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DISCLAIMER

LEGAL NOTICE This report was prepared by the Bureau of Economic Geology as an
account of work sponsored by the Gas Research Institute (GRI). Neither GRI, members of

GRI, nor any person acting on behalf of eithers:

a. Makes any warranty or representation, express or implied, with respect to the
accurécy, completeness, or usefulness of the information contained in this report, or
that the use of any apparatus, method, or process disc{losed in this report may not

- infringe privately owned rights; or

b. Assumes any liability with respect to the use of, or for damages resulting from the

use of, any information, apparatus, method, or process disclosed in this report. -
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Topical Report

To present the results of petrographic studies of the Travis Peak

Formation in East Texas based on data from 10 cores, to use those
petrographic results to interpret the diagenetic history of Travis
Peak sandstones, and to relate the diagenetic history to permeabil-
ity variations within the formation,

Previous work on the Travis Peak has established a regional geologic
framework and delineated major depositional systems for the forma-
tion across East Texas and North Louisiana. Recent cooperative
well activities with operators have yielded several Travis Peak
cores, and additional existing core has been loaned or donated to the
project. With these cores, it has been possible to begin work on the
physical properties of Travis Peak sandstones. This report
summarizes the results of petrographic studies of Travis Peak core,
including depositional characteristics and diagenetic modifications
of the sandstones, and it examines the interplay between diagenesis
and permeability. :

Travis Peak sandstones are fine to very fine grained quartzarenites
and subarkoses that were derived from sedimentary, metamorphic,
and. igneous rocks exposed in a large area of the southwestern
United States. The originally high depositional porosity in matrix-
free sandstones has been reduced by compaction and precipitation of
authigenic cements, particularly quartz, ankerite, illite, and
chlorite. In addition, reservoir bitumen occludes porosity in some
zones near the top of the Travis Peak. Primary and secondary
porosity and permeability have a wide range of values at the top of
the formation, but both the range of values and the maximum values
decrease with depth below the top of the Travis Peak. Dissolution
of orthoclase and plagioclase has formed most of the secondary
porosity. Porosimeter-measured porosity is the best predictor of
permeability, and there is a significant inverse correlation between
total volume of cement and permeability.
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Technical
Approach

The petrographic studies utilized 187 thin sections from 10 Travis
Peak wells. Petrographic and scanning electron microscopes were
used for mineral identification and quantification, and electron
microprobe analysis determined feldspar compositions. Relative
abundances of clay minerals were determined by X-ray diffraction
techniques. Porosity and permeability were measured by routine
core analysis and by special techniques designed to simulate in situ
conditions. Geochemical studies included elemental analysis of
reservoir bitumen.
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INTRODUCTION

Since 1982, the Gas Research Institute (GRI) has supported geological research
designed to develop knowledge necessary to effectively exploit low-permeability, gas-
bearing sandstones. As part of that program, the Bureau of Economic Geology has been -
conducting research on the Travis Peak (Hosston) Formation, which is a blanket-geometry,
low-permeability sandstone that extends across East Texas, North Louisiaha, and southern
Mississippi. This effort has been part of a much broader program designed to increase the
understanding and ultimate utilization of unconventional gas resources through integration
of multiple disciplines involved in tight gas resource development. At present, many tight
gas sandstones are not being efficiently evaluated, hydraulically fractured, or produced
from because of a lack of appropriate technology to stimulate near-term development of
the tight gas resource at c/ompetitive prices.

This report presents one aspect of the Bureau's study: determining the composition
of Travis Peak sandstones, their diagenetic history, and the causes of their low permea-
bility. Samples of the Travis Peak were available from 10 cores in the East Texas area
(fig. 1). Four of these cores are from cooperative wells that were sampled by GRI in
conjunction with Travis Peak operators (Clayton W. Williams, Jr. Sam Hughes No. 1, ARCO
Oil and Gas Corﬁpany B. F. Phillips No. 1, Ashland Exploration, Inc. Soil Fertility of Texas
[S.F.O.T.] Unit No. 1, and Prairie Producing Company A. T. Mast et al. No. 1-A); the other
cores (Amoco Production Company Caldwell Gas Unit No. 2 and M. Kangerga "C" No. 1,
Stallworth Oil and Gas, Inc. Everett "B" Oil Unit No. 2 and Renfro Oil Unit No. 2, Sun Oil
Company Janie Davis No. 2, and Delta Drilling Company E. Williams "A" No;, 1) were
contributions from operators.

Petrographic studies of the core have been conducted to determine the grain size and
mineral composition of Travis Peak sandstones and mudstone‘s. Diagenetic modifications of

the originally deposited sediment were identified using a petrographic microscope, a
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scanning electron microscope (SEM), and an electron microprobe. - Finally, the influence of
grain size, detrital mineral composition, and authigenic mineral compositi\on on permea-
bility was evaluated for the Travis Peak Formation in the eastern part of the East Texas

Basin.

DEPOSITIONAL HISTORY

The Travis Peak Formation in East Texas was deposited as a complex Qf high-
constructive delta lobes that rapidly prograded over a broad, shallow shelf more than
100 mi wide (Saucier and others, 1985). The Travis Peak deltas prograded onto a rélatively
competent substrate, so that the delta system spread laterally as well as vertically (fig. 2).
As the depocenters shlfted back and forth across the stable, shallow shelf, the initial delta
deposits were reworked by fluvial processes. Most of the marine sediment was reworked,
leaving a sand-rich accumulaﬁon of delta-plain and alluvial deposits that is more than
2,000 £t thick in East Texas (fig. 2). | | |

A delta-fringe system formed around the mérgins of the fluvial-deltaic clastic wedge,
and farther offshore, restricted-marine-shelf, shelf-margin, and open-marine systems
dev;eloped (Saucier and others, 1985). "The delta-fringe system includes a variety of
depositional environments (or "facies") associated with the transition from the continental
fluvial-deltaic system to the shallow-m‘arine-shelf system. The delta fringe contains
lithofacies deposited in lower-delta-plain, marsh, lagoon, estuary or bay, tidal-flat, and
distributary-bar environments (Finley, 1985). Although the fluvial-deltaic system is 'the
most sand-rich system in the Travis Peak, most of the hydrocarbon production is from the

delta-fringe system (Saucier and others, 1985).



ME-NB-£2S
801 -8% “yd wo19
14410 18 497 Ui —
e ‘E-IIJEHS

MS-N6-2S
GBI-8) “Ud uum

1 % HOBIO J—
Mv 13 SSBZ’I-‘-VVGVHBWV

M8-NOI-G2S

26€1-8) “Ud SeyOoHyION
/ 2 ssbay
710 (IZIII%V'Id

MOI-NII-2€S
162-8Y “Ud SI0HYION
/% ,8, oW
"L3d SdITIHd
al-v

MzI-NII-bIS

Ml -NLI-IES
862-8) ":Ig 0j05 30

1dX3 QOSNVHL
8-V

M9I-N€I-62S
£82-8) ;'Md 0j053Q

SLIGO
(Pettet)
FORMATION

HOSSTON
(Travis Peak)
FORMATION

- Section Datum

id

COTTON VALLEY GROUP

dX3 TIVHSHYN
LV

0g¢-v ung ajkoy
10g-8% “0Q plound
2 # DABUSY

O ALLID
9-v

HEG-V IS yslliog

092-g% *'0 Dlouog
2 # ¥o0)g
TIOZNN3d

S-v

122-¥ IS UIMPOOY
200 -8, +o0 dound

dX3 TIVHSHYN
el

ARKANSAS
A
Natchitoches Ph.

DeSoto Ph.

Panola Co.’

Rusk Co.

LOUISIANA

TEXAS

$-¥ Ing oxsp)
8tb-a3 0D Asny

1 Apuog
13d NOLI0D

68-V "InS uospnH

8.2 -9y “0) Bbaly

6 ¥ UOSYII( - UG I0H —
HVJ.SZ gNO'I

89-V NS J0uU9
26€ -8y “0) bbaiy

13 N9 W MOM 507 —

0 378ANH

E

Open-marine

Fluvial- deltaic
system

Gross sandstone_intervals
based on the SP deflections

All logs are SP-Res.
unless otherwise noted

Shelf-margin
system system

system

Delta-fringe Marine-shelf
system

IVN I
4 g
-
©
gl
Y
g
3

ic cross section A-A', which extends from Gregg

ted stratigraph

County, Texas, to Grant Parish, Louisiana

ip-orien

Paleo-d

Figure 2.

1985).

(from Sauc

ier,



GRAIN SIZE

The Travis Peak Formation in East Texas is composed mainly of sandstones, muddy
sandstones, and sandy mudstones (fig. 3). In the four GRI cooperative wells, analysis of
framework grain size was accomplished by making grain-size point counts of thin sections.
Fifty detrital grains per slide were measured along their long dimension, excluding cement

overgrowths. Mean diameter of sand- and ssilt-size grains was calculated for each sample

(fcables 1l through 4); detrital and authigenic clays were not included in the calculation of

mean grain diameter.
Sandstones

Most of the individual samples have average grain sizes in the fine (.125 to .250 mm)
to very fine (.62 to .125 mm) sandstone range (tables | through 4). The samples from the
Clayton Williams Sam Hughes No. 1 and Ashland S.F;O.T. No. | wells had overall average
gfain sizes of .109 and .117 mm, respectively; The samples from the ARCO Phillips No. 1

and Prairie Mast No. 1-A wells were somewhat coarser, averaging .136 and .138 mm

_overall.

Samples from exisﬁng core contributed by operators were not point counted for grain
size, but mean grain size was estimated from thin sections. In general, the estimated grain
sizes also averaged in the very fine sandstone to fine sandstone range. Sandstones from the
Amoco Kangerga "C" No. 1 well were somewhat coarser than average; several samples
were fine sandstones, and the average grain size was -145 mm. Samples from the Sun Janie
Davis No. 2 core were relatively fine grained, with an a'verage grain size of .085 mm.

Detrital silt and clay are comrﬁon. in many of the Travis Peak samples. Sandstones
with abundant detrital élay were either deposited in a low-energy environment or had clay
mixed into-an originally clean sandstone by burrowing organisms. In most of the wells

there is a significant negative correlation between grain size and matrix content, that is,
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the fine-grained sandstones tend to have more abundant detrital matrix. The clean
sandstones are well sorted and texturally mature, according to the definition of Folk

(1974).

Mudstones

True mudstones or claystones (fig. 3) have not been sampled in the Travis Peak cores.
Instead, the finest grained layers contain appreciable amounts of silt and sand, so they are
texturally classified as sandy mudstones or sandy siltstones (fig. 3). Point counts of four
finé-grained samples in the Prairie Mast No. 1-A core illustrate this. All four samples
were called mudstones when the cores were described macroscopically. However, thin
sections from these intervals revealed that the clay content varied from 30.5 to 79.5
percent, and detrital sand and silt comprised 20 to 69 percent of the detrital volume.
Grain-size distributions of these samples are probably typical of the fine-grained beds

within the Travis Peak.

TRAVIS PEAK COMPOSITION

A total of 187 thin sections from 10 wells ha\{e been point counted to defermine
mineralogic composition of the Travis Peak (tables 5 through 14); this includes 100 samples
from the four GRI cooperative wells (tables 5 through 8). Sandstone composition can be
divided into four major parts: (1) framework (i.e., detrital) grains, (2) matrix, (3) porosity,
and (4) cement (i.e., authigenic minerals). The relative abundance of each of these four

categories has an important influence on permeability.
Framework Grains
Framework grains are divided into essential and nonessential constituents. Essential

constituents are those used to classify sandstones: quartz, feldspar, and rock fragments.

