.7 12.3 16.7 5.3 4.3 0 1 11.7 0.3 9.3 9.7 

9237.85 37 18.7 22.7 3 2 0 1 5.7 0.3 9 9.3 
9238 37.7 15 17 3.7 3.3 0 tr 11.3 0.3 8.7 9 

10021.8 51.3 11.7 13.3 4 2.7 0 0.3 5.7 0.7 10.3 11 
10403.9 49.7 19 16 2 2.7 1.7 0  4.3 0  4.7 4.7 
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Table 5. Textural data for Well 788-7Z. 

 

Depth in feet; 
C.I.= Contact Index; 
T.P.I.= Tight Packing Index; 
Cement %= Cement volume as whole rock percent; 
Inter. ø = Intergranular porosity as whole rock percent; 
Intra. ø = Intragranular porosity as whole rock percent; 
Inter Vol.= Intergranular volume as whole rock %; 
ø Lost by Comp.= Porosity lost by compaction as whole rock %.  

 

 

 

 

 

 

 

 

Depth C.I. T.P.I Cement % Inter.  ø  Intra.  ø  Inter Vol. ø Lost by Comp. 
9752.4 4.69 3.2 5.7 3.3 2 9 41.8 
9753.4 4.84 3.4 10.3 3.3 1.3 13.6 38.7 
9754 4.84 3.42 8.3 5 1.7 13.3 38.9 

9754.9 4.63 3.01 9.7 5.7 2 15.4 37.4 
9757.8 4.61 3.36 9.7 3.3 1 13 39.1 
9762.6 4.9 3.47 8.3 2 2 10.3 40.9 
9765.7 5.04 3.41 3.3 4.3 2 7.6 42.6 
9768.7 2.68 0.94 27  0 <0.3 27 27.4 
9770.3 4.34 2.54 11 3.7 3.7 14.7 37.9 
9771.4 4.41 2.48 14.7 4 2.3 18.7 34.8 
9774.7 4.68 3.05 7.7 6.7 2.7 14.4 38.1 
9776.3 4.14 2.2 11 5 2.7 16 36.9 
9776.8  N/A  N/A 5.4  0 1 5.4 44.0 
9779.4 2.7 1.17 24.3 0.3 0.3 24.6 29.7 
9780.4 4.17 2.41 13.7 1.7 1 15.4 37.4 
9783.6 4.66 2.93 6.7 4 1 10.7 40.6 
9791.1 4.53 2.31 12.3 4.7 2 17 36.1 
9794.2  N/A N/A  10.7 2.3 1.7 13 39.1 
9794.8 4.76 3.06 4.3 1.7 0.7 6 43.6 
9798.3 4.66 2.79 5 3.7 1.3 8.7 41.9 
9800.4 4.96 3.32 3.3 4.7 1.7 8 42.4 
9800.9 4.97 3.12 4.7 2.7 1.7 7.4 42.8 
9802.3 4.92 2.75 7 4.7 0.3 11.7 40.0 
9807.3 4.95 3.03 4.7 4 2 8.7 41.9 
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Table 6. Textural data for Well 714-17Z. 

 

Depth in feet; 
C.I.= Contact Index; 
T.P.I.= Tight Packing Index; 
Cement %= Cement volume as whole rock percent; 
Inter. ø = Intergranular porosity as whole rock percent; 
Intra. ø = Intragranular porosity as whole rock percent; 
Inter Vol.= Intergranular volume as whole rock %; 
ø Lost by Comp.= Porosity lost by compaction as whole rock %.  

 

 

 

 

 

 

 

 

Depth C.I. T.P.I Cement % Inter.  ø  Intra.  ø  Inter Vol. ø Lost by Comp. 
9690.6 N/A   N/A 0  1 0.3 1 46.5 
9696.6 4.97 3.08 10.7 2.3 1.3 13 39.1 
9699.6 4.76 2.59 12.7 6.7 0.3 19.4 34.2 
9700.6 4.43 2.26 12.0 3.0 3.3 15 37.6 
9701.8 4.60 2.55 11.0 9.0 4.0 20 33.8 
9702.3 4.43 2.43 10.0 8.3 2.3 18.3 35.1 
9708.1 4.60 2.57 7.3 11.0 5.3 18.3 35.1 
9709.3 4.51 2.34 5.0 7.7 4.3 12.7 39.3 
9711.1 1.58 0.29 30.7 0.7 0.7 31.4 22.7 
9713.9 4.35 2.74 5.3 9.0 4.7 14.3 38.2 
9716.1 4.37 2.73 5.0 6.7 4.7 11.7 40.0 
9718.2 4.30 2.76 8.0 7.0 1.7 15 37.6 
9719 2.38 1.10 29.0 2.0 0.7 31 23.2 

9722.2 4.64 3.08 12.3 9.3 3.3 21.6 32.4 
9729.2  N/A  N/A 7.0 1.3  0 8.3 42.2 
9729.9 4.72 3.04 10.0 5.0 3.0 15 37.6 
9731.9 5.17 3.89 7.3 6.7 1.3 14 38.4 
9737.9  N/A  N/A 17.0 5.0 3.0 22 32.1 
9738.9 5.08 4.05 6.7 2.3 1.3 9 41.8 
9740.2 5.25 3.94 10.7 9.3 1.0 20 33.8 
9740.8 5.07 4.01 5.7 4.7 2.0 10.4 40.8 
9741.8 5.30 4.29 9.3 3.3 2.3 12.6 39.4 
9743.8 2.20 0.89 35.0 0  0  35 18.5 
9744.6  N/A N/A  19.3 0.3 0.3 19.6 34.1 
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Table 7. Textural data for Well 572-18Z. 

 

 
 
 
 
Table 8. Textural data for Well 710-17Z. 

 

 

Depth in feet; 
C.I.= Contact Index; 
T.P.I.= Tight Packing Index; 
Cement %= Cement volume as whole rock percent; 
Inter. ø = Intergranular porosity as whole rock percent; 
Intra. ø = Intragranular porosity as whole rock percent; 
Inter Vol.= Intergranular volume as whole rock %; 
ø Lost by Comp.= Porosity lost by compaction as whole rock %.  

 

 

 

Depth C.I. T.P.I Cement % Inter.  ø  Intra. ø  Inter. Vol. ø  Lost by Comp. 
9165  N/A N/A  5.0 3.0  0 8.0 42.4 
9658  N/A  N/A 6.0 5.0 2.0 11.0 40.4 
9688  N/A  N/A 1.3 2.7 1.0 4.0 44.8 
9932  N/A  N/A 0.7 4.7 2.3 5.4 44.0 

10235-68 5.08 3.10 7.3 4.7 1.7 12.0 39.8 
10238-B58y 5.36 3.95 9.7 4.0 1.3 13.7 38.6 

10238-58 4.86 3.02 7.7 6.0 1.7 13.7 38.6 
10238-858x 2.33 0.46 40.7 0  0  40.7 10.6 
10818-58A 4.44 2.78 9.7 6.7 2.3 16.4 36.6 
10818-38 4.98 3.02 4.7 3.0 1.0 7.7 42.6 

10818-58B 5.21 3.80 8.7 3.7 3.0 12.4 39.5 
10838 5.62 4.17 8.3 3.3 2.0 11.6 40.0 

Depth C.I. T.P.I Cement % Inter.  ø  Intra.  ø  Inter Vol. ø  Lost by Comp. 
9224.7 4.78 3.16 5 10 6 15 37.6 
9224.8 N/A   N/A 3.7 6.7 3.7 10.4 40.8 
9225  N/A  N/A 4 12 5 16 36.9 

9225.1 5.1 3.01 6 5.7 4.7 11.7 40.0 
9225.3 5.01 2.93 5 10.7 4 15.7 37.1 
9230.7 4.75 2.81 6 7.3 3.3 13.3 38.9 
9233.6 4.94 3.32 6.7 6.3 3.3 13 39.1 

9237.85 4.93 3.08 3.3 6 3.3 9.3 41.6 
9238  N/A  N/A 5.7 5 4 10.7 40.6 

10021.8 5.07 3.13 3 6.3 4.7 9.3 41.6 
10403.9 5.11 3.06 4 2.7 2 6.7 43.2 
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Sandstone Composition and Texture 

Figure 7 shows a ternary plot of the studied samples.  Most thin sections plot in the 

arkosic field (Dott, 1964; Pettijohn et al. 1987).  The sandstone samples contain abundant 

quartz, plagioclase, and potassium feldspar and minor rock fragments (mean value, Q54 F42 

RF4).  Plotting quartz, potassium feldspar, and plagioclase as separate poles on a ternary 

diagram show that these samples contain more quartz than feldspar and that there is about 

equal amounts of potassium feldspar and plagioclase (mean value, Qm55 K23 P22; Figure 

8).  Some of the samples contain a significant amount of pseudomatrix, which classifies them 

as arkosic wackes; however, most of the samples are relatively clean and are therefore 

classified as arkosic arenites (Figure 9).  
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Figure 7. Composition of the Point of Rocks sandstone plotted following the 
methodology of Dott (1964) as modified by Pettijohn et al. (1987).  Q = quartz,  
F =  feldspar, RF = rock fragments.  
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Figure 8. Ternary diagram plot of quartz (Q), potassium feldspar (K), and plagioclase 
feldspar (P). 
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Sands of the Point of Rocks Sandstone are textually and compositionally submature.  

Framework-grain size ranges from fine sand to gravel, with the majority of grains ranging 

from medium- to coarse-grained sand (Figure 10).  Grain size tends to be smaller within 

deformation bands.  Framework grain shapes range from angular to subrounded with the 

majority being subangular.  The thin sections vary from poorly to well sorted with the 

majority of samples being moderately well sorted.  Samples containing abundant 

Figure 9. Composition of the Point of Rocks sandstone plotted as arenites or wackes. 
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pseudomatrix tend to have poorer sorting.  The sorting in these samples would typically be 

moderately well if the pseudomatrix were not included.  Sorting is variable locally within 

thin sections due to the presence of deformation bands, where sorting tends to be very poor. 
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Figure 10. Grain size distribution of sandstone samples.  
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Typically the samples consist of moderately sorted, medium-grained sands that are 

tightly packed as indicated by abundant long, concavo-convex, and sutured grain contacts.  

The typical sample contains scattered pore spaces whose morphology suggests they are 

mostly secondary in origin (Schmidt and McDonald, 1979; Shanmugan, 1985; Figure 11a).  

Authigenic material is scattered throughout the samples, filling in some pores spaces while 

leaving others empty.  Observed permeability, based on the amount of effective porosity, is 

highly variable even at the thin section scale, ranging from very low to moderate depending 

on the degree of authigenic cement precipitation and grain dissolution (Figure 11b).  Many 

samples contain scattered patches of laumontite cement, resulting in highly variable porosity 

and permeability.  Intergranular porosity is reduced to zero in these densely cemented 

patches.             

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11a. Typical texture of the Point of Rocks sands. The sands are 
tightly packed and porosity is mostly secondary in origin. Well 788-7Z, 
depth: 9,802.3 ft. 

0.5 mm 
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Some of the samples show different textures compared to the typical texture 

described previously.  A number of samples contain abundant pseudomatrix resulting from 

crushed framework grains, forming a more poorly sorted texture relative to other samples.  

Poikilotopic calcite cement characterizes some samples, resulting in well sorted, abundant 

floating grains (Figure 12).  A few samples were taken from shale layers interbedded with the 

sandstone.  These samples contain wavy clay laminations deformed by compaction (Figure 

13a) and abundant foraminifera.  These samples also tend to have smaller grain size and 

higher amounts of biotite and illite-smectite clay (Figure 13b).  Biotite tends to be 

concentrated along and oriented parallel to laminations in these samples.  In the deeper 

samples (>10,000 feet) from well 572-18Z, the combined effects of compaction and 

cementation have resulted in a very tight, interlocking, grain-supported fabric with only 

minimal porosity preserved (Figure 14).      

0.5 mm 
Figure 11b. Typical texture of the Point of Rocks sands. This sample 
shows higher porosity and permeability compared to Figure 11a.  Well 
714-17Z, depth: 9,722.2 ft. 
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Figure 12. Sample with poikilotopic calcite cement occluding pore 
space. The texture mainly consists of floating grains and point contacts. 
Well 572-18Z, depth: 10,238 ft. 

0.5 mm 

0.5 mm 

Figure 13a. Sample with wavy clay laminations deformed by compaction. 
Well 572-18Z, depth: 10,818 ft. 
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B
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0.5 mm 

Figure 13b. Sample containing abundant biotite (B) and clay (C) 
associated with smaller grain size. Well 714-17Z, depth: 9,729.2 ft. 

0.5 mm 

Figure 14. In deeper samples the combined effects of compaction and 
cementation have resulted in a very tight, interlocking, grain-supported fabric 
with only minimal porosity preserved. Well 572-18Z, depth: 10,238 ft. 
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Detrital Mineralogy 

Quartz 

Quartz is the most common type of detrital grain.  Quartz content ranges from 24 to 

53% of the rock volume with most samples containing about 35 to 45%.  The most common 

crystal structure for quartz is monocrystalline; minor polycrystalline quartz grains are present 

in most of the thin sections, ranging from 1 to 7% of the rock volume.   Polycrystalline quartz 

ranges from grains with subequant crystals having fairly straight borders to grains with 

elongate crystals having sutured borders.  Most quartz grains exhibit uniform to moderately 

undulose extinction.  Most grains are free of inclusions, but many contain vacuoles. In 

addition, some quartz grains are heavily fractured and cloudy in appearance.  Secondary 

porosity formed by grain-edge dissolution of quartz grains is common.  Pressure-induced 

dissolution, due to compaction, has resulted in some suturing between quartz grains. 

 

Potassium Feldspar 

Potassium feldspars range from 10 to 24% of the rock volume, averaging 15 to 17%.  

Orthoclase is the dominant variety, but microcline is also present in most samples.  Many of 

these grains have been fractured or broken into smaller fragments due to compaction.  Some 

grains have been partially dissolved to form secondary porosity while others have been 

altered to clay.  Albitization of potassium feldspar is common.  Replacement by calcite is 

also present in a few of the samples. 
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Plagioclase Feldspar 

Plagioclase feldspars range from approximately 6 to 23% of the rock volume, 

averaging 12 to 18%.  Due to compaction, many of the plagioclase grains have been 

fractured or broken apart.  Plagioclase grains show varying degrees of alteration to clay or 

sericite (Figure 15).  There also has been replacement of plagioclase by calcite (Figure 16) 

and laumontite.  Albitization of plagioclase is very common in these samples.  SEM-EDS 

analyses indicate that approximately 80% of plagioclase grains have been albitized (Table 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.5 mm 

Figure 15. Crossed-polar photomicrograph showing plagioclase partially 
altered to sericite. Well 572-18Z, depth: 10,818 ft. 
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Rock Fragments 

Rock fragments range from 1 to 8% of the rock volume, averaging 2 to 4%.  Rock 

fragments include volcanic grains, granite, metaquartzite, quartz-mica schist, chert, siltstone, 

and shale clasts.  Chert is present in small amounts (1 to 2%) in almost all samples.  Volcanic 

grains are commonly andesitic in composition and contain lath-like feldspar crystals in an 

aphanitic groundmass.  Many volcanic grains have undergone alteration and deformation to 

form pseudomatrix.  Alteration of volcanic grains to clay was also common (Figure 17).  

Alteration to clay and dissolution of the feldspar grains also was observed in granitic 

microphanerites.     

 

0.5 mm 

Figure 16. Crossed-polar microphotograph of plagioclase partially altered to 
calcite. Well 572-18Z, depth: 9,165 ft. 
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Accessory Minerals 

Accessory minerals range from less than 1 to 18% of the rock volume, but most 

samples contain 2 to 4%.  These minerals include biotite, muscovite, chlorite, glauconite, 

epidote, pyrite, zircon, garnet, hornblende, rutile, phosphate, apatite, and sphene.  Zircon and 

epidote are fairly persistent trace minerals.  Biotite is by far the most abundant accessory 

mineral and is present in virtually all of the samples in amounts ranging from a trace to 12%.  

Biotite is commonly deformed due to compaction.  Some instances of severe biotite 

deformation show alteration of biotite to clay accompanied by volume expansion (Figure 18).  

0.25 mm 

Figure 17. Volcanic grain altered to clay. Well 788-7Z, depth: 9,754 ft.  
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In some samples chlorite has replaced biotite.  Muscovite is present in smaller amounts 

ranging from a trace to 2% in most of the samples.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Glauconite 

Glauconite is present in more than half of the samples.  Glauconite ranges up to 1% 

of the rock volume but usually occurs in trace amounts.  It occurs most frequently in the form 

of dark green pellets.  Galuconite grains are highly susceptible to compaction and hence are 

commonly observed to be deformed and squeezed between adjacent detrital grains (Figure 

19).  Embayment of glauconite by detrital grains is also very common.      

0.25 mm 

B 

B

Figure 18. Biotite (B) deformed by compaction and altered to clay. Well 788-7Z, 
depth: 9,774.7 ft. 
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Fossils 

 Foraminifera are present in trace amounts in most samples, however no attempts were 

made to identify specific species.  Complete foraminifera sometimes provide shelter porosity 

if they are not filled in with laumontite or pyrite (Figure 20).  In other instances, the 

foraminifera are crushed, thus decreasing porosity.  Foraminifera are more abundant in 

samples containing clay laminations.       

 

 

                   

Figure 19. Glauconite grain deformed and interpenetrated by surrounding detrital 
grains.  Well 572-18Z, depth: 10,235 ft. 

0.25 mm 
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Authigenic Material 

Authigenic minerals result from alteration of detrital material and occur as cements 

and grain replacements.  These include pyrite, calcite, siderite, quartz and feldspar 

overgrowths, pseudomatrix, clays, albite, and laumontite.  Authigenic minerals generally 

constitute about 14% of the sandstone. 

 

Calcite 

Calcite comprises up to 41% in some samples, but typically it ranges from trace 

amounts to 2% of the rock volume.  Two generations of calcite precipitation are 

0.5 mm

Figure 20. Complete foram providing shelter porosity. Pyrite has precipitated 
inside the foram.  Well 572-18Z, depth: 10,818 ft. 
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distinguished based on their distribution and texture.  In samples with abundant calcite 

cement, it forms an early-stage poikilotopic pore-filling cement in large pore spaces between 

floating framework grains, leaving very little to no pore space visible in thin section.  In these 

samples, calcite was observed partially or completely replacing both detrital feldspar and 

quartz grains (Figure 21).  Calcite also occurs as a late-stage cement sporadically disbursed 

throughout the rock, filling pores and partially replacing detrital grains.  The late-stage 

cement fills fractures within detrital grains and replaces older laumontite cement (Figure 22).  

The individual crystals of the late-calcite cement are smaller than the early-calcite and show 

a granular texture.  These calcite crystals sometimes appear murky, containing impurities 

resulting from an incomplete replacement of detrital grains.   

 

 

 

 

 

 

 

 

 

 

 

 

 

0.25 mm 

Figure 21. Poikilotopic calcite cement has occluded pore space and either 
partially or completely replaced framework grains (red arrows). Well 788-7Z, 
depth: 9,768.7 ft. 
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Petrographic evidence suggests that calcite precipitation occurred in two stages.  The 

abundance of floating grains and the fact that ductile grains are rarely deformed in these 

samples indicate that an early-stage calcite cement formed prior to significant compaction.  

This early-stage calcite also crystallized before the formation of clay coats and silicate 

overgrowths.  The early-calcite cementation prevented further diagenetic modifications in 

these samples except for a later stage of detrital grain dissolution.  The late-stage calcite 

precipitation took place after the sandstone had undergone significant compaction and further 

reduction of pore space by the precipitation of authigenic minerals.  The late-calcite stage is 

0.1 mm 

Figure 22. Calcite (C) cement replacement of laumontite (L) cement. Well 788-7Z, 
depth: 9,794.8 ft. 

C 
L
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distinguished by the presence of calcite cement filling fractures, the replacement of 

laumontite cement by calcite and the presence of deformed ductile framework grains.       

 

Quartz and Feldspar Overgrowths 

Authigenic quartz developed mostly as syntaxial overgrowths on detrital quartz grains 

(Figure 23).  Sometimes the detrital host grains and overgrowth are separated by a clay rim, 

probably illite/smectite or chlorite.  Other overgrowths lack any separation from their host 

and are recognized by the presence of euhedral prismatic crystal faces.  Secondary quartz 

was also observed as fracture fillings in detrital quartz grains.  These fractures were produced 

in quartz grains during compaction and are subsequently healed by secondary quartz.  

Authigenic quartz comprises less than 1% of the rock volume.  Feldspar overgrowths were 

occasionally observed as overgrowths on detrital feldspar grains.  Sometimes overgrowths 

showed signs of partial dissolution.  Quartz and feldspar overgrowths were not observed in 

sands cemented by poikilotopic calcite, suggesting that the overgrowths formed after early 

calcite precipitation.  Overgrowths were also observed to be penetrating labile grains, 

indicating that they formed before significant compaction.  The presence of euhedral 

overgrowths in laumontite cement indicates the overgrowths formed prior to laumontite 

cementation.   
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Pseudomatrix 

Pseudomatrix is abundant in a few of the samples but is usually a minor constituent 

that is present in most of the samples.  The amount of pseudomatrix ranges from 0 to 17% of 

the rock volume.  Pseudomatrix was especially common in samples containing deformation 

bands.  Pseudomatrix formed from the physical compaction of lithic grains including 

volcanic grains, shale clasts, and occasionally feldspar grains.  Severely deformed mica 

grains were observed to have been altered into pseudomatrix as well (Figure 24).  In samples 

with abundant pseudomatrix (well 572-18Z) most of the pore space is occluded by the 

0.1 mm 

Q

Q F

Figure 23. Overgrowth with euhedral termination on detrital quartz grain (red 
arrow). The overgrowth also shows partial dissolution, particularly along its contact 
with the detrital grain (blue arrows).  Q = quartz, F = feldspar.  Well 714-17Z, depth: 
9,737.9 ft. 
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pseudomatrix, resulting in very low porosity.  These samples also contain fractures within 

framework grains that have been filled in by the pseudomatrix (Figure 25).  The presence of 

pseudomatrix within the fractures demonstrates that the fractures formed first and that the 

creation of pseudomatrix did not insulate the rocks from additional compaction.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.25 mm 

Figure 24. Biotite grain (arrow) deformed by compaction and altered to pseudomatrix.  
Notice grain dissolution happened after alteration of the biotite grain. Well 788-7Z, 
depth: 9,757.8 ft.  
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Clays 

The authigenic origin of the clay was interpreted using the criteria of Wilson and 

Pittman (1977).  Clay mineral abundance ranges from trace amounts up to 31% of the rock 

volume in sandstone samples, averaging 7% of the rock volume.  Based on optical 

characteristics, the interpreted clay mineral assemblage is usually dominated by kaolinite 

with minor illite, illite/smectite and chlorite.  A few of the samples examined were classified 

as wackes consisting of up to 59% detrital illite-smectite clay.  Authigenic clays make up a 

majority of the total clay within these sands.  Authigenic clays occur as alteration products, 

rims around detrital grains, pore-linings (Figure 26) and pore-filling cement.  Most clay 

0.5 mm 

Figure 25.  Sample with abundant pseudomatrix from crushed grains. Arrows point to 
fractured framework grains.  The presence of pseudomatrix within the fractures 
demonstrates that the fractures formed first and that the pseudomatrix did not insulate 
the rocks from compaction.  Well 572-17Z, depth: 9,165 ft. 
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minerals occur as scattered pore fillings.  The amount of clay cement ranges from trace 

amounts to 19%, averaging 5% of the rock volume.  The amount of clay as alteration 

products range from trace amounts to 8%, averaging 3% of the rock volume.  Samples from 

Well 710-17Z show almost twice as much clay alteration of feldspar and volcanic grains 

(4.8%) compared to the other wells (2.5%).  Clay also commonly occurs as a pseudomatrix 

from altered portions of feldspars and rock fragments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.25 mm 

Pore-lining clay 

Figure 26.  Clay mineral, probably chlorite, lining pore space. Well 714-17Z, 
depth: 9,708.1 ft.  
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Kaolinite* occurs as pore-lining and pore-filling cement and as a product of feldspar 

grain alteration (Figure 27).  It is also commonly associated with feldspar dissolution. 

Kaolinite usually forms irregularly distributed masses, completely filling a pore space while 

adjacent pore spaces contain no kaolinite (Figure 28).  Kaolinite also occasionally occurs as 

booklets composed of stacked pseudohexagonal platelets.  Some kaolinite cement 

precipitated before significant framework grain dissolution as suggested by kaolinite 

precipitation adjacent to secondary pore space.  While kaolinite mostly replaces feldspar 

grains and laumontite cement, in a few cases it is also found to replace rock fragments.  

Kaolinite volumes range from trace amounts to 14%, averaging 6% of the rock volume.  The 

data suggest a slight decrease of kaolinite volume with depth (Figure 29).    

 

 

 

 

 

 

 

 

 

 

* Recent preliminary work on the chemistry of the kaolinite reveals the presence of 

potassium (R. Horton, personal communication) suggesting that kaolinite in these sands is 

undergoing transition to illite/smectite.  
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0.25 mm 
Figure 27.  Feldspar grain replaced by kaolinite. Notice presence of microporosity 
within the kaolinite. Well 788-7Z, depth: 9,754 ft.  

Kaolinite

0.25 mm 

Figure 28. Kaolinite cement occluding random pore spaces.  Notice grain dissolution 
took place after kaolinite precipitation. Well 714-17Z, depth: 9,708.1 ft. 
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Illite-smectite occurs as pore-linings (Figure 30), pseudomatrix, and pore-filling 

cement.  Occasionally it occurs as clay rims on detrital grains, separating them from 

overgrowths.  It is also seen as the product of detrital grain alteration.  Illite-smectite is 

present in minor amounts in most samples.  However, illite-smectite content is higher in 

Figure 29. Plot of kaolinite volume vs. depth showing a slight decrease in 
kaolinite volume with increasing depth.  
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wacke samples, clay laminated samples, and samples with abundant biotite.  Biotite was 

commonly observed as altering to illite-smectite clay.  Illite-smectite volumes are as high as 

59% in wacke samples and 8% in arenite samples.   

 

 

 

 

Chlorite mainly occurs as alteration products of biotite and volcanic grains.  It also 

occurs as thin discontinuous rims on framework grains. Chlorite abundance never exceeds 

3% of rock volume. 

 
Laumontite 

 
Laumontite varies in abundance from trace amounts to 12% of the rock volume. It 

occurs as intergranular cement, replaces grains, particularly plagioclase (Figure 31), and fills 

Figure 30. SEM photo of illite-smectite clay lining a pore. Well 788-7Z,  
depth: 9,794.2 ft.   
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fractures.  Laumontite cements typically occur as optically clear, large poikilotopic patches, 

with well-developed cleavage and undulatory extinction.  The cement is sometimes optically 

continuous with laumontite replacing detrital plagioclase.  Where laumontite cement is 

extensive, it occludes all visible porosity (Figure 32).  Laumontite cement also fills fractures 

and intragranular pore spaces within detrital plagioclase and potassium feldspar grains, and 

replacement of detrital plagioclase by laumontite or a mixture of laumontite and albite is 

common.  Laumontite also fills through-going fractures to form veins.  In some cases veins 

contain only laumontite whereas in other cases the veins contain scattered inclusions of 

detrital grains (Figure 33) in addition to the laumontite.  Laumontite cementation in open 

fractures in the rock and filling fractures within detrital grains suggests laumontite 

precipitation is a late-stage diagenetic event.  Occasionally authigenic silicate overgrowths 

line pore spaces occluded by laumontite cement, also suggesting its later genesis. 

 

 

 

 

 

 

 

 

 

 

 
0.25 mm 

Figure 31. Laumontite cement partially replaced a plagioclase grain.  Well 710-17Z, 
depth: 9,224.7 ft. 



 57

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.25 mm 

L
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P

Q
Figure 32. Laumontite cement has occluded pore space and partially replaced 
framework grains (arrows). L = Laumontite, C = calcite, Q = quartz, P = plagioclase.  
Well 710-17Z, depth: 9,230.7 ft. 

1.0 mm 

Figure 33. Laumontite cement filling a fracture with scattered inclusions of detrital 
grains.  Well 714-17Z, depth: 9,737.9 ft. 
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Laumontite is partly dissolved or altered to kaolinite in some places (Figure 34).  It 

was also observed as being replaced by calcite (Figure 22).  Areas with abundant laumontite 

cement contain more floating framework grains as compared to other surrounding areas that 

lack laumontite cement, indicating that laumontite precipitated prior to maximum 

compaction.  A major period of detrital grain dissolution occurred after laumontite 

cementation, as seen by moldic pores within laumontite cement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

There appears to be no trend of increasing or decreasing laumontite content with 

depth.  The data do indicate however that samples from Well 710-17Z on the crest of the 

structure have lower amounts of laumontite (<1%) compared to the other wells (4%).  This 

suggests that laumontite is more abundant on the flanks of the structure relative to the crest.         