11



siuawdesy yo04 orydiowerap «

0 0 0 0 0 0 0 0 0 0°1 $°89
0 0 (9] 0 0 <0 0 0 0 (2! 8°€9
0 0 0 0 0 $°0 (9] LA | 0 0°2 0°9¢
0 0 0 0 0 0 <0 0 0 ne 29
0 -0 0 0 0 h°t 0 0 0 h°Z 9°€¢
0 0 n.‘o‘ 0 0 €0 h 1 0 0 6°C 2°9¢
0 0 (9] 0 0 LA} 0°1 0 0 LA < 8¢
¢ 1 0 0 0 0 0°1 0 0 0 (9} 9°19
9°41 0 0 0 0 L ¥4 0 0 0 6°¢ 8°99
<8 0 0 0 0 Lh <0 0 6°0 L4 1°4¢
%9 0 0 0 0 0 $°0 $°0 0 ©0°C 0°¢9
€°h 0 0 0 0 8°¢ LA 0 0 h°e 0°h¢
0°¢Z 0 €0 0°1 S0 0 €0 S0 0. 6°1 0°29
L7 0 <0 0 0 0 0 0 0 L1 0°89
T AR X4 0 0 0 0 0°1 €0 0 0 1 0°99
0 0 0 <0 0 6°2 0 -0 0 6°1 $°0¢
0 0 0°1 0 0 6°¢ <0 0 <0 6°2 VAR 4
0°¢ <0 0 0 0 0 0 0 0 0°9 L°0S
%91 0 0 0 0 0 €0 0 0 0°2 °zs
0°¢I 0 0 0 0 0 0 0 0 <*h - 0°9¢
sauty 1P2Y10 sutewas LIE T T eoIN sisep 119y) = NIN asepooyI0 asepo1delq uend
pazis-Ae|) jueld Kaeay Kepd
xuyepw sutesd yiomawes 4

*310D | *oN say3ny weg swenjip uorkep) jo saskjeue oydesSosrag °¢ 9jqe ]

101
0°101°L
Z°001°¢
€°660°L
L°260°L
€°¢60°L
€°€60°L
°€60°¢L
€°060°L
€°690°L
1990,
8°190°L
H°640°L
€°940°L
0°1¢8‘9
€489
(94 1:30]
S 1h8‘9
£°9£8°9
L£°6€89
(1) wdaq

12



0°¢ 01
$°0 L]
€% £°¢<
6°¢ LN
L°h 9°9
6°Z h°Z
€°0 0°1
(9] (3
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0°€l L°3
0°¢ 0°2
0 0
0 0
0°1 0
Kyisozod Kyisozod
Krepuodag Kiewnig

Aj1so10g4

0 0 0 e 04 0 070z
0 0t 0°1 %°Z €°0 0 1°42
0°1 0 0 8°h 0 0 A 14
0 0 €°0 0°2Z 0 0 | I ¥4
0 0 €0 1°Z 0 0 €2z
€0 0 0 1°Z 0 0 8°he
8°¢ 0 0 €°h 0 0 9°¢Z
6°9 0 €°0 ¢°Z 0 0 L°22
0 0 0 0°1i 0 0 AN B |
0 0 0 0 €0 0 6°62
(2 0 0 0 h°L 0 €°91
0 0 0 0 ¢ .0 6°8¢
0 0 0 0 0 0°1 L°9
0 0 $°0 €0 0 €°0 6°¢t
€1 0 0 0 0t 0 hh
0 <0 6°0 . 6°1 8°€ 0 9°¢1
0 0 €0 h*h 6°Z 0 8° L2
0 0 0 0°f 01 0 8 €€
St 0 <0 0 ¢ h 0°1 he6l:
(944 0 0 0 0°¢ 0 091"
Pnew Auplyuy sedspag Kepd MUy aqnwojoq zirend
Jwedio swadnpiny
Piiog
[SUEITE )

(Panunuod) < ajqey

FAl {1} 02
0°101%
2°001°¢
$°660°Z
£°L60°L
£°$60°L
§°€60°¢
T'€60°L
£°060°L
€°690°L
1°990°¢,
8°190°2
H'640°L
£°9%0°L
0°1¢8°9
L°€48°9
$Zh8‘9
S 1h8‘9
£°9¢8‘9
L°6€8°9
(13) mdag

13



sjuaweay 115504,

v:.;m_

siuaweuy yoo0a orydiowerap

14

Z°01 <0 ] 0 0 c0 0°1 0 0 0 8°89 <°/8¢‘8
0 0 0 0 0 8°C 0 0 0 6°1 h°Z9 £798¢‘S
Z°s 0 0 0 0 z°s 0 <0 €0 82 9°L9 °68¢e‘s
0 0 0 -€°0 0 €0 0 ¢°0 0 6°2 0°6¢< 0°Z8¢‘s
h°¢ 0 0 0 0 0- €0 0 0 S°h €€l ¢ 8L€‘8
0 0 0 0 0 0 0 € 0 0 <0 H°04 6°2LE‘S
g€l 0°1 0 €°0 0 0 0°1 LA | 0 6°1 8°IL 8°89¢‘s
LAR NI 0 0 0 0 0 0 0 0 €0 2°8¢ 1°£62°8
0 0 0 0 g0 01 0 01 0 €0 1°29 8°9hZ‘s
0 0 0 0 0 LA | 0 0 0 €°¢ $°89 1°942°‘s
0 0 0 0 0 LAN4 0 €0 0 6°2 19 €EhT's
(x4 0 0 0 <0 <0 0 0°1 0 6°Z 1°1£ 9°0hZ‘s
0 Nn.o 0 €0 0 0 €0 0 0 0°Z 6°¢¢ 9°£22'3
0 —h.o 0 0 0 ¢°0 c. <0 0 s 1 6°2¢L <°91Z‘8
0 Pl 0 0 0 0 0 0 0 0°¢ < €L 0°¢1Z‘s
0 0 0 0 0 6°0 0 LA | 0 €°Z €°h9 SEIZ‘S
0 _n.o (1} 0 <0 €°8 0 0 0 6°C L°8¢ 7 112°8
0 0 0 0 0 0 0 0. 0 <1 €9 9°661‘8S
6°82 [} 0 €0 0 0 0 01 0 0°Z £°99 L°h61'8
0 0 0 <0 0 6°1 0 0 0 €z ' L°29 8°061‘8s
0 0 0 0 0 6°1 0 €0 0 <0 2°¢9 9°681°8
sauty P\o surewsas sjesourm LAt sisepd Wy = TUW asepoyrio aseporBelg yrend) (03) ydag
pozss-hery welg  Kaeay L
Xinew suteid sjomauiely

*2102 | *oN sdijjiyd 0DV jo sashjeue dydesSosyag *9 3[qe]



a1uieg

ayred?
<1 0 (288 2570 0 0°1 (] <0 : 0 141 ¢L3¢°8
0 0 6°8 0 0 €£°€ 0 <0 0 z°0z £°9%¢‘8
0 0 0 0 0 L% 0 <0 0 rer rAl4 28 ]
c°¥ €0 29 [ (i} g 0 0 0 9°22 0°Z8¢‘8
()} ] 0 (] 0 n°¢L 0 0°¢ €0 0" ¢rLE's
0 0 €0 (] 0 ¢z 01 LN 0 AR b4 6°Z1£°8
0 61 0 0 0 £°¢ 0 <0 <0 . <0 8°89¢°8
o 0 6°01 0 0 <9 . 0 0o 0 LAFA | 1°£52°8
<0 0 6 01 o 01 0 01 0 noLr 2°94Z°8
3z 9°¢ 0 0 0 AL 0 <°0 0 6°¢l 1°9%Z‘s
71 $°0 0 0 0 £°9 o €0 0 he €Enz's
0 0 <1 0 0 6°¢ 0 01 0 rALA| 9°04Z°8
0 0 7°9 0 0 6z (670 €01 £6 69 9°£22°3
€1 (2 <0 0 0 6°h 01 01 0 g€l €°912°8
0 0 0 0 0 01 n°g <1 0 z°91 0¢1Z‘s
60 €0 91 0 <0 9°¢ 0 61 0 L°61 eIz’
<0 0 0 0 <0 62 0 61 0 8°22 riIz'e
0 0 LR <0 0 7y 0 (444 01 1°2z 9°661°8
0 0 0 0 0 <0 0 0 (i} 01 Lh61°8
0 0 01 0 60 €€ 0 <0 0 192 8°061°8
0 0 72 0 0 €°¢ 0 0 0 °he 9°681°8
 Kyrsodod Ayisosod Jyew  uplyuy  sedspiag Aep Aed-ay auuy wojoq nend (1) wdaq
Krepuodag Krewsyig owedso owaBmpny ’
pnos
Ayisolog ) SJuaWI)

(panuniuod) -9 3jqe,

15



37@&0:
aMewaHg

Aep> 01 pasayie suresn,

v:;n:

sjuaw8esy %504 d1ydiowrerap «

1°41 0 0 0 0 (1] 0 01 1 . 0 €799
0 €$°0 0 0 0 01 0°1 h'g (3| 0°1 9°£9
0 0 0 0 0 $°0 <°0 0 0 (K4 %°0L
0 €$°0 $°0 0 0 1 0 S0 01 1 0L
h°9 $$°0 0 0 0 0 €0 0°1 o1 (34 ¢ h9
el $$°0 0 $°0 0 0 0 (9] 01 (| 8L
0°1 2$°0 0 0 0 S0 0 €0 0°1 €°h 0°£9
0 0 0 0 0 0 0 0 0 0°¢ 129
0 0 0 0 0 0 0 $°0 $°0 . 8°¢ 6°¢9
6°Z 0 0 0 0 L% 0 0 6°1 h'e - ¢ 19
1°6 0 0 €°0 0 01 0 €0 LA | 6°2 2°0L
6°11 €S0 0 0 0 (3| <0 0 0 0°z €°69
6°L1 0 0 0 0 0°2 €0 0 0°1 or 2°€9
0 €S0 0 0 0 01 0 0°1 0 0°¢ 9°69
0 0 0 0 0 0 0 €0 0 1 §€°¢9
0 0 0 S°0 0 S0 () S°0 0°Z (3 | 1°09
0 26°0 0 0 0 0 0 (i} 0 LS 1°29
0 20°1 0 €0 0 <0 0 0°1 0 h'e S €19
0 0 0 0 0 S0 0 LA | 0 Lh 9°29
0 0 0 0 0 0 €°0 <0 0 0°¢ .9°LS
0 j0°1 0 0 0 <0 <0 01 0 0°¢ H°€9
0 1$°0 0 0 0 01 <0 0 0 hh 6°29
(S]] 10°1 0 0 0 0 01 0 6°1 1 1°9¢
0 10°1 0 0 0 €°h 0°1 0°1 01 6°¢ 9°8¢
LA | 10°1 8°h S0 0 0 <°0 €0 LA 8°€ 2°29
€<l 0 0 01 0 0 S0 0 0 0°2 ~0°%9
S°EE 0 0 0 S0 0 0 : 0 0 <1 0°¢¢
6 1$°1 0 0 0 0 0 0 0°1 <0 JoL8
JAR R 1$°0 0 0 0 0 0 0 0 S 1 8°89
sauty SEIT o) surewau s[esautw eJIN sisep 139y = IW IsedoORIO aseporderg zend)
pazis-Ae|D jueld Anreay Ked
xunepy suread yiomawes g

210D | *ON "1°0O° 'S PUB[YsY Jo sasAjeue orydesSonag °/ djqel

6'cn1‘01
8 1H1°01
0°se1‘01
o'1g1‘ol
L2210l
o'1z1‘o1
ocri‘ol
#Z11°01
orri‘or
1°601°01
6°¢60°01
1°€60°01
Z°680°01
€°09.°6
26616
0°L5L'6
9°¢5L'6
€hsL6
9°€CL'6
0°€SL6
L°06L'6
20626
1°(he'e
tAl4 VAlS
L°01L'
8°269°6
€°989‘6
£°999‘6
$°¢99%6
01 wdsq

16



0 0 0 0 0 0 0 LoET "z <0 6°€h1‘0l

0 0 0 0 0 0 0°1 (] 0 0°€2 g 1h1‘01
0°2 01 0 (] <0 0 6h 01 0 L°91 0°se1°01
0 <0 0 0 0 0 <0 <0 0 h°zz o'1e1‘01
0°¢ St 0 0 0 <0 79 <0 0 8°01 Lol
0 0 0 0°1 0 0 0 L9 6°¢ 6°1 o'1zi‘or
LS <0 0 0 0 0 26 0l 0°1 <*01 octi‘or
"8 0°2 0 0 0 0 0°Z 43| 01 L0 #°Z11°01
8°¢ <0 0 <0 0 0 8°€ 01 0°1 8°91 o'111o1
h'g 0 0 0 0 0 8°¢ 8°¢ 8°¢ '8 1°601°01
9z (i} 0 0 0 0 62 <0 0 L°3 6°60°01
<0 <0 0 0 0 0 0°¢ g2 0 68 1°€60°01
0 (] 0 <0 0 0 0 $°9 0°1 <9 2°¢80°01
‘el 0 0 0 0 0 62 4 0z z°91 €096
(94 <1 0 0 0 0 (N3 0°2 <0 L'z z6sL'6
L°9 -0 0 0 0 (] L°8 91 71 €91 0°5L'6
LS 0 0 0 0 0 z°9 tAL (1 #°01 9°6¢L'6
h'h 0 0 0 0 (] "2 6°S 8°¢ PAR €hcL'6
61 0 0 0 0 0 g1 1°¢L 7'z < L1 9°€sL’6
0°¢ 0 0 0 0 ()} 01 6°9 68 L°81 0°€sL’6
n'h 0 0 62 0 0 0°Z o1 <0 0°12Z L0SL'
0 0 0 0 0 <0 L4 nh L4 0°12Z z°0sL'6

0 0 0 0 0 0 0°1 <0 01 L 1°LhL'6

0 0 0 0 0 0 8°¢ 8¢ 0 612 zsiL'e

0 0 0 0 0 <0 £°¢ 6°2 6°1 hogl L01L'%

0 0 0 0 0 0 0°Z 01 01 €€l 8°269'6

0 0 0 0 0 0 0 g - 0°¢ 0 £989°6
0 0 0 0 0 0 0 0°61 1°91 0 £°999‘6
6°h 0 0 ¢ 0 (] <0 0°] 62 w1 $°699°6
Ayepuodag Arewnng >34 sarew AphAyuy  sedspiay Aep AUy ANwojoq nend (11) wdaqg

owedio swadipiny
plios
Ayisosog [STTETTTEYS)

(Panuriuod) °/ 3jqey

17



poOM pa1jI[e0D),

Ke[> 01 pasaje urelny
sjuawdesy 3501 dorydiourelap &

0 0 6°L 0 0 0 0 0 0 (3| €' €9
0 0 <0 (1] 0 0 €0 0 0 €1 €°89
6°1 1$°1 €0 0 0 6°1 0 €0 0 h°Z H°89
0 0- 0 0 0 ) 0 <0 0 0°1 h°9¢
0 0 0 0 0 0 s°1 0 0 0 0°0L
0 0 0 0 0 0 <0 €0 0 (K4 9° 1L
0 16°1 0 0 0 0 0 0 0 h°Z 6°H9
€t 18°¢ 6°0 (9] S0 h 0 0 0 8°Z h°€9
0 0 0 0 0 0 0 0 Lt 0°9 0°0s
0 (] 6°0 0 0 8°t <0 6°0 €0 6°1 L°89
0 0 0 0 0 €0 €0 0 0°1 6°Z - 9°29
0 0 0 0 0 0 €0 0 €0 (9K4 c°99
0 0 0 0 0 0 6°0 0 8°Z th 0°99
0 0 0 0t 0 S0 0 €0 0 h°h %9
0 0 0 0 €0 $°0 01 01 6°1 0"t €° €9
0 0 0 [} <0 €0 0 0 €0 h°e 8°89
0 0 0 0 0 0 0 0 €0 h°E 9°09
0 1€°0 0 0 0 0°1 01 <0 6°1 6°2 hoLS
ho 4l FARLY L | 0 0 8°h 01 01 6°1 L°L 6°2§
0 0 0 0 0 e 0 €0 0°Z LA} 9°LS
0 0 0 0 0 0 <0 0 6°1 €1 h°89
0 0 <0 0 <0 01 €0 <0 h°Z €°h .w.mn
h°Z 0 0 0 0 0 €0 0°1 (] z°s €°¢9
0 0 0 0 0 0°1 -0 01 0 0°¢ ¢ h9
0 0 0 0 €0 0 €0 €0 €0 6°Z L°6S
0 0 0 0 0 0 0 0 LA | 6°2 9°89
0 0 0 S0 0 0°1 0°1 €0 0 0°1 649
LAVA| 0 0 0 0 0 0 €0 LA | 6°C RS
€ ¢l 0 0 0 0 0 ] 0 €0 0°h €°0L
L6 0 0 0 0 0 0 0 $°0 6°¢ L°19
sautj BE1TiTe) amhg sjesauIw eI siIsepd 1192y « AN aseooN IO asepdo18erg nIend)
pazis-Aep) Aaeal Aepd
xuey sutead yjomaures |

9102 Y- "ON 1sel 3urelq jo saskjeue oiydesBoilag °g ajqe]

1°'166'6
16866
$'€L6'6
6°656'6
0°956'6
°846'6
1°106'6
6°1€6°6
°0e2'6
0°122‘6
0°Z1Z'6
0°20Z°‘6
0°981‘6
0°ZL1'6
0°191°6
61516
0°699°‘s
8°£99‘8
1°999‘s
0°99‘s
£°299‘s
6998
€9¢9's
$°949°8
6°ch9‘s
9°Zh9‘s
1°6£9°8
7°2€9‘8
0°829‘s
0°429‘s
(1) mdaq

18



0°¢ 0 0 0 - 0 6°8 0 0 8 hi S 1°166'6
(8] $°0 0 0 0 €1 0 0 8°zZ 1°686'6
<0 0 0 0 0 6°¢ 0 0 0°81 €°€L6'6
0°2 0°1 0 0 0 0°1 -0 0 Z°81 6°656'6
0°¢ 0°1 0 0 0 ¢°€ 0 0 0°1e 0°9¢6'6
(9r4 0°1 0 0 0 0 0 0 9°12 °8h6'6
h°z 0 0 0 <0 €°h 0 0 1°€z 1°1h6°6
L] 0 0 0 €0 L | €0 0 6°91 6'1€6'6
U 0 % 0 0 <°0 €£°2 €0 $°0 AN | T°0eT'6
z2°¢ 6°0 0 0 0 6°1 0 0 L€l 0°12Z‘6
6°¢ - €0 0 L°38 0 6°1 6°Z €0 1°h1 0°21Z‘6
6°¢ 0°1 0 0 0 ¢ 1 <0 0 (9 X4 0°20Z‘6
€°¢ . 6°0 0 0 0 hZ 0 0 t €761 0'981°6
a 0 0 0 0 6°h %9 (94 L°¢C1 0°zLT'6
8°€ 6°1 0 0 €0 L] . Eh 0 0°61 0°191%
0" 0°1 0 ¢°0 - 0 LY 6°¢ (2| FARA | - 6heTe
0°1 1 0 0 0 €z 8°01 0 2761 0°699‘8
L) 0°1 0 0 0 he 1 [AY'] 0 6°€Z 8°299°‘s
0 0 (/] 0 0 <0 L°9 h°Z 8°h 19998

0 0 0 0 0 6°C €°6 1 < 81 0°99‘8
0°1 0 0 €0 0 L €L 0 (2] €°299'8
€0 €0 0 0 6 L°9 8°h 0 €°81 6'9¢9'8
0°1 6°1 0 0°1 0 6°2 97 0°1 LS £°969‘8s
6°h 0°1 0 0 0 0°¢ : 6°¢ 0! L°91 €°919's
L L4 0 0 €0 h°h <1 €0 8°zz €°€h9‘s
0o <0 0 €0 0 8% <0 0 8°02 9°Zh9‘s

0 0 [) 0 0 z°01 0z 0 <81 1°6£9°8
<0 , <0 'z 0 0 <°0 6°C h°e h°Z #°7€9°8
€z 0 0 0 0 0°1 0°1i (21 0z - 08298
01 0 0 0 0 0 L8 Ad: 8°¢ - 0°129‘8
K1epuodag Krewnag iayew 8_._v>._,=< sedspiasg Kep AuMuy aTwojoq zend) (1) wpdag

ojuedio owadupny .
ptios v
Ayisosod : ) ) . L SjudwWd)

(panunuod) °g ajqey,

19



Ke[> 01 pasaye uresn
sjuaw3euy 3001 dydioweyapy .