0.25 mm 

L Kao

Q

F 

Figure 34. Laumontite partially altered to kaolinite. L = laumontite, Kao = kaolinite, 
Q = quartz, F = feldspar. Well 788-7Z, depth: 9,754.9 ft. 
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Albite 

Diagenetic albite occurs most commonly replacing plagioclase; however, albitization 

of potassium feldspar was also observed.  SEM-EDS analyses indicate that approximately 

80% of calcic plagioclase grains have been albitized.  Under the standard optical microscope, 

albitized feldspar grains appear untwinned and murky brown due to the abundance of minute 

“dusty” inclusions as described by Boles (1982).  Partially albitized plagioclase and 

potassium feldspar grains are recognized under the optical microscope by the appearance of 

discontinuous blocky to tabular extinction patterns (Figure 35) similar to those reported by 

several workers (Saigal et al. 1988; Gold 1987) whereas completely albitized grains show 

uniform extinction.  This extinction pattern is caused by adjacent domains with different 

chemical compositions and hence a difference in molecular structure (Milliken, 1988; Gold, 

1987).  The difference in molecular structure causes contrasts in optical properties and thus 

causes these extinction patterns (Gold, 1987).   

 

 

 

 

 

 

 

 

 

 

0.5 mm 

Figure 35. Cross-polar microphotograph of partially albitized plagioclase grain 
showing blocky extinction pattern (arrows). Well 788-7Z, depth: 9,225.1 ft. 
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SEM back-scattered electron images highlighting atomic number contrasts are useful 

in identifying partially albitized potassium feldspar grains.  Domains of pure albite are 

represented by darker shades of gray, while relict potassium feldspar domains are represented 

by lighter shades of gray.  The albitized domains tend to be tabular in shape and are aligned 

along cleavage planes and fractures.  The compositional contrast illustrated by back-scattered 

images was verified with energy-dispersive x-ray analysis.        

Authigenic albite forms a variety of textures which have been divided into the 

following types:   

  I) Numerous small albite crystals growing within leached feldspar grains (Figure 36).  

These crystals commonly show preferential orientation as indicated by growth 

parallel to the cleavage planes of the original grain. 

 II) Pseudomorphic replacement of detrital feldspar by blocky albite crystals (Figure 37).    

Albite crystals are fewer in number but larger in size than those in type I.  Grains that 

show this type of texture contain abundant small inclusions and lack large scale intra-  

          granular porosity.        

III)    Albitization occurs along fractures within detrital grains (Figure 38).  This is due to 

the fractures in the feldspar grains providing a pathway for fluids rich in sodium to 

migrate into the interior of the grain to albitize fresh surfaces.  Sketetal-albite fracture 

fills were observed as remnants in some leached plagioclase grains, indicating that 

albitization predates feldspar leaching.      

IV)    Albite occurs as overgrowths on detrital feldspar grains and as pore-filling cement 

(Figure 39).  The albite of this type is clear and lacks inclusions that are common in 

type II albitization.  Albite is observed to have healed intragranular porosity within 
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plagioclase grains.  Albite pore-filing cement abundance never exceeds 1% of the 

rock volume. 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. SEM photo of tiny albite crystals growing within K-feldspar grain.  Albite 
shows growth parallel to cleavage plane of the original grain (arrows).  
Well 788-7Z, depth: 9,765.7 ft.  



 62

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. SEM photo showing pseudomorphic replacement of detrital K-feldspar by 
blocky albite. Well 714-17Z, depth: 9,737.9 ft.  

Figure 38. SEM photo showing albitization occurring along fracture within a detrital  
K-feldspar grain. Well 788-7Z, depth: 9,765.7 ft.    



 63

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pyrite 

 Pyrite occurs as very small, often euhedral, crystals scattered throughout the rock and 

as minor cement.  It also very commonly takes the form of euhedral crystals partly replacing 

biotite (Figure 40), clay, or shale fragments.  Additionally, pyrite occurs as small framboids 

(Figure 41) throughout the rock or forms in the interior of foram tests (Figure 20).  Pyrite 

content ranges from trace amounts to 8%, averaging 1% of the rock volume.   

 

 

 

0.2 mm 

Albite cement 
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K

L

Figure 39. Albite occurring as pore-filling cement.  L = laumontite, K = K-feldspar, 
Q = quartz.  Well 572-18Z, depth: 10,235 ft. 
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0.25 mm 

Figure 40. Pyrite (arrows) within cleavage planes of a biotite grain. Well 714-
17Z, depth: 9,716.1 ft. 

Figure 41. SEM photo of framboidal pyrite. Well 788-7Z, depth: 9,794.2 ft.   
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Siderite 

Siderite is present in very small amounts in most samples, ranging from trace 

amounts up to 1%.  Siderite commonly occurs as coatings around detrital grains. In some 

cases subsequent dissolution of the detrital grain results in a remnant siderite rim that 

preserves the former presence of the dissolved grain (Figure 42). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Petroleum 

 Hydrocarbons are present in most samples.  Hydrocarbons occupy available scattered 

pore spaces.  It was observed that some framework grain dissolution took place after 

hydrocarbon migration.    

0.25 mm 

Figure 42. Siderite occurring as a coating around a detrital grain that later dissolved after 
significant compaction, leaving behind remnant siderite that preserves the former presence 
of the dissolved grain. Well 714-17Z, depth: 9,716.1 ft.  
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Compaction 

Textural observations reveal that the Point of Rocks sands are well compacted.  

Except in calcite-cemented samples, floating grains and point contacts are rare whereas long 

and embayed contacts are very abundant in the samples examined (Figures 43a, b).  Sutured 

grain contacts and fractured grains are also common.  Deformed ductile grains are abundant, 

frequently bent and distorted around detrital quartz and feldspar grains.  These ductile grains 

are commonly altered to pseudomatrix that fills adjacent intergranular pore throats in 

between framework grains, thus decreasing porosity and permeability (Figures 18 and 24).  

Intergranular pressure-induced dissolution is evident by the sutured contacts between quartz 

grains.  Grain fracturing is also evidence of significant compaction (Figure 44).  These 

observations in thin section suggest that the Point of Rock sands are tightly compacted.  

 

 

 

 

 

 

 

 

 

 

 

 

0.5 mm 

Figure 43a. Photomicrograph showing compaction of the Point of 
Rocks sands.  Arrows point to long and embayed contacts which indicate 
well compacted sands. Well: 788-7Z, depth: 9,762.6 ft. 
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0.5 mm 
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Figure 43b. Typical texture of the Point of Rocks sands.  Arrows point 
to deformed ductile grain (D) and to long (L), embayed (E), and sutured 
(S) contacts which indicate well compacted sands. Well 714-17Z, depth: 
9,696.6 ft. 
 
 

1.0 mm 

Figure 44. Fractured quartz grains indicating significant compaction.  
Well 572-18Z, depth: 9,688 ft.  

L
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Contact index (CI = average number of contacts per grain) and tight-packing index 

(TPI = average number of long, interpenetrating, and sutured contacts per grain) data were 

collected from samples based on the criteria of Wilson and McBride (1988).  These packing-

indicator data are displayed in Tables 5, 6, 7 and 8.  Both CI and TPI are highly dependent on 

sorting and grain size (Harrell, 1981).  Therefore compaction data for samples with poor 

sorting, small grain size, and abundant (>20%) cement and ductile grains were either not 

collected or not used in the analysis.  Also, samples with a substantial amount of deformed 

grains caused uncertainty in the original grain boundaries and as a result these samples were 

not used.  The average contact index is 4.54 when including calcite cemented samples and 

4.80 when calcite samples are excluded.  The average tight-packing index is 2.84 with calcite 

and 3.08 without calcite.  Although both sets of data contain abundant scatter with linear 

regression lines that contain poor linear regression correlation coefficient “R” values, 

especially in TPI, there appears to be an overall visual trend of increasing CI and TPI with 

depth (Figures 45 and 46).   
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Figure 45.  Plot of contact index vs. depth for samples with less than 20% 
calcite cement or clay and ductile grains.  While the linear regression line 
contains a poor linear regression correlation coefficient “R” value, there appears 
to be an overall visual trend of increasing CI with depth. 

R = 0.25 
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The total amount of porosity lost due to compaction (COPL) and cementation (CEPL) 

were calculated following the methods of Ehrenberg (1989): 

                             COPL  =  Original ø  –  (100 × IGV) – (Original ø × IGV) 
            (100 – IGV)   
 
Where IGV = Intergranular volume 
  

Figure 46.  Plot of tight-packing index vs. depth for samples with less than 20% 
calcite cement or clay and ductile grains.  While the linear regression line contains a 
poor linear regression correlation coefficient “R” value, there appears to be an overall 
visual trend of increasing TPI with depth. 
 
 

R = 0.22 
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                              CEPL = (Original ø  –  COPL) ×  CEM  
                              IGV  
 
Where CEM is the volume percent intergranular cement 

These two equations provide a quantitative method for measuring the magnitudes of 

compactional and cementational porosity loss.  All the values in these two equations are in 

percentage of rock volume.  The intent is to make a reasonably quantitative assessment of the 

importance of compaction to sandstone porosity loss in general, not to make the most 

accurate possible estimate of compaction in individual samples.  The original porosity of the 

Point of Rocks sands is unknown and therefore it has to be assumed.  The average original 

porosity for well sorted beach, dune, and river sands range from 40 to 58% (Atkins and 

McBride, 1992).   For this exercise, an initial porosity of 47% has been assumed based on the 

average initial porosity of beach sands found by Atkins and McBride (1992).  The amount of 

porosity lost by compactional processes ranges from 11% in the calcite cemented samples to 

45% in the uncemented samples, averaging 37%.  The amount of porosity lost by 

cementation ranges from less than 1% to 36%, averaging 7%.  Figure 47 displays the relative 

effects of compaction and cementation on the reservoir quality of the sandstone.  This 

diagram illustrates whether compaction or cementation has been more influential to 

intergranular porosity reduction.  This method does not show the impact of secondary 

porosity created by dissolution.  It is clear from the diagram that the majority of samples 

have lost more porosity due to compaction than through cementation.  The samples with high 

CEPL values (>15%) were affected by carbonate cementation during earlier burial.  No 

obvious trends exist in compaction data among the wells, indicating that there is not a 

significant difference in compaction effects on the flanks of the Point of Rocks structure 

relative to the crest.             
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Cementation 

Figure 48 shows a plot of the cement volume versus depth for the examined samples.  

There is considerable scatter of the data due to variation in calcite and laumontite cement.  

The data do not seem to show a trend of cement volume with depth.  The average cement 

Figure 47.  Plot of porosity loss due to compaction vs. porosity loss due to 
cementation.  The plot shows compaction has had a stronger influence on porosity loss 
relative to cementation.    
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volume in well 710-17Z on the crest is moderately less (5%) than the average cement volume 

in the other wells (10%).  Laumontite is more abundant in the flank well samples (4%) 

compared to the crest (<1%). 
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Figure 48. Plot of cement volume percent vs. depth.  Most of the 
samples contain less than 15% cement.   
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Deformation Bands 

Deformation bands are sub-planar structures that can vary in thickness but are usually 

around 1 mm thick.  They can accommodate small amounts of displacement (up to a few cm) 

(Antonellini and Aydin, 1994).  The central zone of the deformation band generally has very 

low porosity and permeability and is surrounded by a zone of compacted grains which 

probably represents a preceding (pre-catacasis) stage (Fossen and Hesthammer, 1998).  

Fracturing and displacement of grains, distortion of the matrix, and reduction in pore volume 

together causes permanent deformation (Aydin and Johnson, 1983).   

Deformation bands are recognized in thin section as linear zones of grain deformation 

and porosity reduction without containing a clearly defined slip surface.  They are 

characterized by a central zone of smaller grains formed by mechanical fracturing of the 

original grains (Fossen and Hesthammer, 1998).  This, in turn, dramatically reduces the pore 

space within the zone of deformation.  Depending on the type of deformation band, these 

structures can cause an increase in porosity (dilation band) or decrease in porosity 

(compaction band).   

Deformation bands were observed in some of the thin sections examined in this study.  

A majority of these deformation bands are compaction bands.  Within the observed 

compaction bands, reduction in both grain size and sorting caused a significant decrease in 

porosity and permeability (Figure 49).  The pore spaces within the examined deformation 

bands are filled in with psuedomatrix, clay, or laumontite cement. 
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Porosity  

Thin-section porosity ranges from 3 to 17% of the rock volume with an average of 

8%.  It is highly variable both among the examined samples and also within individual 

samples.  Although showing considerable variation between samples from any narrow depth 

range, there is a general visual trend of decreasing porosity with increasing depth (Figure 50).  

Only samples with less than 10% calcite cement or clay and ductile grains were used in the 

analysis.  Porosity data observed in Well 788-7Z show lower values compared to the other 

wells.  The reason for the anomalous low thin-section porosities observed in Well 788-7Z is 

unclear but it may be a result of sample bias since more samples came from Wells 788-7Z 

0.5 mm 

Deformation Band 

Figure 49. Deformation bands are characterized by a central zone of smaller grains 
formed by mechanical fracturing of the original grains. Well 714-17Z, depth: 9,696.6 ft.  
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and 714-17Z compared to Wells 710-17Z and 572-18Z.  Intergranular porosity averages 5% 

and intragranular porosity averages 2% of the rock volume.  Intragranular porosity forms an 

average of 32% of the total porosity.  The data presented in Figure 50 suggest that the crest 

of the Point of Rocks structure (represented by Well 710-17Z), has higher porosity on 

average than the flanks (represented by Wells 714-17Z, 788-7Z, and 572-18Z).      
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 Figure 50.  Plot of total porosity vs. depth for samples with less than 10% calcite 
cement or clay and ductile grains.  Total porosity decreases with depth as shown by 
the linear regression line (blue) and the overall visual trend (light gray). The 
anomalous low thin-section porosities observed in Well 788-7Z are discussed in the 
text.   

R = 0.47 
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Although intragranular porosity is usually secondary, intergranular porosity may be 

either primary or secondary in origin.  Further, secondary intergranular porosity commonly 

mimics primary intergranular porosity.  Schmidt and McDonald (1979) and Shanmugan 

(1985) have developed criteria for distinguishing secondary porosity from primary porosity, 

and these criteria were used in the present study.  These included framework-grain-

dissolution textures such as partial dissolution, intragranular pores, etched grain margins, 

moldic pores, inhomogeneous packing, oversize and elongate pores, and fractures.  