LA | 0 0 0 0 6°1 <0 S0 ¢°0 8°¢ €°89 £°86€°L
0 0 0 0 0 <0 0 6°1 0 €1 6°0L €hee’sL
L 1 0 0 0 0 6°1 0 0 0 6°Z L°69 9°6he‘L
0 0 0 0 0 $°0 0°r, 0 0 8°h £°99 0°THe’sL
0 10°1 0 0 0 <0 0 <0 0 8°¢ 6°h9 Li6E€L
0 0 0 0 0 0°1 ¢ 1 $°0 0 L 0°89 °6eE‘L
0 0 0 0 0 $°0 0 0 0 <1 €°89 L onLIe
0 0 0 0 0 0 0°1 0 0 0°2 © L0389 6°CIe’L
0 0 0 0 0 C 0 0°1 0 (341 N 0°¢9 €°C62'L
0 0 0 0 0 ¢°0 1 0°1 0 6°2 ©°89 7°9£2°L
0 0 0 0 0 €0 0 0 0 h'e Lh9 €°€92°L
0 0 0 0 0 0 0°1 0 0 L 0°%9 €092°L
0 0 0 0 0 0 LA (] S0 € § L9 (2 {74V
0 0 0 0 0 01 0°T €°0 0 0°¢ 0°0¢ 0°0%Z°L
0z - 10°1 0 0 0 L°el 0°1 0°1 0 0°1 49 9°£06‘9
6°Z1 0 0 0 0 0°Z 0 (94 0 0°Z 2°¢9 £°668‘9
0 0 0 0 0 ¢€°0 0 $°0 0 0°2 2°¢L <6889
0°¢L 0 0 0 0 (94 0°1 <0 0 0°1 YA 78489
0 0 0 0 0 0 0 0°1 0 €€ 849 9°££8'9
0 0’ 0 0 0 0 0 01 0 € h°69 ¢ 1€8'9
0 0 0 0 0 0 (] 0 0 0" £°LL 2°628*9
0 1€°0 0 €0 0 0 0 0°1 0 0°z Chthe 9°918‘9
sauty Ryo Aauig sferautw eI s1sep 13D =W IsepPoRIo aseporeq Nﬁﬁ:O (1) wndaq
pazis-Aep) Kaeayy Kepd
xineyy sureid xpomawes

3102 Z "ON 1up) sen jjampjeDd odowy Jo saskjeue oydesBonrag °¢ ajqel

20



¢°0 0°1 0 ¢$°0 0 €£°9 el 6°Z 1°01
€°¢ H°Z 0 0 0 eI €0 €0 0°¢l
8°t 0°7 0 0 0 ¢°0 heg 6°1 (281
LA €0 0 L) 0 0°1 L4 €°0 0°hi
€°¢ 6°1 0 0 <6 rAY 4 6°1 L 1°11
6°¢ L4 0 0 ] £°9 0°1 0 I°Zi
0°h €z 0 0 0 0°1 (¥4 g1 ‘€°81
0°9 (] (941 0 €0 g0 0°1 0 H°91
0°¢ 0 0 (9] 0 0°¢ 01 €0 (4]
€°¢ 0 0 0 0 €°0 6°Z 6°¢t T°€l
86 0 0 0 0 §°Z 1 1 91
heg €0 0 $°0 0 ¢°1 0°1 0 L°2T
L°< L | 0 0 €0 0°1 6°1 <0 8°hi
01 01 0 0 0 0 6°¢ 20°1 L°81
$°0 0 0 0 0 ¢ 1 0 0 €1l
0°1 0 0 0 0 0 0 0 LA

0 0 0 0 0 (4 0°C 0 €° L1

0 0 0 0 €0 (a4 0 0 6°L1

0 0°1 0 0 0 0°Z <0 0 €° 4t
€0 1 0 0 <0 0°1 ] 6°1 0 6°81

0 0°2 0 0 0 0°¢ ¢°1 0 8°hi
0°1 0°1 0 0 ¢°0 S 1 01 0 L°91

K1epuodag Kreunag 1mew uphyuy sedspiag Kepo JuAjuy Swojog end
owredso swadipiny ,
ples
Kyrsolog SIUWID

P vscwu:OUv °6 2iqeL

usw3d Anege
a[npou 311djeJ,

£°8¢¢€°sL
€hse’s
9°6h¢°L
0°The's
L6eel
rAl %430
LAY
6°SIE‘L
$°C6Z'L
#°9£2°¢
£°€92°¢L
€°092°L
§°¢Cz'L
0°04Z°¢L
9°£06°9
€°668°9
€"688°9
#°848°9
9°/€8°9
¢°1€8°9
2°6z8'9
9'918°9
(13) wmdag

21



aw8el] 3201 JIUEDJOA,

usa3wad O:umﬂm

waw3esy %201 dIUoIN|dy,

QUL

syuswBeug 3004 drydioweraw

0 0 0 0 0 <0 1 0°z 0 0°T1 9° 1L
St 0 0 (1] 0 0 0 0°1 0 0°¢ € 1L
0°01 0 0 0 0 0 0°Z €°0 0 €0 1°0¢L

0 0 0 ()] 0 <0 L) 0°1 0 h°Z 9°89

0 0 0 0 <°0 6°0 6°0 L 0 €°¢ L°89

0 0 0 0 0 €°€ L 61 0 €€ . h°69

0 0 (9] 0 0 LA 't €z 0 L | _ h°69

0 4$°0 0 0 0 0 S0 0°1 0 (9| L7419
(] 0 0 0 0 0 LM 6°1 0 he 1 h°GL

0 0 0 (9] 0 0 0°1 6°1 0 6°Z 1°89

0 28°0 0 0 0 0 S0 0°1 0 0°1 _ 9°89

0 €€°0 0 0 0 <°0 6°1 (9] 0 6°1 1°€L

0 0 0 0 0 0 0°1 0°1 0 1 1742

0 0 0 0 0 0 0 0°1 0 <0 €°99
1°¢z 0 0 0 0 <0 €0 <1 0 h°g 9°8¢

0 0 0 0 0 <0 0°1 (] 0 8°¢ 0°¢9
91 0 0 0 €0 0°1 (| (94 0 0°2 0°%9

0 0 0 0 0 <0 S0 LK 0 6°2 0°89

0 0 0 (] 0 0 h°e <0 0 6°1 t°89

0 €S0 0 0 0 0 0°1 €0 0 h°g 8°1L

0 0 0 0 €0 0 0 €°Z 0 rAS ] 6°L9

0 2$°0 0 0 0 6°0 0 61 0 €°€ 6°¢9

0 0 0 0 0 <0 0 0°1 0 0y R,

0 0 0 0 0 0 0 <0 0 0°1 1"1L

0 1$°0 0 0 0 <0 0 0 0 -8°¢ 1°4%9
sauty PO kg sjesautw eIN sisep 129D NN asePoiIo asepordeld zend

pazis-AepD Aaeay Kejd .
xuepw suread spjomawies |

*3102 | *ON ,, Dy ©8138uey odowy jo sasjeue orydeisBosrsad *Qf sjqe],

9°799‘s
2°099‘s
9°969°‘8
0°059°‘s
9'1h9°‘8s
<°8€9'8s
6°L£9°8
8°€€9‘s
°(79'8
78198
1°h09°‘8s
0°209°‘s
0°665°8
0'96<°8
LR Vi3
0°1H¢‘s
1°81¢‘8
<*h0¢‘s
C'8Lh‘]
£°0L4°8
€°99h°‘8
6°0Z4°8
0°61h‘8
€L
8°60%°8
(13) wdaq

22



0 (3] 0 0°1

0 0 0 0

0 0 0 0
0°y 0 0 0
€°0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0
h°e 0 0 0
8°h 6°1 0 0
6°¢ €z 0 0
6°1 LA | 0 0
6°Z 0°1 0 0
w°9 <0 0 0

0 0 0 0
nh 01 0 0
(941 1 0 0
h°g () 0 0
L°h 6°0 0 0
hh 0 0 0°i
L€ 6°0 0 0
€°¢ <0 0 LA
6°2 €0 0 6°Z
S°€ 0 0 0°2
0°1 0 0 0.

Krepuodag Krewug 1ew . u:.ib_.i
oedio
Puos
Kusolog

0°1

<0
61
1
6°Z
6°0
01
Ay
84
hh
¥
¢l
)

O 0o O o o ©

w\
°

€°0
€°0
6°h
LA |

N

61
01
0
0
01

N
.

sedspjag Kep
Swadnpny

602
8°0Z
891
Lz
t°0z
z° 1
10z
612
2°6

9°21
z°c1
8°91
141
80z
€01
40z
)

0°91
81
0°81
0
H61
6°¢1
'Ry
26z

w\
°

"
.

) o
.
QOQO‘QO—QQOOO-*OOOQOOOQO
w\ .
.
© 0O O O O O © O 0 OO0 0 OO0 00O OO0 O OO OO

"\
.
(=]

%°01
0

© © 0O O O O 0O 0 O 0 0 O 0 O 0 OO0 O 0O OO O oo

(-]

adped-24 Aquauy - uwojog  zrend

SJUBW)

(Panunuod) 0 3jqey

9°799‘8
2°099‘8
9°969‘8
07059°8
9°h49°'8
$°8€9'8
6°L£9'8
8°€€9'8
°L29'8
#°819‘8
1°409°8
0°209‘s
0°665‘8s
0°96¢°3
L V%]
0°14¢<‘s
1°81¢‘s
<"h0s‘s
S°8Lh'S
€048
$°994‘s
€°024'8
0°61H‘S
€°L14'8
8°604°3
(1) wdag

23



. sauny
mon-nuan_w
Xueyw

|

01 0 0 0 2°€ 0 0 9°€2
£°9 o1 0 0 0 8°¢ 1°01 01 9°11
0t <0 0 0 0 €9 <h $°z 621
8°01 0°Z 69 0 €0 <1 0 0 (e

0 0 611 0 0 0°¢ <0 0 ¢
B N4 01 € 0 <0 8°¢C 0 €0 1°€1
6°¢ 02 °9 0 0 6°¢ 6°¢ <1 g1l
€9 01 0 (] 0 89 ¢ <1 £°01
K1epuodag Kiewng . iajews uplyuy Jyedspiag Kep AUy Nuwojoq zaend
LT T T T T T T T ‘U_cmwua‘ Tt It T T T T \U_:uw_-—u:<1 T T T ToTTT
plios .
Kjisos04 SIUWI)
1z 0 0 0 71 0 0 0 "z 749
e 0 o 0 0 0 0 0 6'¢ < 8¢
0 0 0o - 0 0 0 €0 0 0°¢ #°€9
1$°0 0 ] 0 $0 0 0 0 <1 119
0 0 0 <0 0 0 €0 0 $°0 £°€L
1570 0 <0 0 <0 0 0 0 <1 °89
1€°0 0 0 0 €°0 0 0 0 6°¢ 819
0 0 0 0 01 0 0 0 "€ h°¢9
»PQo Ay sfesautw eIW sisep YD =N aseoI0 asepdorderg zuend
Kaeay ke

. -swawdely 3204 drydioweraw,

9°€09°2
0°065°L
7H8¢°L
1°6L6°L
9°26s°¢L
R X414
1°L6%°L
6°96h°L

~_ @nwdag

Ked 03 pasayje urean

sute1d xijomawelq

*2103 7 *ON SiAe(j 3luef ung jo sasAjeue orydeiSosrag |1 J|qel

9'€09°‘, .
0°065°¢
LIV
1°6L6°¢L
9°266L
Lird 1903
1°264°L
6°96h°¢
(1) wdag

24



poom patjifeod,
Ae[> 01 pasayfe urean
sjuawdeuy 3204 drydsowreran

0 0 0 €0 0 0°1 ° 0 (] 0°2 £°69 6'99¢°8
0°h 0 ] 0 0 0 0 0 0 0°2 0°08 6°CSE‘s
141 0 0 <0 0 (] 0 <0 0 6c £°69 9°6h€‘8
g 0 0 0 ] ] 0 0 0 0°2 1°08 0°8Z¢‘8
6°01 0 0 0 0 0 €0 (] 0 ¢ 1 9L 6'91¢°‘s
(91 25°0 <0 0 0 (444 0 <0 0 0 2°89 $°c97's

0 e 0°Z 0 0 0°1 0 0 $°0 0 -~ €°99 1°192‘8

0 jo° 1 0 0 0 <0 0 <0 0 o1 €19 0°042‘8

0 0 0 0 0 0°1 0 0°1 0 (¥4 . 0°¢9 c ez

o 1$°0 ] 0 <0 0 <0 0 0°1 o1 0°0¢L $°0€2‘s

0 0 (] <0 0 0 0 0 <0 0°2 <89 8°L22'8
6°6Z 25°0 0 0 0 S0 0 0 0 <1 VAL zrel's
Y 0 0 0 $°0 0 0 <0 0 0°¢ - 8'g9 $°981‘s
<0 0 0 0 ] 0°9 0 0 0 (8| L9 1°6L1's

0 0 €0 0 0 62 01 0 0 0°1 AT {9 L°841°8
0°1 1$°1 0 0 0 6% 0°1 0 0 (454 - €°€9 L°SL1°8
9L (] €0 0 0 0°1 0l 0 0 6'h 8°8¢ L°6S1's
samy - PO kg sfesauw eIn sisep T «JUN asepoI0 sseporderd zend (1) wdag

_pazis-Kejy Kaeayy - Kepd !
xujeyw ; ) suteld yjomauwses g

310D 7 *ON 4 1321347 yliom[[els jo sashjeue oydesBonrag “Z§ ojqe]

25



0°¢ (] 07z c 0 0°¢ €0 0°1 L
0 0 0 G 0 0°¢ 0°€ 0°1 0°¢
0°1 0 (Y 0 0 0 0°Z <0 8°L
0 0 0 0 0 0 0 0 <9
0 0 0°2 0 0 0 0 0 H°01
0 0 <0 0 0 (981 0°1 0 H°91
0 0 0 0 0 6°h 6°¢ 6°Z 7€l
0 0 hh 0 0 6°8 0°1 0 €°ct
0 0 6°¢L 0 <0 6°€ 0°¢Z 01 €<l
0 0 811 0 0 h'e [ | €0 6°6
0 0 0 0 0 Hh°8 0 <0 £°61
0 0 0 0 0 0 0 0 0
0 0 01 0 0 0 <0 0 €°81
0 0. hohl 0 <0 0 €°0 <€ LARA
0 0 Hh° gl 0 0 <0 0 <0 H°91
0 0 01 0 0 0°Z <0 0°1 tAN k4
€0 0 0 0 0 0 hoh €1 1°0Z
K repuodag Krewnag sMnew uphyuy  sedspiag Kep Nuuy awojoq yrend)
owreldro salniny
Pios
Atsorod SHuAWIH

(parunuod) -z dqey,

6°99¢°8
6°65E‘s
9°64€‘8
0°82¢‘8
6°91€'s
€°69Z‘s
1°19Z‘8
0°04Z‘s
¢ 1€2'8
$°0eZ's
8°/22'8
ziel‘s
<°981°8
1°6L1‘8
L°8L1°8
LsL1's
L6s1's
(1) wdag

26



0 01 0 $°91 r7e2's

0 0 €761 0 0
<0 g1 €°0 0 0 0 <0 0 €€l 8°0€2°8
-0 0 9°Z 0 0 0 0 0 L°0% 0°62Z‘8
0 0 0 0 01 0 0 0 781 €sze's
0 0 0 0 0 (] S1 %°9 7 €°0 6°681°8
0 0 9l 0 <0 ¢°1 0 (] el z°181°s
Kiepuodag Kieumag Japtew  uphyuy  sedspjay kepp AUy smuwojoq < zIEND (1 wdag
owedio - swadpiny . .
; plios
Ayisoz04 T sjuawid)
sjuawdeay 5204 uEEo:.SoE- )
0 0 0 0 0 (4] 0 0 0 0°¢ n°9¢ 12€2'8
811 0 0 (1] 0 6% (/25 B 4] 0 <1 0°19 8°0€Z‘s
Lo ] 0 €0 . ] 0 <0 01 0 6'c €769 0°62Z‘s
L°6 0 ‘0 0 $°0 o 0 S0 0 62 - €°99 €cz's
74l (] 0 0 0 0 0o 0 0 Sh 8°2¢L . 6°681'8
0 0 0 €0 0 6°¢ 0 0 0 0°2 6°29 1818
saury Cpo  awkg s[esaurw N sisep PR o) TEL. ] seoyI0 asepoiderg zend (1) wdag
pazis-keyy : Knreoyy : Kejd L : ; :

xunew ) : i “suield xpomaweng

*210D 7 *ON 04Juay yriomjjels jo saskjeue u_:mﬁmo:um ‘€1 d1qel

|
>

-
\

27



0 0 0h 0 0 (94 (4 0 0°61 1°¢1z's
<0 0 0°¢ 0 0 (9| €0 0 6°61 €°h0Z‘8
0 $°0 0 0 0 (94 0°¢ 0°1 €91 9°661°8
0 0 h°81 0 0 €0 [ | 0 6°L1 8°€61‘s
0 0 0 0 0 0 H°91 €°he 0°1 1°061°8
6°¢ €0 0 0 () 0z 01 0 VAR | ¢°881‘s
0 0 0°91 0 0 ¢ 1 €1 0 91 €°881‘8
€8 6°1 €0 0 0 6°0 6°1 0 1°91 c¢8i‘s
0 0 0°Z 0 0 0 ¢°61 0°8 (94 0°1L1‘8
Kyepuodag Kreunmag 1jew ANuphyuy Jyedspia g Kepd AuMNuy aawojoQq zuend (1)) wdag
owedio RIITEX T TV
plios
A1iso10g [STETTES)
Aepd 01 passyje uresn,
' sjuaweay o014 uEEoEm«oE‘
(949 0 0 0 0 0°2 €0 0°1 0 <1 €19 1°¢12°s
€6 0 0 <0 0 0°1 0 €0 0 <1 L°29 £°H02°‘8s
Sh i) 0 0 0 (21 0 €0 0 0°Z. 0°49 9°661°8
0 1$°0 0 0 0 0 01 <0 0 0°1 L°8¢ 8°€61‘s
1 0 0 0 0 0 €0 €0 0 (2| € ht 1°061‘8
8°8 0 0 0 0 1 0 €0 0 €1 2°<9 <°881°8
0 0 0 0 0 0 0°1 0°¢ 0 €0 019 €°881‘s
0 0 0 0 0 €€ 0 6°0 0 £°h 9°19 ¢c8l‘s
0°h 0 0 0 0 0 0 €0 0 0°z €19 0°1L1's
saury PO kg sjesaulw oI sisep YD AN 3sepoRI0 aseporderq zend (13) pwdag
pazis-Aej) Kavay Ken
Xujeyy sutesd spomawel g

310D | "ON V. SWelfjIM ®1[2Q Jo sashjeue diydesSosrag 4] 9|qet

28



Any other detrital grains, including redeposited rip-up cl‘ayy clasts, are nonessential to

~ sandstone classification.

Essential Coﬁsﬁtuents

Quartz is' the most abundant detrital mineral in all Travis Peak samples (pl. IA). It
comprises up to 80 percent of the sandstone volume and averages 65.4 percent. Of the
essential constituents, detrital qﬁartz constitutes 32 to 99 percent. Most detrital quartz
grain,s are single crystals with stréight of slightly undulose extinction, although poly-
icrystalline quartz grains are présent. |

Detrital feldspar (including plagioclase, orthoclase, and microcline) forms 0 to lb
percent of the total rock volume (tablesbj ‘through 14); and 0 to 15 percent of the essential
constituents. Plagioclase is more abundant than orthoclasé in all wells, and microcline is
extremely rare. The average volume of feldSparYin the fou‘r‘GRI cooperative wells is 2 to 3
percent (tables 5-through 8);' the Ashland S.F.O.T. No. 1 and PrairieilMast No. 1-A cores

average 3.5 percent, whereas the Clayton Williams Sam Hughes No. 1 and ARCO Phillips

No. 1 cores contain significantly less feldspar (an average of 2.3 percent). Much of the

plagioclase is untwinned, indicating it had a metamorphic origin (Folk, 1974). Plagioclase

grains vary from fresh to sericitized and vacuolized. Partial dissolution of plagioclase

along cleavage planes results in delicate skeletal grains and secondary porosity (pl. IB).

Many grains have albite twinning, but other grains have a patchy, indistinct type of
twinning called "chessboard" that may be caused by albitization and healing of par‘tially
dissolved plagioclase (Gold, 1984). Plagiodase grains in the Travis Peak samples have been
extensively albitized (see Feldspar section, p. 42).

Orthoclase and microcline are rare in all cores (average = .05 percent in Clayton
Williams Sam Hughes No. 1 and ARCO Phillips No. 1), except in the Ashland S.F.O.T. No. 1
and Prairie Mast No. 1-A cores, where they average"VO.S percent of the rock volume. The

significantly greater volume of total feldspar in the Ashland S.F.O.T. No. !l and Prairie
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Mast No. 1-A samples is accounted for by the greater volume of orthoclase; there is no
significant difference in plagioclase content in the Ashland and Prairie cores compared to
the Clayton Williams and ARCO cores. The presence of more potassium feldspar in the
Ashland S.F.O.T. No. 1 and Prairie Mast No. 1-A cores suggests that orthoclase may
originally have been more abundant in the other cores as well, but was removed by
dissolution during burial. It is not known why significe;.ntly more orthoclase remains in
those two wells; perhaps their greater depth below the top of the Travis Peak or their more
downdip location in comparison to the other cores is part of the explanation.
Alternatively, more orthoclase may originally have been deposited in the area of these two
wells. Possible differences in source areas tapped by different fluvial axes may have
resulted in local variations in sandstone composition in different local depocenters.

Rock fragments are primarily chert and metamorphic rock fragments in the Travis
Peak. Each is generally present in volumes of 0 to | percent. Many of the samples also
contain a trace of very fine grained siliceous rock fragments. Their origin is not known,i
but they appear to be either metamorphosed fine siltstone or metamorphosed chert whose
grain size increased during metamorphism. The presence of these three types of rock
fragments indicates that the source area for the Travis Peak included both sedimentary and
metamorphic rocks.

Clay 'clasts are common (tables 5 through 14), but they were derived locally when
partially consolidated mud layers were ripped up and redeposited with sand. Because of
their local origin, clay clasts were not included in the rock fragment category when the

sandstones were classified.

Provenance
The essential constituents provide information about the provenance of Travis Peak
sandstones. These sandstones are quartzarenites and subarkoses (fig. 4), and the average

composition (quartz, feldspar, rock fragments) for all the samples is Qg7 Fy.0 Ry.3. The
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Figure 4. Class;ification of Travié Pera;"l:-vé‘éndsfones (from Folk, 1974).
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high percenfage of quartz indicate‘s these samples are mineralogically mature; unstable
grains either were not abundant Iin the source area, or they were removed during
transportation; deposition, and burial, or both. Work by Saucier (1985) indicates that the
Travis Peak was derived from a largé area of the southwestern United States that included
sedimentary, metamorphic, and igneous rocks. The high percentage of quartz in the Travis
Peak is probably caused at least in part by the presence of abundant sedimentary r’ocks in
the source areas. Metamorphic rocks contributed slate and phyllite fragments, metachert,
and much of the plagioclase. Granitic Precambrian basement exposed in‘ Oklahoma and
Colorado during the Early Cretaceous also contributed feldspar and quartz, as well as
plutonic rock fragments. However, plutonic rock fragments are rare in the Travis Peak
sandstones because igneous rocks were a minor part of the source terrain and because. the
transport distance was sufficiently long that most rock fragments were broken into mineral

grains, particularly quartz and feldspar.