Petrograhic observations suggest that some secondary porosity may have been destroyed by 

subsequent compaction. 

The bulk of secondary porosity is due to dissolution of framework grains, but 

authigenic-cement dissolution has also occurred.  In many instances an entire grain has 

dissolved, but more common are pores formed by partial dissolution of framework silicate 

grains.  Feldspar and volcanic grains were most susceptible to dissolution but quartz grains 

also show significant dissolution, mainly along grain edges.  Dissolution of feldspar grains 

usually occurs along a fracture in the grain or parallel to cleavages (Figure 51).  The fractures 

or cleavages served as conduits for reactive fluids (Helmond and van de Kamp, 1984).  For 

the most part, the observed framework-grain-dissolution postdates early burial compaction 

and calcite cementation because remnants of leached feldspar grains retain their delicate 

skeletal structures (Figure 52).   
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Figure 51. Partially dissolved plagioclase (P) and K-feldspar (K) grains. Dissolution 
of feldspar grains usually occurs along a fracture in the grain or parallel to cleavage 
plains. Well 714-17Z, depth: 9,713.9 ft. 

Figure 52. Partial dissolution of feldspar grain. Well 714-17Z, depth: 9,701.8 ft. 
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Etched grain margins were observed among both feldspar and quartz grains.  

Authigenic quartz and feldspar overgrowths were sometimes found to be corroded, 

suggesting that major dissolution took place after overgrowth formation.  Grain-edge 

dissolution caused an increase in permeability in some areas where compaction had 

destroyed a majority of primary porosity and permeability.   

 Moldic porosity is very common.  This type of porosity is most abundant in highly 

compacted or cemented areas.  These pores form where feldspar, rock fragments, or other 

grains completely dissolved leaving an obvious grain-size and shape pore.  This process often 

leaves behind some insoluble material surrounding the dissolved grain such as authigenic 

cement or a clay rim as the only evidence of the grain’s former existence (Figure 53).  

 

 

 

 

 

 

 

 

 

 

 

 

 

0.25 mm 

Figure 53. Moldic pore formed where an entire grain was dissolved leaving behind a 
clay rim as the only evidence of its former existence.  Well 788-7Z, depth: 9,701.8 ft.    
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 Oversized pores are fairly common, especially in samples taken from well 710-17Z 

on the crest.  These pores tend to have significantly larger diameters than adjacent framework 

grains (Figure 54).  Generally it is not possible to determine the mineral or minerals that 

dissolved to form the pore space.  The preservation of oversized pores indicates that 

dissolution occurred relatively late in the diagenetic history, otherwise they would have been 

destroyed by subsequent compaction and grain rearrangement.   

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 54. Oversized pores surrounded by tightly compacted detrital grains. Well 572-
18Z, depth: 9,688 ft.    

0.5 mm 
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Fracture porosity occurs within grains and as open rock fractures extending through 

the thin section (Figure 55a).  The common occurrence of laumontite or calcite cement 

within some through-going fractures suggests that fractures served as pathways for migrating 

pore fluids (Figure 55b).  In some instances fracture porosity was eliminated by laumontite 

cement precipitation and then re-opened by subsequent dissolution of the laumontite. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.5 mm 

Figure 55a. Open rock fracture extending through the thin section.  Well 788-7Z, 
depth: 9,794.8 ft.    
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Shelter porosity is present within undeformed foraminifera shells.  This type of 

porosity is rare in the samples studied and commonly has been filled with pyrite cement 

(Figure 20).  In many cases shelter porosity was destroyed as the forams were crushed due to 

compaction.  

Inhomogeneous packing is common in these samples.  This type of porosity is formed 

by the uneven distribution of cement, leading to a higher degree of compaction in the 

uncemented area (Schmidt and McDonald, 1979).  The cement that protected the other areas 

from compaction later dissolved, leaving behind areas with higher porosity and floating 

grains (Schmidt and McDonald, 1979). 

0.5 mm 

Figure 55b.  Fracture filled in by laumontite (L) cement, indicating that the fracture 
served as a pathway for migrating pore fluids.  Well 714-17Z, depth: 9,740.2 ft.    
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Dissolution pathways are present, particularly in deeper and highly compacted 

samples that contain very little pore space (Figure 56).  These areas of higher permeability 

served as avenues for migrating pore fluids.  While compaction greatly reduced porosity and 

permeability in the sands, the migrating pore fluids later created secondary porosity thereby 

forming zones of higher permeability.  Once begun, the higher permeability allowed 

increased fluid flow and dissolution; thus this process should have been self-accelerating 

(Hayes, 1979). 

 

 

 

 

 

Figure 56. SEM photo of a dissolution pathway. Porosity shows as black in the 
photo. The dissolution pathway provides an avenue for migrating pore fluids. Well 
788-7Z, depth: 9,754 ft.    

Dissolution 
pathway 
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Figure 57 shows a plot of secondary porosity as a percentage of total porosity plotted 

against depth.  Less than 28% of the total porosity is primary.  Secondary porosity constitutes 

the remaining percent of the total porosity.  The data suggest that most primary porosity was 

destroyed by compaction and cementation.  Figure 58 shows the amount of secondary 

porosity that formed by dissolution of plagioclase plotted against depth.  There is a general 

trend of decreasing plagioclase-dissolution porosity with increasing depth that mirrors the 

trend of decreasing thin-section porosity with increasing depth (Figure 50).  Data indicate a 

slightly higher amount of plagioclase has been dissolved in samples from well 710-7Z (4%) 

compared to samples taken from the other wells (<2%).  Data do not show a difference 

(between wells nor with increasing depth) in the amount of porosity formed by potassium 

feldspar dissolution. 
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Figure 57.  Plot of secondary porosity as a percentage of total porosity plotted against 
depth.  Less than 28% of the total porosity in these samples is primary. 
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SEM-EDS Data 

 SEM-EDS data from three samples are presented in Appendix B and summarized in 

Tables 9 and 10.  A total of seventy-seven (77) feldspar grains were analyzed for Si, Al, Na, 

Ca, and K.  Forty-five (45) of these grains are potassium feldspar and thirty-two (32) of these 

Figure 58. Plot of percent dissolved plagioclase volume vs. depth show a general 
visual trend of decreasing plagioclase-dissolution porosity (light gray). 



 87

are plagioclase.  Very few calcium-rich plagioclase grains remain in these samples.  Of the 

thirty-two (32) plagioclase grains, the data indicate that approximately 80% have been  

albitized.  An additional thirty-eight (38) analyses were made on albitized portions of 

partially albitized potassium feldspar grains to check for any variability in albite 

composition.  Figure 59 is a ternary diagram of the feldspar grain compositions along with 

the compositions of the albitized portions of the potassium feldspar grains.  Potassium  

feldspars typically contain less than 10% sodium, although a few grains analyzed contain 

significantly higher percentages.  Plagioclase feldspars range from andesine to albite with a 

majority of the grains having a composition of An < 3%.  Albitized plagioclase grains 

contain an average composition of Ab98.9 An1.0 Or0.1.  The albitized regions within partially 

albitized K-feldspar grains typically contain more calcium (average Ab93.9 An4.1 Or2.0, 

although some of the samples contain significantly higher percentages) indicating that a 

difference in albite purity exists between albitized plagioclase and partially albitized 

potassium feldspar.            
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Table 9a. SEM-EDS analyses of feldspar grains in sample 9765.7 of Well 788-7Z. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Sample No. Albite Anorthite Orthoclase 
9765.7_1_19 60.90 39.10 0.00 
9765.7_2_9 6.55 0.00 93.45 
9765.7_2_10 100.00 0.00 0.00 
9765.7_3_3 100.00 0.00 0.00 
9765.7_3_6 13.64 0.00 86.36 
9765.7_3_7 100.00 0.00 0.00 
9765.7_3_8 100.00 0.00 0.00 
9765.7_3_9 6.41 0.00 93.59 
9765.7_3_10 7.46 0.00 92.54 
9765.7_3_11 9.09 0.00 90.91 
9765.7_3_14 7.29 0.00 92.71 
9765.7_3_17 11.00 0.00 89.00 
9765.7_3_18 8.39 0.00 91.61 
9765.7_3_19 91.94 0.00 8.06 
9765.7_3_20 98.43 1.57 0.00 
9765.7_3_21 70.38 29.62 0.00 
9765.7_3_22 98.40 1.61 0.00 
9765.7_3_24 98.77 1.23 0.00 
9765.7_3_25 98.47 1.53 0.00 
9765.7_3_26 55.54 44.46 0.00 
9765.7_4_1 5.84 0.00 94.16 
9765.7_4_3 6.87 0.00 93.13 
9765.7_5_3 10.56 0.00 89.44 
9765.7_5_5 4.08 0.00 95.92 
9765.7_5_10 0.00 0.00 100.00 
9765.7_5_14 6.47 0.00 93.54 
9765.7_5_16 100.00 0.00 0.00 
9765.7_6_7 97.95 2.05 0.00 
9765.7_6_11 6.34 0.00 93.66 
9765.7_7_4 7.80 0.00 92.20 
9765.7_7_5 98.41 1.59 0.00 
9765.7_7_6 5.75 0.00 94.25 
9765.7_8_10 9.45 0.00 90.55 



 89

Table 9b. SEM-EDS analyses of feldspar grains in sample 9737.9 of Well 714-17Z. 
 

 

 

 

 

 

 

 

 

 

 
Table 9c. SEM-EDS analyses of feldspar grains in sample 9794.2 of Well 788-7Z. 
 

  

 

 

 

 

 

 

 

 

 

 

Sample No. Albite Anorthite Orthoclase 
9737.9_2_1 7.93 0.00 92.07 
9737.9_2_2 100.00 0.00 0.00 
9737.9_2_4 100.00 0.00 0.00 
9737.9_2_8 3.30 0.00 96.70 
9737.9_2_10 97.78 2.22 0.00 
9737.9_2_11 8.45 0.00 91.55 
9737.9_2_12 0.00 0.00 100.00 
9737.9_3_1 78.85 21.15 0.00 
9737.9_3_8 13.79 0.00 86.21 
9737.9_3_10 6.21 0.00 93.79 
9737.9_3_12 98.29 1.71 0.00 
9737.9_4_2 6.39 0.00 93.61 
9737.9_4_6 3.10 0.00 96.90 
9737.9_4_9 100.00 0.00 0.00 
9737.9_4_10 97.15 1.59 1.27 
9737.9_4_13 100.00 0.00 0.00 
9737.9_5_4 1.75 0.00 98.25 
9737.9_5_7 98.78 1.22 0.00 
9737.9_5_9 3.20 0.00 96.80 
9737.9_5_12 1.78 0.00 98.22 

Sample No. Albite Anorthite Orthoclase 
9794.2_2_6 3.41 0.00 96.59 
9794.2_4_2 9.40 0.00 90.60 
9794.2_4_5 82.73 15.30 1.97 
9794.2_4_7 98.45 1.55 0.00 
9794.2_4_8 5.26 0.00 94.74 
9794.2_4_9 8.87 0.00 91.13 
9794.2_6_1 5.68 0.00 94.32 
9794.2_6_6 13.99 0.00 86.01 
9794.2_6_7 39.23 0.00 60.77 
9794.2_6_10 100.00 0.00 0.00 
9794.2_6_14 98.01 1.99 0.00 
9794.2_6_15 5.21 0.00 94.79 
9794.2_6_17 8.59 0.00 91.41 
9794.2_6_18 5.87 0.00 94.13 
9794.2_6_24 4.06 0.00 95.94 
9794.2_6_27 0.00 0.00 100.00 
9794.2_6_29 6.05 0.00 93.95 
9794.2_6_30 5.92 0.00 94.08 
9794.2_8_3 6.93 0.00 93.07 
9794.2_9_2 97.63 2.37 0.00 
9794.2_10_2 97.72 2.28 0.00 
9794.2_10_8 100.00 0.00 0.00 
9794.2_10_9 98.17 1.83 0.00 
9794.2_10_4 86.43 11.12 2.44 
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Table 10. SEM-EDS analyses of albitized portions of potassium feldspar grains. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample No. Albite Anorthite Orthoclase
9765.7_2_1 81.65 4.43 13.91 
9765.7_2_2 94.50 4.09 1.42 
9765.7_2_3 96.89 2.02 1.09 
9765.7_3_12 91.97 4.42 3.61 
9765.7_4_2 95.58 1.90 2.53 
9765.7_4_8 97.59 0.00 2.42 
9765.7_4_10 94.55 5.45 0.00 
9765.7_5_2 67.82 0.00 32.18 
9765.7_5_6 93.41 6.59 0.00 
9765.7_5_9 94.26 5.75 0.00 
9765.7_6_2 94.39 5.61 0.00 
9765.7_6_4 94.24 5.76 0.00 
9765.7_6_5 97.28 2.72 0.00 
9765.7_6_6 92.24 7.76 0.00 
9765.7_6_9 93.73 6.27 0.00 
9765.7_6_10 95.21 4.79 0.00 
9765.7_7_1 97.07 2.93 0.00 
9765.7_7_2 94.69 2.88 2.43 
9765.7_7_3 97.94 2.06 0.00 
9765.7_8_2 94.67 3.86 1.45 
9765.7_8_6 95.97 4.03 0.00 
9794.2_2_2 96.92 3.08 0.00 
9794.2_2_3 97.55 2.45 0.00 
9794.2_2_4 97.58 2.42 0.00 
9794.2_2_5 97.87 2.13 0.00 
9794.2_2_8 93.48 2.73 3.79 
9794.2_4_1 83.63 16.37 0.00 
9794.2_4_3 85.30 14.70 0.00 
9794.2_4_4 97.41 0.00 2.59 
9794.2_8_1 100.00 0.00 0.00 
9794.2_8_2 96.93 1.54 1.54 
9737.9_3_4 93.25 6.75 0.00 
9737.9_3_6 96.34 3.66 0.00 
9737.9_3_9 93.41 6.60 0.00 
9737.9_3_11 93.77 4.98 1.25 
9737.9_4_3 96.85 1.66 1.49 
9737.9_4_7 95.23 3.00 1.77 
9737.9_4_14 97.59 0.00 2.41 
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Mass Balance Calculations 

 Mass transfer of aluminum was investigated by comparing the volumes of kaolinite 

and laumontite present to the volume of kaolinite and laumontite predicted if all aluminum 

released during dissolution and albitization of feldspars went into forming these minerals.  