Nonessential Constituents

Other framework grains (nonessential constituents) not used to classify the sand-
stones are present in the Travis Peak in varying amounts. Tourmaline and zircon, which
are both extremely stable, are the only heavy minerals observed in thin section. They can
survive long transport distances and can be recycled from older sedimentary rocks. The
lack of other heavy minefals may be attributed to two factors. First, heavy minerals other
than zircon ahd tourmaline were probably rare in the sedimentary part of the source area.
Second, other heavy minerals, such as hornblende and garnet, are less stable during
transport and burial than are zircon and tourmaline, so any of these minerals that were
derived from the source area did not survive.

Muscovite is present in volumes of less than 0.5 percent, and it occurs primarily in
the finer grained samples. Coalified wood is a common constituent in some samples

(tables 5 through 14); the wood was derived locally and redeposited with the sand.
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Invertebrate fossils were also derived locally and incorporated into sandstones that overlie
fossiliferous limestones near the top of the Travis Peak Formation. Fragments of oysters,
ostracods, and echinoids are evidence of a normal-mayrihe depositional environment for the

limestone (D. Bebout, personal communication, 1985).
Matrix

Detrital clay matrix was deposited with some of the Travis Peak gandstones. Where
detrital grains of Sandééized ciay clasts could be recognized, they were counted separately
from clay matrix (tables 5 through ‘14). "However, where clay clasts were deformed by
compaction and are no longer recognizable as',;jistinct grains, they were counted as matrix
(clay-sized fines). X-ray diffraction analysis of detrital clay matrix in the less than
5-um-size fraction has been performed on samples from the Clayton Williams Sam Hughes
No. 1, ARCO Phillips No. 1, Ashland S.F.O.T. No. 1, and Prairie Mast Nq. 1-A cores. lllite
and chlorite are the most abuh_dant detrital clay minerals (David K. Davies and Associates,
1984a, 1984b, l985a‘,> 1985b). Detfital kaolinite occurs in only two samples from the ARCO
Phillips No. 1 well, énd mixed-layer illite-smectite with approximately 5 percent smectite
layers occurs in the Ashland S.F;O.T. No. 1 core and in trace amounts in the Prairie Mast( .
No. 1-A core.

A few zones near the tbpvof the Travi§ Peak are sandy limestones; in which the matrix
is finé-grained carbonate mud. Some mud 'rémains calcite, but much of it has been

dolomitized or ankeritized.
Porosity

The amount of porosity in Travis Peak sandstones is quite variable, ranging from 0 to
22 percent measured in thin section (tables 5 through 14). =~ Thin-section porosity was
~divided into primary and secondary types; secondary porosity results from dissolution of

framework grains or cements. Average primary porosity recognized in thin section is 0.65
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percent (standard deviation = 1.2 percent), whereas secondary porosity averages 1.9
percent (standard deviation = 2.4 percent). The low volume of primary porosity suggests
that moét original depositional porosity in the sandstones was destroyed by compaction and
cementation, and that much of the rem’aining porosity of the Travis Peak results from
mineral dissolution. |

Porosity was also measured in a porosimeter, which determines effective pore volume

using the principle of Boyle's Gas Law. The correlation of thin-section porosity with

porosimeter porosity is .28 for all samples. Much of the difference between values of

porosity that can be observed in thin section and porosimeter-measured porosity is the

presence of abundant microporosity between authigenic clay crystals and in clay matrix. A

smaller source of error is secondary porosity within leached feldspar grains. In matrix-free
sandstones, the correlation between porosimeter and thin-section porosity is .42, which is
significant at the .001 level.

There is a significant trend of decreasing porosimeter porosity with depth below the
top of the Travis Peak (fig. 5); both the mean porosity at any given depth and the range of
observed porosities decrease. Pi‘ima‘ry and secondary porosity measured in thin section also
decrease with depth below the top of the Travis Peak. The mean value of primary porosity
exhibits little change with depth ‘(fig. 6), but the range of primary porosity values
decreases. Thus, several samples near the top of the Travis Peak have high values of
primary porosity, but the values are uniformly low qeeper in the formation (fig. 6). In
constrast, secondary porosity decreases significantly with depth in the Travis Peak both in
mean value and in the range of poroﬁties present (fig. 7).

In clean, well-sorted sandstonés, the depositional porosity was probably quite high,
perhaps as much as 45 percent (Jonas and McBride, 1977). Porosity was probably reduced
to 35 percent during the first few feet of burial (Jonas and McBride, 1977), after which
. compaction and grain reorientation -associated with déeper burial vreduced the porosity to

an average of about 27 percent. Few ductile grains are present in the Travis Peak
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Figure 5. Porosimeter-measured porosity decreases with depth below the top of the Travis
Peak.
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sandstones, so that compaction by deformation of ductile grains was probably minor except
in intervals with abundant clay clasts. The pre-cement porosity, which is calculated by
adding the total volume of cement to the volume of p'rimary porosity, is a measure of ‘the
amount of primary porosity that remained after compac‘tion and before cementation. The
average pre-cement porosity in matrix-free sandstones is 26.7 percent (standard deviation
= 5.2 percent). The average volume of total authigenic cements, including reservoir
bitumen, in matrix-free sandstones is 25.8 percent (standard deviation = 5.3 percent). In
most samples, therefore, the primary porosity that remained after compaction was almost
completely occluded by authigenic minerals. Some samples of matrix-free sandstones
contain as much as 40 percent cement. It is unlikely that 35 to 40 percent primary porosity
could have remained after burial compaction; to contain 35 to 40 percent cement, these

samples must have undergone some dissolution of framework grains.
Cements/Authigenic Minerals

Authigenic minerals constitute between 0 and 52 percent of the sandstone volume in
the Trayis Peak samples. The volume of rock made of authigenic cement is normally
distributed with an average of 23.0 percent and standard deviation of 7.8 percent. The
most important control on the total volume of cement in the sandstones is the amount of
detrital matrix; the correlation coefficient between matrix and total cement is -0.64.
Large amounts of detrital matrix must have lowered the permeability of the sediment, such
that a smaller volume of mineralizing fluids passed through matrix-rich sandstones
compared to clean sandstones. Furthermore, abundant detrital matrix probably reduced
the availibility of nucleation sites on detrital grains, and in particular inhibited the
precipitation of quartz cement. There is not a significant correlation of total cement with
absolute depth or depth below the top of the Travis Peak.

There are several authigenic phases in the Travis Peak sandstones; authigenic quartz,

illite, chlorite, ankerite, and dolomite are the most abundant (tables 5 through 14). Less
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common authigenic minerals include calcite and iron-rich calcite, feldspar overgrowths,
pyrite, barite, and anhydrite. In addition, solid hydrocarbons occur in all cores except the
Amoco Kangerga "C" No. l. The solid hydrocarbon material, also known as reservoir

bitumen, was considered a cement.

Authigenic 'Quar tz
Authigenic quartz is the most abundant cement in the Travis Peak, with an averége '
volumé of 15.5 perCenf (standard deviation = 6.7 percent). In samples witrx no detrital clay. -
matrix, the average-, volume of quartz cement is. 18.4 percent (standard deviation
= 4.3 percent). In 26nes with abundant quartz cement, the overgrowths completely occlude
primary porosity and form an interl.ocking me‘sh of quartz crystals (pls. IA and IVA). In
zones with less authigenic quartz the overgrowths do not grow together, thus some primary
porosit‘y remains between crystal faces (pls. IC, D, and IVA). Euhedral crystals charac-
vtérize the zones of‘cle‘an sandstoné and less.ébqndant quartz cement (pls. IC and IVB).
Rare intervals of hr'gh perm»eéb‘ility in the Travis Peak correspond to these zones of clean
sandstone with rele‘xtively low volumes of quartz cement. For example, permeable zones in
the Clay.torr Willia‘ms Sam Hughes No. 1 well (6,843 ft; pl. IC) and the ARCO Phillips No. |
well (3,216 and 8,246 ft; pl. IVA) have average unstressed permeability of 30 md, whiéh is
several orders of magnitude greét—er than the average perme,abi»lity in the Travis Peak. |
The relation between the volumg of quartz cement in matrix-free sandstones and
permeability is not as straightforward as might be expected. In the ARCO'Phillips Né. 1
core there is a significant inverse relation between quartz cement and log stressed
permeability (correlétion coefficient = -.73). The Clayton Williams Sam Hughes No. 1 core
has a relatively high correlation - coefficient (-.51) between .quartz cement and log
unstressed pérmeability, but' because the sample size is small, it is not gtatisﬁcally
significant. However, in the Ashland S.F.O.T. No. 1 a}nd the Prairie Mast No. 1-A cores no

significant trend of quartz cement versus permeability exists. Furthermore, when data
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from all ten wells are considered, there is no significant correlation of quartz cement and
permeability either in all samples or in matrix-free samples. The significant inverse
correlation of quartz cement with permeability in §mat‘rix-free samples in the ARCO
Phillips No. 1 probably occurs because this well contains zones with relatively high
permeability and a relatively low volume of quartz cement. Matrix-free samples from the

Ashland S.F.O.T. No. | and Prairie Mast No. 1 cores, on the other hand, have varying

amounts of quartz cement, but their permeability is uniformly low. The fact that matrix-
free samples with low quartz volumes have low permeability implies that other cements

are abundant in those samples and control permeability.

Authigenic Clay Minerals

Authigenic clays that have been identified in the‘Travis Peak sandstones are illite,
chlorite, kaolinite, and mixed-layer illite-smectite. Authigenic clays average 2.6 percent
of the sandstone volume, although much of that volume is actually micmp.orosity. In thin
sections, microporosity cannot be distinguished from clay flakes, but by SEM it can be seen
that abundant porosity occurs bet;ween individual clay flakes (pl. IVC, D). Illite and
chlorite are by far the most abundant authigenic clays. In matrix-free sandstones their
combined average volume is 3.0 percent (standard deviation = 2.3 percent). Kaolinite was
observed in thin séction only in the Amoco Kangerga "C" No. | core, where it commonly
appeared to be engulfed in quartz overgrowths. Rare kaolinite books were identified by
SEM in one sample from 8,246 ft in the ARCO Phillips No. 1 core. Mixed-layer illite-
smectite with approximately 5 percent smectite layers was identified by X;ray diffractioﬁ
in clean sandstones iﬁ the Ashland S.F.O.T. No. 1 core (David Ki. Davies and Associates,
1985a). A trace of mixed-layer illite-smectite occurred in one sandstone sample from the
Prairie Mast No. 1-A core (David K. Davies and Associates, 198 5b).

Illite occurs as thin rims of téngentially oriented crystals that coat detrital grains

(pl. VA). Where the rims are sufficiently thick, they prevented nucleation of quartz
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overgrbwths.' Small quartz crystals nucleéted on gfains with breaks in the illite rims
(pl._VA)’. Where illite rims were thin, quartz cérﬁent pfecipitated over them, and the illite
~rim now forms a disﬁnc’t boundary between détrital grain and overgrowth. Illite also
occurs as del‘iCate‘ fibers and compact flakes inside primary and secondary pores (pl. IVC).
In particular, secondary pores associated with dissolved feldspar grains commonly contai_n
illite fibers (pl. VB). |

Chlorite occurs‘ as individual flakes and rosettes inside primary and secondary pores
(pls. I1A }a'md IVD). Like illite, abundantvmicfoporosity occurs between chlorite crystals.
Both illi’te and chlorite in the Travis Peak are iron rich (David K. Davies and Associates,
1984a, 1984b, 1985a, 1985‘5). The tot;;l authigenié clay content in all matrix-free sandstones

does not have a significant correlation with either stressed or unstressed permeability.

* Authigenic Carbonate Cements

Dolomite (pl. IIB), ankerite (pls. IIC and VC), caléite, and iron-rich calcite cements
all occur in the Travis Peak samples; but only dolomite and ankerite are common (tables 5
through 14). Calcite and iron-rich célcite were observed only in the ARCO Phillips No. 1
core in sandstones above or below limestone beds. Fossils and carbonate mud in the
adjacent limestones probably provided ‘the F‘sburce of CéCO3 for the calcite cement.
Dolomite cement is more cbmmon,' with an avefage volume of 1.1 percent in the Travis
Peak samples (standard deviation = 3.2 percent). Most samples contain a trace to one
percent dolomite, b‘ut a few samples are heavily dolomitized (up to 34 percent) (tables 5
through 14). Dolomite rhombs corﬁmonly have ankerite rims (pl. IIB). Dolomite is most
abundant in the} delta-fringe facies at the top of the Travis Peak. In the delta-fringe facies
of the Ashland S.F.O.T. No; 1-well, dolomite and ankerite rhombs éccur preferentially
along ripple faces (pl; IID) whére they replace detrital grains, particularly clay clasts. In

other samples dolomite rhombs commonly occur within detrital matrix or zones of
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abundant clay clasts. Samples from the deeper, fluvial sections of the Travis Peak contain
little or no dolomite (tables 7 and 8).

Similarly, ankerite is also most abundant near the top of the Travis Peak (fig. 8). At
any given depth there is a range of ankerite \)olumes (average ankerite volume
= 2.2 percent, standard deviation = 3.3 percent), but the maximum amount of ankerite
present decreases with depth below the top of the Travis Peak. Therefore, ankerite is most
abundant in the marine-associated delta-fringe facieg, and its abundance decreases with
depth into the fluvial section. Whez;e ankerite is present in large volumes the permeability
is uniformly low, but at small volumes of ankerite, permeability has a wide range (fig. 9).
Ankerite content in large volumes is probably an important control on permeability, but in
low volumes other factors control permeability.

Petrographic relationships show that ankerite cement precipitated after quartz

overgrowths (pl. IIC). In places, ankerite replaced frarﬁework grains and earlier cements.

I.-‘eldspar
| Albite overgrowths on plagioclase grains are present in most samples, but in voluhes
less than 0.5 percent. Albite overgrowths comm‘only occur on partially dissolved
plagioclase grains that now appear to be in the process of being redeposited (pl. VD). The
diagenetic history of these grains was probably as follows: (1) partial dissolution,
(2) albitization of the remaining detrital plagioclase, and (3) precipitation of euhedral over-
growths on sites within the leached grain. This process was described by Gold (1984) for
plagioclase in Miocene sandstones of the Louisiana Gulf Coast. The small crystals that
grow within the leached grains are nof in exact optical continuity with each other, thus in
thin section the e).(tinction pattern shows patchy zones or "chessboard" twinning (Gold,
1984). ‘

Feldspars from six Travis Peak samples have been analyzed by an electron micro-

probe to determine the major element composition. Plagioclase composition ranges from
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Ang,] to Anyg, but 65 percent of the analyses were less than Anj and 87 percent were less
than Ans. ("An" is the average anorthite content of the plagioclase in mole percent.)
Feldspars with chessboard twinning consistently have compositions less than Anj.
Feldspars that retain more calcium (greater than Anjq) represent a variety of grain types,
including grains with distinct albite twinning, untwinned grains, and extensively dissolved
grains. However, other examples of each of these grain types have compositions of less
than Anj. Therefore, only grains with chessboard twinning are consistently associated with
albite composition of less than Anj.

The microprobe analyses indicate that plagioclase in the Travis Peak has been
extensively albitized. The original detrital composition of the plagioclase is not known, but
it was probably more calcic than it is now, possibly in the range Anjg to Ansg. The
presence of plagioclase with Anyq in the Travis Peak indicates the source area contained
feldspars at least as calcic as oligoclase. Medium-grade metamorphic rocks and igneous
diorites and granodiorites in the source area could have contributed both oligoclase (Anjg
to An3g) and andesine (An3p to Ansg). It seems probable that the Travis Peak feldspars
were albitized after burial, and the albite is therefore not detrital. Many of the Travis
Peak plagioclase grains are extensively leached and would not have survived transport in
such a condition, indicating they have been dissolved since burial. Similarly, the
precipitation of internal overgrowths within parti_ally leached grains must have occurred
since burial and dissolution of the feldspars. Therefore, it seems likely that albitization
has occurred since burial. However, it is possible that some fraction of the albite in the
Travis Peak was inherited from older, albitized sandstones or from low-grade metamorphic
rocks in the source area.

The geochemical conditions in the Travis Peak favor the formation of albite from
more calcic plagioclase. Fluids in the Travis Peak are sodium-calcium-chloride brine
(Kreitler and others, 1983), and the high amount of sodium should cause albitization of

feldspars at the temperatures measured in these wells. Bottom-hole temperature in the
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Clayton Williams Sam Hughes No. | well is 204°F, uncorrected, at 7,200 ft, and 220°F,
uncorrected, in the Ashland S.F.O.T. No. | well at 10,400 ft.

In addition to dissolution and albitization of plagioclase, dissolution of orthoclase
apparently took place during burial diagenesis. Partially dissolved orthoclase was observed
in the Ashland S.F.O.T. No. ! and Prairie Mast No. i-A cores. Orthoclase is relatively
common in the upper sections of the Prairie Mast No. 1-A core, but it is absent in the
deepest section of cdre from 9,900 ft (table 8). No orthoclase was observed in any cores
from more than 1,300 ft below the top of the Travis Peak (fig. 10). Absolute depth of the
core does not seem to be as important in determining orthoclase content as is the
stratigraphic position within the Travis Peak. Samplés from the Ashland S.F.O.T. No. |l
core from 10,100 ft contain orthoclase, but these samples are within the delta-fringe facies
and are only about 700 ft below the top of the formation.

Orthoclase content is low at the top of the ;l'ravis Peak (fig. 10), so selective
orthoclase dissolution may also have occurred there. Thus, dissolution of orthoclase may
explain the particularly high values of secondary porosity at the top of the formation

(fig. 7).

Other Authigenic Minerals

Pyrite, barite, and anhydrite are the other authigenic mineral phases that were
observed in the Travis Peak. Minor anhydrite cement was identified in thin sections from
six of the ten wells; most samples contain either no anhydrite or less than one percent, but
one sample from the Prairie Mast No. 1-A core (9,212 ft) has 9 percent anhydrite cement
(tables 5 through 14). Anhydrite replaces both framework grains and cements (pl. IIIA);
petrographic evidence indicates it precipitated after quartz overgrowths.

Barite is even less abundant than anhydrite, with a maximum volume of 0.5 percent in
a few wells. In most thin sections no barite cement was counted. Bladed barite crystals

-occur in secondary pores, indicating they were a relatively late-stage cement.
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Pyrite is present in small amounts in most cores, but it is particularly abundant in the
Ashland S.F.O.T. No. | (table 7), Prairie Mast No. 1-A (table 8), and Stallworth Everett "B"
No. 2 cores (table 12). Much of the pyrite is associated with coalified wood fragments.
Pyrite nodules in the Prairie Mast No. 1-A core (pl. iIIB) extensively replace framework

grains and quartz cement.

Solid Hydrocarbons

Solid hydrocarbon accumulatibns that line pore§ in some sandstones (pl. IIIC) were
observed in all cores except the Amoco Kangerga "C" No. | (tables 5 through 14). This
material is interpreted to be reservoir bitumen, which was defined by Rogers and others
(1974) as "black, solid graphitic, or asphaltic particle:;, or coatings within the porosity of
oil- and gas-bearing reservoirs." The reservoir bitumen occurs primarily within the delta-
fringe facies and is most abundant in the upper 300 ft of the Travis Peak Formation
(fig. 11, tables 5 through 14). Wells with thick delta-fringe facies, such as the Ashland
S.F.O.T. No. | and Prairie Mast No. 1-A, contain only minor amounts of reservoir bitumen
in the deepest part of the delta-fringe facies, 600 to 700 ft below the top of the Travis
Peak (tables 7 and 8). |

The reservoir bitumen fills primary pores and commonly coats quartz overgrowths
(pl. IIID), indicating it entered the pores during burial diagenesis. The emplacement of
bitumen appears to héve been a late diagenetic event ‘that occurred after both quartz and
ankerite precipitation. The volume of reservoir bitumen is as high as 19 percent in a
sample from 8,232 ft in the Stallworth Renfro No. ‘2 well (table 10). The average volume is
1.5 percent (standard deviation = 3.6 percent), but the distribution is not normal because
most samples do not contain any reservoir bitumen. Among samples that contain reservoir
bitumen, the average volume is 5.6 percent (standard deviation = 5.5 percent). Where
reservoir bitumen is abundant, it drastically reduces porosity. For example, in the ARCO

Phillips No. 1 core, a sample from 8,246.1 ft has thin-section porosity of 8.4 percent and no
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bitumen. In contrast, a sample from 8,246.8 it contains 9.2 percent reservoir bitumen and
no thin-section porosity. |

Samples that contain large amounts of reservoif bitumen, for example greater than
10 percent, probably underwent some dissblution of framework grains and cements before
or during the emplacement of reservoir bitumen in the sandstones. It is unlikely that the
Stallworth‘ Renfro No. 2 sample from 8,232 ft retained j19 percent open porosity late in the
diagenetic sequence when the reservoir bitumen was emplaced; this sandstone also contains
21 percent of other authigenic cements. A total of 40 percent by volume of mineral
cements and reservoir bitumen is not a realistic figuré jfor pre-cement porosity. Therefore,
there must have been dissolution of framework grains or cements or both to create pore
space for such a large volume of reservoir bitumen late in the diagenetic history. This
conclusion is supported by the relatively low volume of detrital quartz in this sampie, only
56.4 percent compared to an average for all wells of‘ 65.4 percent. The dissolution may
have been caused or enhanced by the emplacement of organic acids associated with these
organic molecules within the sandstones (Surdam and otherg, 1984).

Within the delta-fringe facies, permeability dif‘ferences apparently controlled the
distribution of reservoir bitumen. Intervals of well-sorted, rippled and crossbedded
sandstones now contain the most reservoir bitumen. Burrowed and other poorly sorted
sandstones contain little or no reservoir bitumen. Therefore, many zones that originally
“had relatively high porosity and permeability may now be tight because of reservoir
bitumen.

Elemental analysis was performed on four samples of the solid, black reservoir
bitumen from sandstone; in the Delta Williams "A" No. | (8,190 ft), Sun Janie Davis No. 2
(7,493 ft), Stallworth Renfro No. 2 (8,232 ft), and Stallworth Everett No. 2 (8,318 ft) cores.
The hydrogen/carbor (H/C) ratio of the reservoir bitu.men varies from 0.79 to 0.90. An
H/C ratio greater than 0.58 suggests that this reservoir bitumen formed by deasphalting of

pooled oil after solution of large amounts of gas (C to Cg) into the oil (Rogers and others,
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1974). When gas went into solution in the accumulated oil, it lowered the solubility of
heavy molecules such as'arométics and asphaltenes, causing them to precipitate (Tissot and
Welte, 1978). ~After precipitation, the reservoir bitumen may have continued to evolve to
lower H/C ratios by polymerization and cross-linking, resulting in a more insoluble, carbon-
rich material than the originally precipitated asphaltenes. Sulfur, common in reservoir
bitumens, apparently promotes cross-linking (Rogers and others, 1974).