Mass balance calculations for three different kaolinite microporosity assumptions are given 

in Appendix D and displayed in Figures 60a, b, and c.  Assumptions for mass-balance 

calculations were conservative and based on previous work (Hanson, 1998; R.A. Horton, 

Figure 59. Ternary plot of feldspar composition. Red circles are the feldspar grains. Blue 
circles are albite compositions within partially albitized K-feldspar grains. 
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personal communication) in other areas of the San Joaquin basin.  If the volume of 

microporosity within kaolinite is assumed to be 0%, the calculations suggest net import of 

aluminum (Figure 60a).  If the volume of microporosity within kaolinite is assumed to be 

20%, the calculations suggest conservation of aluminum (Figure 60b).  However, if the 

microporosity is assumed to be 30%, which is more conservative and more likely, the 

calculations suggest net export of aluminum on the scale of a thin section (Figure 60c).  The 

majority of the data plot below the equal value line, indicating that for these samples, there is 

less kaolinite and laumontite present than can be accounted for by the observed dissolution 

and albitization of feldspar.  The assumption made for the volume of microporosity within 

kaolinite is probably a little low based on limited SEM analyses.  The assumption made on 

amount of plagioclase dissolution is conservative since pores produced through plagioclase 

dissolution could have been present at one time but destroyed due to subsequent collapse 

during compaction.   
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Figure 60a. Plot of feldspar dissolution and albitization vs. kaolinite volume assuming 
0% microporosity. The dots are arenites and the triangles are wackes. Most of the data 
plot above the equal value line, indicating a net import of aluminum.  



 94

0 10 20 30 40 50

Feldspar Dissolution and Albitization (Vol. %)

0

10

20

30

40

50

K
ao

lin
ite

 (V
ol

. %
)

Aluminum Mass Balance: Microporosity = 20%
Well 710-17Z
Well 714-17Z
Well 788-7Z
Well 572-18Z

 

 

 

 

 

Figure 60b. Plot of feldspar dissolution and albitization vs. kaolinite volume assuming 
20% microporosity. The dots are arenites and the triangles are wackes. The data plot 
equally above and below the equal value line, suggesting conservation of aluminum 
among these samples.  
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Figure 60c. Plot of feldspar dissolution and albitization vs. kaolinite volume assuming 
30% microporosity. The dots are arenites and the triangles are wackes. The majority of 
the data plot below the equal value line, indicating a net export of aluminum.  
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DISCUSSION 

Diagenesis is defined as all the physical and chemical changes that sediments undergo 

after initial deposition (Ali, 1981).  Diagenetic processes that affect sandstones include 

compaction, grain alteration, precipitation of pore-filling cement, and dissolution of grain 

material or cement.  These diagenetic processes can drastically affect the porosity and 

permeability of potential hydrocarbon reservoirs through the mechanical deformation of 

grains by compaction, the dissolution of detrital or authigenic materials, and/or precipitation 

of authigenic minerals.  Since the amount of porosity and permeability determine reservoir 

quality, the diagenetic history of a sandstone greatly influences its potential to serve as a 

reservoir for producible hydrocarbons.  Factors that influence burial diagenesis include 

depositional environment, detrital mineralogy, pore-water chemistry, hydrology, temperature, 

and pressure (Hayes and Boles, 1992).   

Provenance, depositional environment, and tectonic setting all contribute to 

determining the path of sandstone diagenesis (Hayes, 1979; McBride, 1987).  Sandstone 

diagenesis involves many complex chemical reactions between minerals and migrating pore 

fluids.  Detrital mineralogy and fluid flow control the composition, amount, and distribution 

of authigenic and dissolved minerals.  In turn, detrital mineralogy and fluid flow are 

influenced by provenance rock composition and depositional environment, which are 

ultimately governed by tectonics.  Provenance determines the starting material for which 

diagenetic processes act on.  The granitic terrain of the Salinian block provided the arkosic 

sediments of the Point of Rocks Sandstone (Clarke, 1973), which contain relatively unstable 

feldspar grains susceptible to alteration and dissolution.  The presence of authigenic 

laumontite and kaolinite in these samples is attributed to the albitization and dissolution of 
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feldspars.  Volcanic grains are one of the most common lithic fragments present in the Point 

of Rocks Sandstone.  Since volcanic rocks contain minerals or glass that crystallized at high 

temperatures, these grains are highly unstable during diagenesis and have a tendency to alter 

into clay or zeolite minerals.  Detrital mineralogy also determines the amount of porosity loss 

due to compaction.  Sands with chemically and mechanically unstable grains such as 

volcanic-rock fragments and other ductile grains will be compacted more severely than sands 

composed of more stable grains (Dickinson, 1970; Hayes, 1979; Wilson and McBride, 1988).  

Biotite may also deform and alter, resulting in decrease of porosity and permeability due to 

the generation of pseudomatrix.  

Depositional environment also has an influence on diagenesis by determining detrital 

mineralogy, sandstone-shale relationships, initial sandstone texture, and original pore-water 

chemistry.  The distance between the source area and the depositional site governs the type of 

sediments that will ultimately be buried, since chemically and mechanically unstable grains 

will be winnowed out during transport (Hayes, 1979).  The arkosic composition of the Point 

of Rocks sands suggests that erosion of the source area was relatively quick and the 

depositional site was in close proximity resulting in rapid transport and burial.  The 

stratigraphic relationship of the Point of Rocks Sandstone within the Kreyenhagen Formation 

suggests an overall deep marine environment with intermittent submarine flows.  These 

submarine flows were responsible for transporting the arkosic sediments into the deeper 

marine environment and for controlling the initial texture of the sands, which in turn 

governed the original porosity and permeability.     

The original pore-water chemistry influences the initial direction for diagenetic 

reactions.  Water-flow rate is controlled by permeability, amount of water, and water 
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chemistry.  This, in turn, influences the composition and distribution of dissolved and 

precipitated minerals (Hayes, 1979).  Fluid-flow effects have their largest impact on 

diagenetic processes during early burial and during later compactional dewatering and 

fracturing stages (Surdam et al., 1989; Boles and Franks, 1979).  The spatial distribution of 

authigenic cements in sandstones is related to permeability and fluid flow (Lynch, 1996).  

Diagenetic alteration is more extensive in permeable sandstones because the minerals in 

these rocks are exposed to significantly more pore water volumes (Lynch, 1996).  Also, a 

heterogeneous distribution of authigenic minerals in sandstones is a result of changing 

preferential flow paths during burial due to diagenetic modification (Lynch, 1996).   

Diagenetic processes that modified the Point of Rock Sandstone are largely the 

outcome of reactions between detrital and authigenic minerals and the pore water.  The 

variations in the amount of secondary porosity, laumontite cement, kaolinite, and calcite 

cement at any given depth can be explained by variations in pore-fluid composition and 

volume that have passed through the rock (Milliken et al., 1989).  The lack of laumontite and 

albite within the calcite-cemented samples suggests the importance of porosity and 

permeability and thus pore-fluid movement for these replacement reactions.  Where 

plagioclase grains are albitized and laumontite forms an intergranular cement, significant 

mass transfer of calcium and aluminum must have occurred from the site of albitization in 

the detrital grain into adjacent pore space where laumontite precipitated (Vavra, 1989).  The 

higher porosity observed in samples from the crest relative to the flanks is likely a result of a 

variation in pore water flux or composition. 

The present day composition of the Point of Rocks Sandstone classifies the sands as 

arkosic arenites.  Point-count data collected on mineralogy in samples from all four wells 
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indicate that the sands are relatively homogeneous.  Samples from all four wells contain 

similar amounts of rock fragments and potassium feldspar grains.  However, there is a slight 

difference in the average plagioclase content among the wells.  Wells 572-18Z and 714-17Z 

appear to have slightly lower plagioclase content compared to wells 788-7Z and 710-17Z 

(Figure 8).  Well 710-17Z is located on the crest of the anticline while the other wells are 

located on the flanks.  Well 710-17Z appears to contain more plagioclase on average (18%) 

than the other wells.  Well 714-17Z is the farthest from the crest and contains the lowest 

amount of plagioclase on average (12%).  This may indicate a spatial trend of increasing 

plagioclase content toward the crest of the structure.  This is consistent with data that show 

plagioclase content decreasing with increasing depth (Figure 61).  This suggests that 

dissolution has occurred after the present structure was formed.           
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Diagenetic processes can cause significant changes in initial sandstone composition 

(McBride, 1987; Harris, 1989; Milliken et al., 1989; Wilkinson et al, 2001).  The most 

common diagenetic alterations are complete or partial dissolution or replacement of unstable 

detrital grains and precipitation of pore-filling cements.  Arkosic sandstone reservoirs are 

particularly susceptible to degradation in reservoir quality (Tieh et al., 1986).  The initial 

Figure 61. Plot of percent plagioclase volume vs. depth visually showing a general 
decrease in plagioclase content with increasing depth (light gray).   
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composition of the detrital material needs to be known in order to have a better 

understanding of the diagenetic history of a sandstone.  Figure 62 is a ternary diagram which 

has been adjusted for secondary porosity and pseudomatrix.  Secondary-porosity point counts 

of specific dissolved grains were reconstructed to their respective grain category.  

Pseudomatrix was reconstructed by assuming it was all derived from rock fragments.  The 

reconstructed compositions were then plotted as arrows.  The arrowheads show the present 

compositions and the tail ends represent the reconstructed compositions.  The length of the 

arrows indicate the magnitude of the compositional shift.  The diagram illustrates that the 

original sandstone composition used to be slightly more arkosic than the present 

composition.  Preferential dissolution of feldspar grains caused a shift in the detrital-grain 

composition toward the quartz corner on the ternary diagram.  The homogeneous 

compositional shift demonstrates a fairly uniform diagenetic trend for these samples.  

Abundant grain-shaped patches of kaolinite and pore spaces also suggest that feldspar 

content was higher before diagenesis. 
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Paragenetic Sequence 

 The paragenetic sequence of the Point of Rocks Sandstone is a complex sequence of 

overlapping events.  Figure 63 summarizes the sequence of diagenetic events as determined 

from petrographic observations in thin section.  Time is relative with the earliest diagenetic 

event occurring shortly after deposition and the latest occurring up until present time. 

 

Figure 62. Sandstone composition adjusted for grain dissolution and pseudomatrix. The 
diagram illustrates that the original sandstone composition used to be slightly more 
arkosic than the present composition. Q = quartz, F = feldspar, RF = rock fragments. 

RF F 
0.2 0.4 0.6 0.8 
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Figure 63. Paragenetic Sequence. 
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Glauconite    

The presence of glauconite indicates a marine depositional environment (Boggs, 

1992), with low sedimentation and the presence of some organic matter.  Glauconite forms 

from the alteration of mica, volcanic glass, biogenic pellets, and feldspar at the sediment-

water interface during very early diagenesis (Wilson and Pittman, 1977; Boggs, 1992).  

Glauconite was commonly observed to be deformed and squeezed between adjacent detrital 

grains, indicating that it formed before significant compaction.   

 

Pyrite 

Pyrite is commonly associated with biotite detrital grains.  Pyrite forms by the 

reaction of sulfide ions and detrital iron minerals (Berner, 1970, 1981; Morad, 1986).  During 

a very early stage of burial, while the sediment is still subjected to oxic conditions, the 

illitization and chloritization of biotite release iron, which crystallizes as fine pigmental iron 

oxides and/or hydroxides (Morad, 1986).  The formation of pyrite occurs as the iron oxides 

pass into the anoxic-sulfidic environment and react with the hydrogen sulfide provided by 

sulfate-reducing bacteria (Berner, 1970; Morad, 1986).  Pyrite associated with fossils also 

indicates an early origin for pyrite, forming in reducing environments associated with 

decaying organic matter (Helmold and van de Kamp, 1984).  The occurrence of pyrite 

framboids inside dissolution pores (Figure 41) indicates some pyrite also formed during a 

later stage of diagenesis.  
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Siderite 

Siderite is a minor but persistent cement, occurring as trace amounts in most samples.  

The preservation of siderite rims around dissolved grains indicates that siderite precipitated 

prior to significant compaction and framework grain dissolution.  Early precipitation of 

siderite is thought to occur in bicarbonate-rich depositional environments with low sulfate 

content and available Fe2+ (Boggs, 1992).  

 

Calcite  

Two generations of calcite cement are distinguished by their distribution and texture.  

Calcite occurring as poikilotopic cement filling pore space and replacing detrital grains 

formed during early diagenesis.  Early formation of calcite is indicated by the loose grain 

packing of calcite-cemented samples, the random distribution of such samples throughout the 

section studied, and the lack of further diagenetic modification within calcite-cemented 

samples.  The abundance of floating grains and lack of deformed labile grains in these 

samples indicate calcite cementation formed prior to significant compaction.  Authigenic 

clays and silicate overgrowths are rare to absent in the early calcite-cemented sandstones, 

suggesting they precipitated after early calcite.  Early calcite cement reduced permeability 

such that subsequent migrating pore-fluids were prevented from precipitating clays and other 

cements in these samples.  This has also been observed in other studies (e.g., Helmold and 

van de Kamp, 1984; Hayes and Boles, 1992).  A second generation of calcite precipitation 

occurred as a late-stage cement sporadically disbursed throughout the rock filling pores and 

partially replacing detrital grains and laumontite cement.  The observation of calcite cement 

filling fractures and replacing laumontite cement suggests this calcite as a late-stage 
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diagenetic event.  Some samples show evidence of calcite-cement dissolution forming 

secondary intergranular pore space (Figure 64). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compaction 

Reservoir quality is largely influenced by the amount of mechanical compaction, 

chemical compaction, and cementation that sands undergo during burial (Houseknecht, 1987; 

Wilson and McBride, 1988; Harris, 1989; Ehrenberg, 1990, 1995; McBride et al., 1991; 

Lundegard, 1992; Taylor and Soule, 1993).  Both mechanical and chemical compaction 

cause irreversible destruction of intergranular porosity in sandstones.  During mechanical 

compaction, brittle grains are reoriented and moved into closer packing or fractured while 

0.25 mm 

Figure 64. Dissolution of calcite cement. Well 788-7Z, depth: 9,774.7 ft.  
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ductile grains are deformed between brittle grains.  Sands containing significant volumes of 

ductile grains can undergo a total destruction of intergranular porosity during mechanical 

compaction as a result of plastic deformation and generation of pseudomatrix (Dickinson, 

1970; Rittenhouse, 1971a). Chemical compaction reduces pore space through pressure-

induced dissolution along quartz-grain contacts resulting in closer arrangement of quartz 

grains and mobility of silica in solution where it is available to precipitate as cement.  