The gas that caused deasphalting was either generated from the pooled oil by thermal

alteration, or it was injected from outside by a second migration of gas into the reservoir.

- Gas may have been generated in deeper, downdip parts of the stratigraphic section and

then migrated updip, causing deasphalting in oil reservoirs located along the gas migration
path.

- Additional geochemical analyses may pefmit differentiation between the processes of
gas generatidn by thermal alteration and by secondary gas migration. Evaluating the
maturation level of kérogen in shales adjacent to the bitumen—Beahing sandstones will
establish if rocks at that depth have undergone sufficient maturation to cause thermal
alteration and gas generation. If the maturation level of the adjacent shales is not high, it
would suggest that thé gas came from a second phase of hydrocarbon migration from
deeper in- the basin. In addition, comparison of the carbon isotopes in reservoir bitumén
with carbon isotopes in oil from the Travis Peak may distinguish between deasphalting and
thermal alteration. Deasphalﬁng results in similar carbon isotopes in the reservoir bitumen
and the original oil, but thermal alteration results in isotopically heavy carbon in the
residue and isotopically light carbon in the methane that is generated.

The presence of reservoir bitumens in what were originally the more porous and -
permeable sandstones is explained by the mechanism of deasphalting by gas solution. The
oil from which the asphaltenes precipitated migrated into the good reservoir facies, but it
did not migrate into the less permeable, poorly sorted sandstones. Thus, the presence of

reservoir bitumen may provide a clear picture of where oil occurs within a reservoir.

\
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PERMEABILITY

Permeability of the Travis Peak sandstones was measured in two ways. All samples
were measured at surface pressure conditions (200 psi); these measurements are referred to
as unstressed permeability. Most samples from the four GRI cooperative wells were also
measured under in situ conditions of overburden pressure; these measurements are referred
to as stressed permeability. The correlation between permeability and porosimeter
porosity is high, so porosimeter porosity is a gooa predictor of permeability. The
correlation coefficiént of porosimeter porosity versus log unstressed permeability is 0.64;
correlation with log stressed permeability is 0.70.

Tﬁe correlations between permeability and vérious individual cements (quartz,
ankerite, total authigenic clay, and reservoir bitumeﬁ) are not statistically significant.
However, the correlation of total cement in matrix-free sandstones with log unstressed
permeability (fig. 12) is significant at the .001 level. Therefore, from thin-section data the
best predictor of permeability in ‘clean sandstones is the total volume of authigenic
cement, including reservoir bitumen. Individual cements, even quartz, are less useful as
predictors of permeability, because even if one cement has low volume in a given sample,
other cements may be abundant and act as the control on permeability.

Permeability decreases with depth below the top of the Travis Peak (fig.13). With
the exception of one sample from the Prairie Mast No. 1-A core at 9,959 ft, only samples
within about 200 ft of the top of the Travis Peak have stressed permeabilities greater than
0.1 md. Samples within 200 ft of the top of the Travis Peak have a wide range of stressed
permeabilities, from less than .0001 md to more than 90 md. Deeper in the formation
permeébility decreases, and most sarﬁples range from less than .0001 md to .l .md (fig. 13).
Therefore, the diagenetic processes that caused extensive cementation and resulting low
permeability throughout most of the Travis Peak Formation may not have operated as

completely on the sediments deposited near the top of the Travis Peak. These deposits
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r'etaih‘ some priméry porosity, and, fcherefore,'highe_r pérmeahility than the rest of the
formétion. In addition',‘processes that caused dissolution of framework: grains and
genérati'on of secrond'ary porosity may have been more active on deposits near the top of
the Travis Peak. Additional geochemical wdrk on the authigenic cements, including

determination of their isotopic composition, will provide more information about the

temperature and fluid conditions under Which the cements precipitated. This additional
-information should make it possible to determine why some aspects of the diagenesis near

-the top of the Travis Peak differed from diagenésis in the rest of the formation.

SUMMARY AND DIAGENETIC HISTORY

Petrographic relations of the aUthigénic cements in the Travis Peak sandstones can

be used to determine the order in which the cements precipitated. The earliest cements to

form were clays that coated detrital grains with tangentially oriented crystals, primarily

illite. The clay coats are prbbébly authigenic, although some of the coats could have

formed by infiltration of clays into the sandstones after deposition as vadose water

percolated down to the water table (Wilson and Pittman, 1977).
Extensive quartz overgrOWths, the next cement to precipitafe, covered thin clay

coats and sharply reduced primary porosity. The amount of quartz cement in the Travis

Peak sandstones indicates that large volumes of water must have moved through these

deposits at some time in their burial history to account for the volumes of silica that were

‘ deposited as cements. Possible sources of water include (1) meteoric water that recharged

in a highland area and flowed through fhe sandstones durihg shallow burial, (2):fluids

derived from basin compaction, or (3) fluids that moved by thermally driven free

convection and were recycled through the sandstones during deeper b’urial.‘ Some of the

silica in the quartz overgrowths could have been derived from pressure solution of detrital

quartz grains.” However, the amount of pressure solution and stylolites’ observed in thin
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sections was minor, so this source probably was sufficient to provide only a relatively small

volume of the observed quartz cement. Furthermore, it is likely that much of the pressure

solution occurred after quartz cementation because stylolites cut both detrital grains and -

overgrowths. Finally, the relatively high amount of pre-cement porosity suggests that
quartz cementation began early in the burial history,? probably at depths too shallow for
pressure solution to have begun. Isotopic analysis ofj quartz overgrowths, which will be
conducted on a variety of Travis Peak samples, should provide information on the type of
fluid that precipitated the cement and when in the burial history the cement formed.

Ankerite was the next major authigenic mlnex:al to precipitate after quartz. It
probably formed asa late-stage cement during deep bunal of the sandstones. The iron and
magnesium in the ankerite may have been derived from mixed-layer illite-smectite during
illitization of iron- and magnesium-bearing smectitei layers. Much of the ankerite is
associated wifh dolomite; commonly, carbonate rhom?bs are dolomitic in the center and
contain ankerite around the crystal rﬁargins. Perhaps carbonate precipitation began before
ivron was available, therefore dolomite formed. As the; subsurface fluids evolved to a more
iron-rich composition, ankerite precipitation became prévalenf. Some of the dolomite may
have been an early cement that precipitated during sh#llow burial, with magnesium derived
from seawater. Early dolomite may also have serve%d as a nucleus around which later
ankerite precipitated.

Dissolution of feldspars and precipitation of authlgemc chlorite and illite (both types
of clay are iron rich, according to David K. Davies and Assomates, 1984a, 1984b, 1985a,
1985b) were also relatively late diagenetic reactions jchat occurred at approximately the
same time as ankerite precipitation. Production of ?COZ by ‘decarboxylation reactions
during organic maturation may have driven the feldspé.r dissolution reaction. The volume
of organic matter in Travis Peak shéles is probably la:fge in comparison to the amount of

feldspar in Travis Peak sandstones; thus CO» production from organic reactions is most

likely sufficient to account for all the secondary porosiﬁy in the Travis Peak. Precipitation
i : ‘
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of iron-rich illite and chlorite was probably related to the other late-stage reactions, with
their iron and magnesium derived from the smectite to illite transformation that supplied
iron and magnesium for ankerite. In addition, the silica in the authigenic clays may have
been supplied by dissolution of both plagioclase and orthoclase feldspars. The authigenic
clays commonly occur within secondary pores associated with leached feldspars. Dissolu-
tion of orthoclase is also the most likely source of potassium in the authigenic illite. Thﬁs,
the reactions for organic maturation, feldspar dissolution, and ankerite, illite, and chlorite
precipitation are interrelated and all probably occurred at approximately the same time.

Migr;tion of liquid oil into the Travis Peak sandstones followed ankerite precipita-
tion. At a later time gas entered the accumulated oil and caused precipitation of reservoir
bitumens, which occluded much of the remaining porosity in some zones near the top of the
Travis Peak. The concentration of reservoir bitumen near the top of the formation was
probably caused by one of the following possibilities: (1) The lower, sand-rich part of the
Travis Peak lacks traps and seals, so oil that entered the lower part of the formation
continued to migrate upward through the sandstones until it was trapped near the top of
the Travis Peak. Thicker shale beds of the upper Travis Peak or the overlying Sligo
Formation may have acted to seal hydrocarbons in the uppér Travis Peak. (2) The lower
part of the Travis Peak has a smaller range of permeabilities than the upper Travis Peak,
and most samples have less than .l md permeability. Because of the low permeability,
liquid oil may not have migrated into or through the lower Travis Peak sandstones from the
source rocks. The most probable source beds for the Travis Peak hydrocarbons are either
Travis Peak marine shales that were deposited downdip from the fluvial-deltaic sandstones
(fig. 2) or Jurassic shales. Hydrocarbons generated in these parts of the stratigraphic
section may have moved updip directly into the sandstones in the upper Travis Peak.

Some of the late diagenetic reactions continued after the reservoir bitumen was
emplaced. There are some secondary pores that lack reservoir bitumen in samples that are

otherwise completely filled with bitumen. It is likely that additional feldspar dissolution
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occurred in these samples after the emplacement of tne reservoir bitumen. Late feldspar
dissolution indicates that gas generation continued even after the initial formation of gas
that caused the precipitation of the asphaltenes from the liquid oil. Gas generation,
feldspar dissolution, and albitization may be c‘ontinuingjtoday.

Future work on Travis Peak sandstones will be designed to answer several questions
that have been raised by the initial petrographic studies. Additional organic geochemical
studies should‘help determine the origin of the reservoijr bitumen and the relative timing of
emplacement of the bitumen compared to precipitation of authigenic minerals. Evaluation
by vitrinite reflectance and pyrolysis of thermal maturity of shales interbedded with the
bitumen-bearing sandstones should provide information necessary to determine if the gas
that caused precipitation of the reservoir bitumen was derived from Travis Peak oil or
from a secondary migration of hydrocarbons into the formation.

Geochemical work on the various authigenic cernents will include identification of
the oxygen isotopic composition of quartz cement to determine the temperature and
composition of the fluid that precipitated the ab'undant quartz overgrowths. - This
information will help determine the timing of cementatiion and the source of the fluids that
carried silica into the formation. Analysis of the cartj)on and oxygen isotopic composition
of the carbonate cements should contribute information on the relative timing of the late-
stage cements compared to the migration of hydrocarbons into the formation. Microprobe
analysis of the composition of the carbonate cements may also provide information about
the chemical conditions in the Travxs Peak during burial dxagenesm.

The goal of all these geochemical studies is to prov1de additional 1nformat10n about
the processes that were operating in the Travis Peak dur1ng burial and which resulted in the
drastic reduction of permeability in these sandstones. ‘I%he initial petrographic studies have
identified signific:ant geographic and stratigraphic variations in cementation, porosity, and
permeability in Travis Peak sandstones. An understanding of the processes that caused the

cementation should provide insight into the causes of these regional variations in the
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physical properties of the Travis Peé.‘k sandstones. All studies will provide further insight
into the evolution of the low-permeability reservoir framework and into the origin and
emplacement of the gas resource. This insight is necessary for effective reservoir

exploitation and for development of new conCepts of exploration and field delineation.
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