Compared to compaction effects, cementation also reduces intergranular porosity, but the 

loss is not always permanent since cement may dissolve during a later digenetic event. 

Within areas unaffected by early calcite cementation, mechanical compaction was 

one of the most important diagenetic processes affecting reservoir quality in the Point of 

Rocks Sandstone.  The sands are well compacted based on the observation of abundant long 

and interpenetrating grain contacts and deformed ductile grains.  Most detrital grains 

generally have three or more contacts with adjacent grains.  Mechanical compaction of 

sandstones took place soon after burial as the overburden stress increased.  During 

compaction, primary porosity was significantly reduced by grain rearrangement, pressure-

induced dissolution, and fracturing.  Ductile rock fragments and micas were deformed and 

crushed (Figure 65), sometimes creating pseudomatrix that flowed into adjacent intergranular 

pore spaces and occluded pore throats thus reducing permeability. 
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Compaction and textural data indicate that mechanical compaction has had a large 

influence on reservoir quality by reducing primary intergranular porosity.  The trend of 

decreasing porosity with increasing depth indicates porosity loss due to compaction.  CI and 

TPI increase with depth suggesting that porosity loss is the result of progressive burial.  CI 

shows a better correlation with depth and thus appears to be a better indicator of compaction 

than TPI.  Calcite-cemented samples underwent less compaction and have lower CI and TPI 

values than uncemented samples.  Figure 66 shows packing increases associated with 

increasing degrees of porosity loss by compaction.  The equations by Ehrenberg (1989) to 

quantify relative effects of compaction vs. cementation do not take secondary porosity by 

grain dissolution into consideration.  Secondary porosity generated by framework grain 

0.25 mm 

Figure 65. Biotite grain deformed by compaction and altered to chlorite. The altered 
grain flowed into adjacent pore spaces, thus reducing permeability. Well 710-17Z, 
depth: 9,230.7 ft.  
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dissolution tends to result in underestimation of the amount of porosity loss due to 

compaction (Lundegard, 1992; Ehrenberg, 1995), therefore the amount of porosity loss due 

to compaction is a minimum value. 
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Figure 66. Cross plot of C.I. and T.P.I. vs. total porosity loss by compaction 
(Ehrenberg, 1989). This correlation suggests that significant porosity loss is 
the result of increasing burial compaction.  

R = 0.86 

R = 0.80 
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The presence of cancavo-convex and sutured contacts (Figure 43b) in the samples is 

indicative of the chemical compaction of the sands.  Prior to cementation, mechanical 

compaction by packing and rearranging of well-sorted grains would reduce intergranular 

volume to a theoretical minimum of 26% (Houseknecht, 1987; McBride et al., 1991; Atkins 

and McBride, 1992).  Further reduction in intergranular volume would require grain-volume 

loss through pressure-induced dissolution or due to ductile-grain deformation (Houseknecht, 

1987; Taylor and Soule, 1993).  Even small increments of intergranular pressure-induced 

dissolution can significantly reduce intergranular volume (Rittenhouse, 1971b).  More than 

91% of the examined samples have pre-cement porosity values below 26%, suggesting that 

pressure-induced dissolution and/or ductile grain deformation have had an influence on 

reduction of porosity in the Point of Rocks Sandstone.  Lundegard (1992) found significant 

porosity loss took place by pressure-induced dissolution in lithic-poor sandstones, 

demonstrating that ductile grains are not necessary for further compaction.  The difference in 

compaction between calcite-cemented samples and uncemented samples agrees with the 

assertion that calcite precipitated early in the diagenetic history and halted further 

compaction in these samples. 

 

Cementation   

Cementation appears to have played a smaller but nonetheless significant role in 

porosity loss.  The average cement volume is 10%.  Calcite cement is only locally important 

because it is only abundant in a few of the samples.  In contrast, many samples contain 

scattered patches of laumontite cement, resulting in highly variable porosity and permeability 

(Figures 67a and 67b).  Laumontite cement causes dramatic reductions in reservoir quality 
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where it occludes intergranular pore space.  Kaolinite cement also influences reservoir 

quality by occluding scattered pore spaces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.5 mm 

Figure 67a. Laumontite cement patch occluding intergranular pore 
space. Well 788-7Z, depth: 9,770.3 ft. 

0.5 mm 

Figure 67b. This photo was taken within the same sample as the 
previous photo in an uncemented area. Note how uncemented areas have 
much higher porosity. Well 788-7Z, depth: 9,770.3 ft. 
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Clays 

With the exception of a small number of clay-laminated samples, Point of Rocks 

sandstones are relatively free of detrital clays.  Clay minerals may affect reservoir quality 

depending on the type of clay and its distribution (Wilson and Pittman, 1977).  Pore size and 

shape are modified by clay minerals that occur as pore-fillings or pore-linings.  Permeability 

is reduced when clays line pores and restrict pore throats.  Authigenic clays occurring as 

grain coatings, even in small amounts, can severely restrict pore throats and thus significantly 

reduce permeability (Tieh, et al., 1986).  Certain authigenic clays may create problems 

during drilling, stimulation, and production of hydrocarbons due to their ability to block 

pores by expansion or migration (Wilson and Pittman, 1977).  Therefore, clay composition 

and occurrence are imperative for reservoir quality interpretation.     

Authigenic clays present in the Point of Rocks Sandstone consist mostly of kaolinite 

with minor illite, illite/smectite, and chlorite.  These clays reduce porosity and permeability 

by occurring as alteration products, rims around detrital grains, and pore-filling cement.  The 

same types of clays have been documented in other Tertiary sandstones in the San Joaquin 

basin (e.g., Merino, 1975; Tieh et al., 1986; Ramseyer and Boles, 1986).  Authigenic clays 

originate from a variety of sources.  Deformation and alteration of labile grains due to 

compaction create clays in pseudomatrix.  Dissolution of feldspar grains and albitization of 

plagioclase liberates aluminum that may precipitate as kaolinite.  Illite-smectite and chlorite 

form as alteration products of volcanic grains and biotite.   

Illite, illite-smectite, and chlorite formed as pore-lining and pore-filing clays.  

Occasionally they bridge pores, resulting in pore throat restriction.  These clays formed early 

in the diagenetic history as indicated by the occurrence of clay rims on detrital grains, 



 113

sometimes separating the grains from overgrowths.  Earlier illite-smectite and chlorite clays 

crystallized within intragranular pore space created during an earlier stage of dissolution.  

Illite-smectite and chlorite are more abundant in samples with higher biotite and 

pseudomatrix content, indicating that these clays are associated with alteration of biotite and 

volcanic grains.     

Most kaolinite formed during a later stage of diagenesis after significant compaction, 

precipitating in scattered pore spaces and replacing feldspar grains.  Kaolinite precipitation 

occurred concurrent to framework-grain dissolution.  Framework-grain dissolution continued 

after kaolinite stopped forming as suggested by the presence of kaolinite adjacent to 

secondary pore space (Figure 68).  Kaolinite affects reservoir quality by occluding pore 

spaces and lining pore spaces.  Sometimes kaolinite precipitated into pore spaces adjacent to 

partially dissolved feldspar grains.  In other instances pore spaces adjacent to the grains lack 

authigenic material indicating that the dissolved material has been mobilized to other places 

in the rock.   
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Quartz and Feldspar Overgrowths   

Quartz and feldspar overgrowths are not present on detrital grains within calcite-

cemented samples, demonstrating that the overgrowths formed after early-calcite 

precipitation.  Overgrowths sometimes penetrated labile grains, suggesting that the 

overgrowths formed before significant compaction.  The presence of euhedral overgrowths in 

laumontite cement indicates the overgrowths formed prior to laumontite cementation.  Many 

overgrowths appear corroded from grain-edge dissolution that took place during a later stage 

of dissolution.  Feldspar cements are favored under geochemical conditions of moderately 

0.25 mm 

Kaolinite 

Q
P

K

Figure 68. Kaolinite cement adjacent to but not penetrating the intragranular pore 
space of a partially dissolved feldspar grain suggests dissolution continued after 
kaolinite stopped forming. P = plagioclase, K = K-feldspar, Q = quartz. Well 788-7Z, 
depth: 9,802.3 ft.  
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high temperatures along with sufficient concentrations of dissolved silica, sodium, and 

potassium in pore waters (Kastner and Siever, 1979).  Sodium and potassium may be 

supplied by alteration of clays, dissolution of volcanic rock fragments, or dissolution of 

feldspar grains. 

 

Albite 

Albitization of detrital feldspars is one of the main diagenetic changes that has 

occurred in the Point of Rocks Sandstone.  Plagioclase and potassium feldspars both show 

evidence of albitization.  Albitization of feldspars is a common and very significant reaction 

that takes place during burial diagenesis of arkosic sandstones.  Albitization of plagioclase in 

sedimentary rocks is well documented (e.g., Merino, 1975; Land and Milliken, 1981; Boles, 

1982, 1984; Helmond and van de Kamp 1984; Milliken et al., 1989; Morad et al., 1990; 

Taylor and Soule, 1993).  Several researchers (Ogunyomi et al. 1981; Walker 1984; Saigal et 

al. 1988) have also recognized diagenetic albitization of K-feldspars in sandstones.  

Diagenetic albitization involves the replacement of calcic plagioclase or K-feldspar with 

albite.  This process can modify pore size and geometry, significantly alter the original 

sandstone framework composition, and form several byproducts such as kaolinite, illite, 

laumontite, and calcite (Saigal et al., 1988).  These changes can influence reservoir 

properties; therefore, it is important to recognize the occurrence of diagenetic albitization in 

sandstone reservoirs.   

One of the controls of albitization is pore-water composition.  Thus, authigenic albite 

provides information about the composition of the formation waters from which the albite 

precipitated.  Albitization depends on the stability of the detrital grains and on the degree of 
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pore-water saturation with respect to albite (Kastner and Siever, 1979).  The albitization 

process occurs during burial without any preference for the presence of hypersaline fluids or 

extremely high Na+/Ca2+ ratios in the pore fluid (Boles, 1982).  The plagioclase albitization 

reaction requires migration of Na+ ions to the plagioclase crystal and release of Ca2+ if no Ca-

aluminosilicates form at the reaction site (Boles and Coombs, 1977).  The albitization 

reaction occurs locally at stressed grain contacts, presumably due to the resultant high silica 

activities (Boles and Ramseyer, 1988).  Increased temperatures during burial and increased 

pressure at grain contacts during compaction are essential for albitization (Boles, 1984). 

Albitization of K-feldspar requires a mechanism for the supply of sodium and 

removal of potassium.  Boles and Franks (1979) suggest the conversion of smectite to illite 

within shales consumes potassium and releases sodium, calcium, magnesium, iron, and 

silicon into solution.  Hence, an exchange of potassium for sodium may operate between 

sandstones and shales, which helps in driving the albitization reaction (Saigal et al., 1988).  

However, this requires a method for the transfer of these constituents between sandstones and 

shales.  Thyne (2001) proposed a model for mass transfer between adjacent sandstone and 

shale units based on diffusive transport.  This model shows that mass transfer occurs through 

the creation of chemical gradients between areas with unequal amounts of reactive 

components (Thyne, 2001).  Mass transfer occurs when these areas reach a threshold 

temperature through burial heating which causes the rate of dissolution of 

thermodynamically unstable components to exceed the rate of transport of solutes away from 

the reaction site (Thyne, 2001).  Therefore, diffusive transport of sodium and potassium 

between the Point of Rocks Sandstone and the adjacent Kreyenhagen Shale could have taken 
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place at a given burial temperature if the sands contained lower amounts of sodium and the 

shale contained lower amounts of potassium relative to each other. 

Aluminum is conserved during albitization of potassium feldspar, but not during 

albitization of plagioclase.  Albitization of plagioclase can play a crucial role in the mass 

balance of sodium, silica, calcium and aluminum (Boles, 1982).  Pore fluids provide sodium 

and silica for the reaction.  The albitization reaction of plagioclase generally involves the 

mobilization of relatively large quantities of aluminum (Ramseyer et al., 1992).  Calcium and 

aluminum are consumed by calcite, clays (kaolinite and illite), and laumontite.   

Authigenic albite is also important because it is a useful diagenetic temperature 

indicator (Kastner and Siever, 1979).  Most investigators suggest that albitization occurs over 

a broad temperature range of 100°-150°C (Milliken et al., 1981; Boles, 1982; Gold, 1987).  

Boles and Ramseyer (1988) reported a zone of regional albitization occurring in the San 

Joaquin basin at a temperature window of 120°-160°C.  However, albitization has also been 

reported to occur at temperatures as low as 70°-100°C (e.g. Morad et al., 1990; Aagaard et 

al., 1990).  Possible causes for the variability in reactivity of grains to albitization include the 

amount of grain surface area in contact with the pore fluid, the degree of fracturing, 

composition, and structural state (Ramseyer et al., 1992). 

Albitization of feldspar grains in the Point of Rocks Sandstone occurred during the 

middle stage of diagenesis.  As the sediments were progressively buried, albitization began 

when they reached the minimum temperature required for the reaction.  SEM-EDS analyses 

indicate that approximately 80% of calcic plagioclase grains have been albitized in the Point 

of Rocks Sandstone.  Albitized plagioclase grains contain an average composition of Ab98.9 

An1.0 Or0.1.  Skeletal-albite fracture-fill remnants in some leached plagioclase grains suggest 
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that albite formed prior to significant dissolution (Figure 69).  The albitization textures 

observed in thin section and SEM provide further understanding about the occurrence of 

diagenetic albite.  Completely albitized plagioclase grains generally lack microporosity, 

suggesting that albitization proceeds by a dissolution-precipitation mechanism (Boles, 1982).  

The dusty appearance of the albitized plagioclase in thin section may be a result of 

microvacuoles created by a dissolution-precipitation mechanism of albitization (Boles, 1982; 

Noh and Boles, 1993).  Vacuoles in authigenic albite form when rates of grain dissolution are 

slow relative to albite precipitation (Milliken, 1989).  The vacuoles may arise from the 

incorporation of plagioclase remnants or other inclusions which later dissolve (Milliken, 

1989).  The vacuoles could also be caused by the rapid precipitation of albite having cation 

substitutions that make the crystal unstable, leading to dissolution and vacuolization during 

later diagenesis (Milliken, 1989).      

 

 

 

 

 

 

 

 

 

 

 0.25 mm 
Figure 69. Skeletal-albite fracture fills as remnants in leached grains, indicating that 
albite formed prior to dissolution. Well 788-7Z, depth: 9,807.3 ft.  
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While albitization of plagioclase is most common, partial albitization of potassium 

feldspar was also observed in the samples.  The growth of albite crystals parallel to the 

cleavage planes of the original potassium feldspar grain suggests that cleavage planes guide 

replacement.  Albitization is also enhanced along grain fractures which provide conduits for 

diagenetic fluids to react with the interiors of potassium feldspars.  SEM-EDS data collected 

on partly albitized potassium feldspar grains show the relict potassium feldspar coexisting 

with nearly pure albite replacement within the same grain.  This suggests that once 

albitization begins it goes to completion rather quickly within a certain domain of the grain 

(Boles, 1982).  Partially albitized potassium feldspar grains contain an average composition 

of Ab93.9 An4.1 Or2.0 indicating that a difference in albite purity exists between albitized 

plagioclase and partially albitized potassium feldspar.  The cause for this difference in albite 

purity is unknown. 

 

Deformation Bands 

Deformation bands are present in many of the examined sandstone samples.  These 

structures are tectonic in origin and are very common in sandstone reservoirs where they 

cluster around larger faults to form a damage zone; they may also occur as scattered 

structures between seismically resolvable faults (Antonellini and Aydin, 1995; Fossen and 

Hesthammer, 1998; Ogilvie and Glover, 2001).  Deformation bands are defined as tabular 

structures of finite width resulting from strain localization found in sand and porous 

sandstone (Aydin and Johnson, 1983).  Depending on the type of deformation band, these 

structures can cause an increase in porosity (dilation band) or decrease in porosity 

(compaction band).  Single cataclastic deformation bands accommodate deformation across 



 120

the entire bandwidth by collapse or increase of porosity, grain packing and fracturing, grain 

size reduction, sorting reduction, and cataclastic flow.   

Deformation bands in hydrocarbon reservoirs can act as fluid pathways or as barriers 

to fluid flow, depending on the timing relationship between hydrocarbon migration and 

deformation (Fossen and Hesthammer, 1998).  These structures can show porosity reductions 

of up to 50% relative to the surrounding host rock (Ogilvie and Glover, 2001) and reduction 

in permeability by up to three orders of magnitude relative to the host rock (Antonellini and 

Aydin, 1994).  The factors that determine the influence of deformation bands on fluid flow 

within reservoirs are their frequency, distribution, orientation, and petrophysical properties 

(difference in porosity and permeability inside and outside the zone, Fossen and 

Hesthammer, 1998).  Cements in deformation bands serve as reservoir seals and are the result 

of precipitation from fluids flushing along the fault zone.  In cataclastic deformation bands, 

cements may result from the attraction of dissolved species to nucleation sites on newly 

created fracture surfaces (Ogilvie and Glover, 2001).  Cement nucleation is probably easier 

in the smaller pores of cataclastic zones as it requires less free energy than if it were to 

precipitate in larger, host rock pores (Ogilvie and Glover, 2001).  Enhanced fluid flow may 

occur along the deforming zone during faulting.  Since fractures can act as conduits for either 

dissolving or cementing fluids (Hayes, 1979), dissolution or cementation processes in tight 

sandstones can occur more quickly if the rocks are fractured by tectonic deformation.    

Most of the observed deformation bands in the Point of Rocks Sandstone are zones of 

lower porosity and permeability relative to the surrounding rock (Figure 70a).  The loss of 

porosity and permeability within these zones was caused by cataclastic deformation.  

Cataclastic deformation results in an increase in grain packing and fracturing, grain size 
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reduction, the generation of pseudomatrix, and a decrease in sorting.  Because of their 

localized nature, deformation-band porosity loss does not generally affect the storage 

property of a porous sandstone at the reservoir scale (Antonellini and Aydin, 1994). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In contrast, some of the deformation bands observed in samples from Well 710-17Z 

on the crest of the structure appear to be dilation bands which show increase in porosity and 

permeability (Figure 70b).  This other type of deformation band can be explained by the 

porosity of the host rock and type of stress at the time of formation.  Low porosity in the host 

rock and low confining pressures tend to form dilation bands, whereas high porosity and high 

confining pressure tend to promote cataclasis and compaction (Antonellini and Aydin, 1994).   

0.5 mm 

Figure 70a. Typical deformation band showing zone of low porosity and permeability 
and abundant pseudomatrix from crushed framework grains. Well 710-17Z, depth: 
9,225.3 ft.  
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Fracturing and deformation band formation occurred within the Point of Rocks 

Sandstone during later diagenesis due to tectonic stress.  Some of the deformation bands 

contain laumontite cement which suggest that they formed prior to laumontite.  Laumontite 

cementation resulted in porosity and permeability reduction within these deformation bands.  

These deformation bands probably served as conduits for pore fluid to move through, 

resulting in laumontite precipitation.   

 

Laumontite 

Kaley and Hanson (1955) first reported the occurrence of laumontite from a well in 

Miocene reservoir sandstone in the San Joaquin basin, California.  Since then, laumontite has 

0.5 mm 

Figure 70b. Deformation band showing zone of higher porosity and permeability. 
Well 710-17Z, depth: 9,238 ft.  
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been reported in a number of reservoirs in the San Joaquin basin (Merino, 1975; Bloch et al., 

1993; McCulloh et al., 1980; Bloch and Helmond, 1995).  The formation of laumontite in 

sandstones has been well documented by Boles and Coombs (1977) and by Surdam and 

Boles (1979).  Laumontite is a low-grade alteration product of calcic plagioclase, volcanic 

glass, lithic fragments, calcareous fossils, and other zeolites.  It is the most frequently 

encountered and the most volumetrically abundant zeolite in sandstones and can occur as 

cement, in situ alteration products, and as precipitates in veins (Jove and Hacker, 1997).  

Laumontite cements occur in feldspathic sandstones and can comprise up to 20% of rock 

volume in petroleum fields (e.g., the Stevens sandstone in the San Joaquin, Boles 1984; 

Tertiary sandstones in the Santa Ynez Mountains, Helmond and van de Kamp 1984).  

Laumontite cement can have a drastic effect on porosity, leading to reductions of 5-20% 

(Galloway 1979; Surdam and Boles 1979).  Well-developed laumontite cement may occlude 

all porosity (Helmond and van de Kamp 1984), destroying reservoirs and forming seals to 

fluid movement.  The presence of laumontite as fractures fills in cataclastic zones within 

several active fault zones suggests laumontite may play a role in crustal fault zones (Jove and 

Hacker, 1997).  Documentation of marine arkosic sandstones containing abundant laumontite 

but lacking volcanic detritus demonstrates that volcanic detritus is not required for laumontite 

formation (Stewart and McCulloh, 1977).   

Partial or complete albitization of detrital plagioclase is common in many laumontite-

bearing sandstones (Noh and Boles, 1993).  The association of laumontite with albitized 

plagioclase is a common occurrence in volcanic and arkosic sandstones (Boles and Coombs, 

1977; Surdam and Boles, 1979; Boles, 1982; Vavra, 1989; Noh and Boles, 1993).  Volcanic 

glass fragments and plagioclase are common precursors of laumontite in these two types of 
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sandstone.  The laumontite-albite association suggests that laumontite acts as an important 

sink for calcium and aluminum released from albitization of plagioclase (Coombs, 1954).  

The late-laumontite formation resulting from the albitization of calcic plagioclase (An30) can 

be depicted by a reaction of the form (Noh and Boles, 1993): 

 
Na0.7Ca0.3Al1.3Si2.7O8 + 0.6H4SiO4  →  0.7NaAlSi3O8 + 0.3CaAl2Si4O12·4H2O       

                 (plagioclase)                                (albite)                (laumontite)               

 

Clay mineral transitions from expandable clays (smectite, chlorite/smectite and minor 

illite/smectite) to chlorite and/or illite in altered sandstones is a possible source of silica for 

the reaction (Noh and Boles, 1993).  Sodium ions are not involved in this reaction.  The 

volume of laumontite produced depends on the initial plagioclase composition and on the 

volume of albite produced in this reaction. 

 Laumontite was also observed as having replaced plagioclase grains.  This reaction 

may be represented as: 

  

    Na0.7Ca0.3Al1.3Si2.7O8 + 2.8H2O + 0.35Ca2+→ 0.65CaAl2Si4O12·4H2O + 0.1H4SiO4 + 0.7Na+   
              (plagioclase)                                             (laumontite) 

 

This reaction also shows the volume of laumontite produced depends on the initial 

plagioclase composition.  The composition of the plagioclase undergoing laumontization 

may also control the silica balance of the reaction (Vavra, 1989).  Where plagioclase is more 

calcic than An33, the reaction requires the addition of silica, whereas if plagioclase is more 

sodic than An33, the reaction releases silica (Vavra, 1989).  This relationship is important 
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because it suggests that the composition of the plagioclase may indirectly control the amount 

of porosity loss during laumontization (Vavra, 1989).   

 Boles and Coombs (1977) proposed an additional reaction for large volumes of 

sandstones in which albitization has been complete:   

NaAlSi3O8· CaAl2Si2O8 + 3SiO2 + 2H2O + Na+ =  

Plagioclase                      Quartz                     2NaAlSi3O8 + 0.5CaAl2Si4O12·4H2O + 0.5Ca+2 

                                                                                 Albite              Laumontite 

This reaction necessitates the supply of Na+ ions from solution and release of Ca+2 ions into 

solution.  Both reactions require large amounts of sodium and silica to proceed.  The most 

likely sources for large quantities of Na+ ions is either connate water or from the conversion 

of smectite to illite within shales (Helmond and van de Kamp 1984).  While local 

replacement of quartz is the primary source of silica for these reactions (Boles and Coombs, 

1977), large quantities of Si+4 are also released by the conversion of smectite to illite.  If free 

to migrate into sandstones, this silica may form secondary quartz overgrowths or take part in 

albitization. 

Other factors that control laumontite formation are temperature, permeability, and 

fluid composition.  Laumontite crystallization occurs at depths of 1-3 km, at temperatures as 

low as 50°-65°C (Boles and Coombs, 1977; Galloway, 1979; Helmond and van de Kamp 

1984), and usually postdates all other diagenetic activity except late calcite cementation 

(Helmond and van de Kamp, 1984).  Castano and Sparks (1974) describe laumontite at a 

depth of 3.1 km and 104°C in Miocene to Eocene sediments in California.  Merino (1975) 

reports laumontite formation in the Kettleman North Dome, California at a depth of 4 km and 

a temperature of 100°C.  Bloch and Helmold (1995) found that laumontite occurred only in 
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samples that were exposed to temperatures greater than 104°C.  Stewart and McCulloh 

(1977) reported that laumontite formed in feldspathic marine sandstones without volcanic 

detritus at 120°C based on observations of sandstones presently at maximum burial depths 

within three oil fields in California.  Laumontite distribution can vary in petrologically 

similar sandstones due to variations in pore-fluid chemistry and post-compaction 

permeability (Helmond and van de Kamp, 1984).  Vavra (1989) suggests the pervasiveness 

of laumontite may depend on porosity and grain-size.  Since laumontite cement was 

commonly observed within fractures in the Point of Rocks sands, the spatial distribution of 

laumontite could be controlled locally by faults, which would act as conduits for pore fluid 

oversaturated with respect to laumontite.           

Since laumontite cement is highly destructive to reservoir potential, laumontite-

altered sandstones are commonly considered economic basement in the exploration for oil 

and gas (Iijima, 2001).  However, production has been reported in the San Joaquin basin 

locally beneath or near laumontite-bearing sandstones, such as the Temblor Formation of the 

Kettleman North Dome (Merino, 1975) and the Vedder Sandstone of the North Tejon oil 

field (Noh and Boles, 1993).  Many workers have since found it is possible for secondary 

porosity to develop after the formation of laumontite (Frost et al., 1982).  At diagenetic 

temperatures, laumontite is stable only in the presence of fluids of high pH and low PCO2 

(Crossey et al., 1984).  Laumontite dissolution typically occurs under conditions of lowered 

pH or temperature, increased CO2 partial pressure, or presence of carboxylic acids (Crossey 

et al., 1984).  In CO2-rich fluids, laumontite is unstable relative to kaolinite, calcite, and 

quartz as shown by the reaction (Crossey et al, 1984):   

    CaAl2Si4O12·4H2O + CO2 = CaCO3 + Al2Si2O5(OH)4 + 2SiO2 + 2H2O 
                 (laumontite)                     (calcite)       (kaolinite)      (quartz) 
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This reaction is suggested for the calcite replacement of laumontite observed in this study.  

Alternatively, with a decrease in pH, laumontite may break down to kaolinite and quartz 

(Crossey et al., 1984): 

   CaAl2Si4O12·4H2O + 2H+ = Al2Si2O5(OH)4 + 2SiO2 + Ca+2 + 3H2O 
                   (laumontite)                       (kaolinite)       (quartz) 
 

 Either an increase in CO2 or a decrease in pH can result in the destruction of 

laumontite to yield more stable products. Both reactions liberate aluminum to be available for 

uptake somewhere else.  Because both CO2 and carboxylic acids are generated prior to 

hydrocarbon maturation in organic-rich source rocks, early formed laumontite cements in 

fluid contact with source rocks would become destabilized (Crossey et al., 1984).  Organic 

acids released during decomposition of kerogen play an important role in creating secondary 

porosity by dissolution of feldspar and laumontite (Crossey et al., 1984; Surdam et al., 1984).  

The decreased volume of laumontite may result in the creation of secondary porosity.  

Therefore, oil and gas reservoirs can still exist in laumontite-cemented arkoses if the 

reservoir quality is improved by tectonic fracturing or dissolution of laumontite cement and 

feldspar grains.  

Leaching of laumontite cement was observed within the Point of Rocks sands.  

Laumontite cement also showed signs of replacement by calcite and alteration to kaolinite.  

These observations along with the presence of abundant intergranular secondary porosity in 

the samples suggest that pore fluids with high CO2 and/or low pH flowed through the Point 

of Rocks Sandstone during a carboxylation stage of organic maturation.  Increasing CO2 
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activity associated with the waning stages of decarboxylation favored laumontite dissolution 

and the precipitation of more stable products. 

Timing of laumontite formation relative to oil emplacement is crucial in evaluating 

the effects of laumontite on hydrocarbon reservoirs (Iijima, 2001).  Oil generation from 

kerogen is generally associated with a temperature range between about 75°C and 120°C 

(Iijima, 2001).  Laumontite is also stable within this temperature range and therefore has the 

potential to overlap hydrocarbon accumulation in reservoirs.  Laumontite replacement of 

detrital grains, its boundary relationship with silicate overgrowths (Figure 71), and the 

precipitation of laumontite within through-going fractures suggest a later stage of diagenesis 

in the Point of Rocks Sandstone.  The lack of albite and laumontite in early-calcite-cemented 

sandstone indicates that alteration of plagioclase took place after early-calcite cementation.  

The presence of moldic pores within laumontite cement implies laumontite precipitation 

occurred prior to a later stage of framework-grain dissolution (Figure 72).  Hydrocarbon 

inclusions are absent within laumontite cement, suggesting that it formed prior to oil 

migration. 
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Figure 71. Quartz overgrowth lining intergranular space occluded by laumontite 
cement. This textural relationship suggests laumontite precipitated after quartz.  
L = laumontite, K = K-feldspar, Q = quartz. Well 572-18Z, depth: 10,818 ft.  

0.25 mm

L

K Q 

Figure 72. Laumontite cement adjacent to but not penetrating the pore space of a partially 
dissolved feldspar grain suggests laumontite precipitated prior to grain dissolution. L = 
laumontite, K = K-feldspar, Q = quartz. Well 572-18Z, depth: 10,818 ft.  
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Point of Rocks Sandstone samples contain albitized feldspar and laumontite cement 

presently at burial depths too shallow to have produced these minerals.  This suggests that 

these sediments were buried deeper in the past relative to present-day burial depths.  If a 

minimum temperature for the formation of albite and laumontite is known and a constant 

geothermal gradient for the area is assumed, then the amount of vertical uplift since 

albitization and laumontization can be estimated.  The occurrence of both albite and 

laumontite suggests burial temperatures of about 120°C to 150°C (Critelli and Nilsen, 1996).  

Assuming the present-day geothermal gradient in the San Joaquin basin is approximately 

30°C/km (Boles, 1984); the burial depth required for albitization of feldspars and laumontite 

precipitation is approximately 4 km (13,123 ft.) to 5 km (16,404 ft.).  The shallowest present 

burial depth of the Point of Rocks sands in this study is approximately 2.8 km (9,200 ft.).  

This suggests uplift of at least 1.2 km since albitization and laumontite development.  This is 

in agreement with most sediments within the basin, which are probably within 1 km of 

maximum burial depth (Horton et al., 2007).  

 

Secondary Porosity 

The degree of feldspar leaching in the Point of Rocks sands varies among samples 

and within samples themselves.  The crest of the Point of Rocks structure shows a higher 

degree of grain leaching relative to the flanks (Figure 73).  Dissolution of framework grains 

and cement is an important process that may change the characteristics of many sandstone 

reservoirs through the creation of secondary porosity.  In order to create secondary porosity 

by dissolution of aluminosilicate minerals, large volumes of pore-water flowing through the 

sandstone are often considered necessary to dissolve and remove the constituents (Bjorlykke, 
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1984).  For dissolution and precipitation reactions to proceed, the flow of pore-water through 

the sands must be renewed constantly (Boggs, 1992).  In addition, the pore-water must be 

undersaturated with respect to one or more of the minerals phases present for dissolution to 

occur.  Therefore, the pore-water flux and the degree of undersaturation of the pore-water 

with respect to the major mineral phases determine the amount of leaching that takes place in 

sandstone reservoirs.  However, recent work by Thyne (2001) suggests that diffusive 

transport along geochemical gradients may facilitate dissolution without large-scale fluid 

flow.   
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Figure 73.  Plot of secondary porosity vs. depth for samples with less than 10% 
calcite cement or clay and ductile grains.  Secondary porosity shows a trend of 
decreasing with depth as shown by the overall visual trend (light gray). The crest of 
the Point of Rocks structure shows a higher degree of grain leaching relative to the 
flanks. 
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The Point of Rocks Sandstone displays at least two stages of dissolution.  An earlier 

stage of minor feldspar and quartz dissolution took place prior to significant compaction as 

indicated by the observation of earlier clay occluding secondary pore space within partially 

dissolved grains.  Minor dissolution of grains may have continued as the sands were 

compacted; however, the extent of this dissolution stage is not well known due to porosity 

loss by compaction and pore collapse.  A later stage of framework-grain and cement 

dissolution took place relatively late in the paragenetic sequence, probably continuing up to 

the present.  Feldspar grains were the most susceptible to dissolution; however, quartz and 

laumontite were also affected.  Most of the secondary porosity observed in the samples 

appears to have been created during a later stage of diagenesis.  This is based on three 

textural relationships that were commonly observed in the samples.  The first is the 

observation of remnants of dissolved feldspar grains.  These remnants are typically delicate 

structures that could not have survived had they formed prior to compaction (Siebert et al., 

1984).  The second is authigenic material occurring as rims surrounding secondary moldic 

pores, which also would not have survived compaction.  The third is the observation of 

kaolinite and laumontite cements filling intergranular pore space adjacent to, but not 

penetrating, pore space left behind by a dissolved framework grain.  These three textural 

relationships indicate a later stage of framework grain dissolution that occurred after 

compaction and precipitation of laumontite and kaolinite.     

Since secondary pores can be re-compacted and destroyed, the amount of dissolution 

in the Point of Rocks Sandstone may be underestimated.  Due to the destruction of 

dissolution textures during compaction, the total amount of feldspar that has undergone 

dissolution may be impossible to estimate by petrographic methods since no evidence will 
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remain for its previous existence (Wilkinson et al., 2001).  Petrograhic observations in the 

Point of Rocks Sandstone suggest that at least some amount of secondary porosity has been 

destroyed due to compaction (Figure 74).  This phenomenon has been documented in other 

studies (Harris, 1989; Milliken et al., 1989; Bloch and Franks; 1993; Horton et al., 2007).  

Data from separate studies on sandstones by Harris (1989) and Land et al. (1987) indicate 

that significant dissolution of feldspar can occur without the recording of equivalent amounts 

of secondary porosity.  The limit on the creation of secondary porosity may largely be a 

result of the mechanical strength of the sandstone (Harris, 1989).  The rock strength is 

weakened during generation of secondary porosity, causing secondary pores to compact and 

effectively erase any record of their presence. 
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Figure 74. Secondary porosity created by partial dissolution of a feldspar grain 
was subsequently destroyed by compaction . Well 714-17Z, depth: 9,716.1 ft.  
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Porosity enhancement as a result of aluminosilicate dissolution requires some 

mobility of aluminum (Surdam et al., 1984; Taylor and Soule, 1993).  The presence of 

intragranular pore space lacking authigenic material implies that the dissolved portion of the 

grain was mobilized to another area of the rock or out of the system.  The dissolved material 

from aluminosilicate framework grains may eventually precipitate as kaolinite in adjacent 

pore spaces.  Thus, observed secondary porosity may just represent a redistribution of 

primary porosity rather than a net increase in porosity (Bjorlykke, 1984).  For reservoir 

quality to be enhanced, the material in solution must be transported beyond immediately 

adjacent pore spaces.  Thus, framework grain dissolution does not always enhance porosity 

or permeability.  This is commonly observed in the Point of Rocks sands with the abundance 

of isolated moldic pores.  

Hayes and Boles (1992) investigated aluminum mobility within Tertiary sandstones 

of the San Joaquin basin by examining the volumetric relations between dissolved 

plagioclase and authigenic kaolinite on a thin-section scale using a mass-balance approach.  

Simple mass-balance calculations can test whether the processes of feldspar dissolution and 

authigenic clay precipitation have affected the net volume of porosity within the samples 

studied.  Mass-balance calculations in the current study suggest net export of aluminum if 

30% microporosity is assumed for kaolinite.  In other words, there is less kaolinite and 

laumontite present than can be accounted for by the observed dissolution and albitization of 

feldspar.  Recent geochemical mapping using SEM-EDS suggest that microporosity probably 

exceeds 30% (R. Horton, personal communication) in which case aluminum export is even 

more pronounced.  Potential error in these calculations include point counting error, 
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variations in detrital plagioclase composition, variation in amount of plagioclase albitization, 

undercount of dissolved plagioclase volume, and kaolinite microporosity (Hayes and Boles, 

1992).  Mass-balance calculations may be misleading because they imply that all components 

released by one reaction were available for uptake in another (McBride, 1987).  The mass-

balance calculations may be erroneous due to aluminum conservation between laumontite 

alteration to kaolinite or replacement by calcite.  Also, the assumptions used in these 

calculations are very conservative.  More plagioclase may have been dissolved than is 

indicated by petrographic observations.  Despite the shortcomings, these calculations at least 

serve as a model of aluminum mobility. 

 

Petroleum 

Hydrocarbons migrated into available pore space during later diagenesis.  Laumontite 

cement lacks hydrocarbon inclusions, suggesting that laumontite preceded hydrocarbon 

emplacement.  Additional dissolution of framework grains took place after hydrocarbon 

migration.   

 

 

CONCLUSION 

The Middle to Late Eocene Point of Rocks Sandstone is composed of turbidite sands 

deposited as part of a submarine fan in a continental-borderland basin (Critelli and Nilsen, 

1996).  At the time of its deposition, the submarine fan straddled the proto-San Andreas fault 

before significant right-lateral offset occurred.  The right-lateral movement along the San 

Andreas fault has bisected the Point of Rocks fan and displaced its other half, the Butano 
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Sandstone, by about 300 to 330 km (Graham et al., 1989).  The sands range in thickness from 

3,000 to 5,000 feet in the subsurface in the southern San Joaquin basin.  They are thickest 

adjacent to the San Andreas fault and thin to the north and east, where they wedge out and 

interfinger with the Kreyenhagen Formation (Carter, 1990).  The fan was likely derived from 

the rapidly eroding granitic source terrane of the Salinian block to the south and west 

(Clarke, 1973).   

The Point of Rocks sands are typically medium- to coarse-grained moderately sorted 

arkosic arenites interbedded with minor shales.  The sandstone contains abundant quartz, 

plagioclase and potassium feldspars, and minor rock fragments.  Major diagenetic features 

that have affected reservoir quality in the sands are compaction, cementation, alteration, and 

dissolution.  The sands show signs of being well compacted mechanically and chemically 

based on the abundance of long and interpenetrating grain contacts, deformed ductile grains, 

fractured and broken framework grains, sutured quartz grains, and the presence of 

pseudomatrix.  Porosity and permeability were decreased considerably during compaction 

due to grain rearrangement, fracturing, and the deformation of ductile grains to create 

pseudomatrix that flowed into adjacent pore spaces.   

Cementation played a smaller role in affecting reservoir quality compared to 

compaction.  Laumontite and kaolinite cements had the largest effect on porosity and 

permeability reduction, whereas calcite cementation is only locally important.  Early calcite 

cement reduced porosity and permeability in localized areas, preventing any further 

diagenetic modifications such as compaction and grain alteration.  Kaolinite occurs as 

scattered pore-filling cement and as an alteration product of feldspar grains.  Laumontite 

cement commonly occurs as fracture fill and grain replacement.  Variability in porosity and 
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permeability in these sands is due mainly to the occurrence of laumontite cement patches; 

these completely occlude porosity in some areas.   

 Alteration of detrital grains and cement is widespread throughout the sands.  Feldspar 

alteration to kaolinite is very pervasive.  Illite-smectite and chlorite clays are common 

alteration products of volcanic and biotite grains.  SEM-EDS data and petrographic 

observations suggest that albitization of both plagioclase and potassium feldspars is 

extensive.  Authigenic albite is present as (1) fracture filling in detrital grains, (2) 

overgrowths on detrital plagioclase grains, (3) pore-filling cement, and (4) replacement of 

detrital grains.  Albitization of plagioclase is commonly associated with laumontite, which 

also replaces plagioclase.  Laumontite cement shows signs of dissolution, replacement by 

calcite, and alteration to kaolinite.   

Diagenetic reactions have caused a slight compositional change in the Point of Rocks 

sands through the dissolution of feldspar grains and alteration of rock fragments, thus 

resulting in quartz enrichment (Figure 62).  Abundant grain-shaped patches of kaolinite and 

pore spaces indicate that feldspar content was higher before diagenesis. 

While compaction, cementation, and alteration have significantly reduced porosity 

and permeability in the Point of Rocks Sandstone, this reduction was increased to some 

extent through the generation of secondary porosity during later diagenesis.  Most of the 

porosity in the sands is secondary in origin due to the dissolution of framework grains and 

cement.  Mass-balance calculations suggest an overall export of aluminum out of the system.      

Deformation bands are pervasive throughout the Point of Rocks Sandstone.  These 

structures consist of fractured grains, smaller grain size, abundant pseudomatrix, poorer 

sorting, and reduced porosity and permeability relative to the surrounding rock.  The 
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deformation bands do not generally affect the storage properties of the reservoir; however, 

deformation bands can serve as barriers to fluid flow when they contain abundant cement or 

pseudomatrix.     

Point of Rocks reservoir quality varies spatially and vertically.  Composition of the 

sands is fairly homogeneous over the structure except for a noticeable decrease in plagioclase 

and kaolinite content with depth.  In general, compaction increases and porosity decreases 

with depth.  Secondary porosity shows better development on the crest of the Point of Rocks 

structure relative to the flanks.  Laumontite cement is highly variable throughout the sands, 

but it is more abundant on the flanks of the structure relative to the crest.       

Textural relationships between authigenic minerals and cements suggest the 

following paragenetic sequence for the Point of Rocks Sandstone: (1) syndepositional 

glauconite, (2) early diagenetic pyrite and siderite, (3) early precipitation of poikilotopic 

calcite cement, (4) precipitation of pore-lining and pore-filling clays, (5) formation of quartz 

and feldspar overgrowths, (6) compaction of framework grains and generation of 

pseudomatrix, (7) fracture and deformation band formation, (8) albitization of detrital 

feldspar and contemporaneous formation of laumontite, (9) precipitation of pore-filling 

kaolinite and late calcite, (10) framework grain alteration and dissolution, and (11) 

hydrocarbon migration.  Many of these diagenetic events tend to overlap each other.  The 

occurrence of authigenic albite and laumontite indicate buried depths on the order of 4 to 5 

km.  This suggests removal of at least 1.2 km of sediment since their formation.  This is in 

general agreement with the amount of uplift that has occurred in the western portion of the 

San Joaquin basin (Horton et al., 2007). 
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