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Abstract

1. The COST No. 1 well was
drilled in 65 m (214 f1) of water and
penetrated 3,776 m (12,387 ft) of sedi-
mentary rocks in the Alaska Outer
Continental Shelf (OCS) block 489
about midway between the Iniskin
Peninsula on the northwest and the
Kenai Peninsula on the southeast. The
ages of the sedimentary units were
determined by wireline fogs and the
analysis of foraminifers, radiolarians,
calcareous nannoplankton, and
marine and terrestrial palynomorphs.
The section from 413 m (1,356 ft) to 797
m (2,615 ft) is Cenozoic. The underly-
ing section, from 797 m (2,615 ft) to
2,112 m (6,930 f1), is Cretaceous; al
1,541 m (5,055 ft) the section is divided
into Upper and Lower Cretaceous
rocks. The bottom section, from 2,112
m (6,930 ft), to 3,775.6 m (12,387 1), is
Upper Jurassic (Oxfordian through
Tithonian). The base of this section
probably was not penetrated so the
1,663 m (5,455 ft) thickness is probably
aminimum, The top of this unitis con-
troversial. Drill cutting samples indi-
cate that the top is at 2,709 m (6,918 £t),
2,112 m (6,928 ft), or 2,135 m (7003 ft).
Paleontologic evidence indicates that
the topisat2,109m (6,918 ft) or 2,417 m
(7,930 ft). 1 place the top at 2,112 m
(6,930 f1), just below the abundant
Inoceramus fragments and just above
the first occurrence of laumontite.

The West Forelang Formation, of
early Cenozoic age, extends down to
797 m (2,615 ). The sediments are
sandstone, siltstone, coal, and some
conglomerate. Modal analyses of the
sandstone indicate that it is feld-
spatholithic with an average composi-
tion of QuFyl,,. The Kaguyak
Formation (Upper Cretaceous), from
797 m (2,615 1) 10 1,541 m (5,055 it)
contains marine and nonmarine sedi-
ments. The feldspathic sandstone has

an average composition of Q,;F, L.
The Herendeen Limestone (Lower
Cretaceous) contains sandstone,
siltstone, shale and abundant
Inoceramus fragments from 1,541 m
(5,055 ft) to 2,112 m (6,930 fr). The
lithofeldspathic sandstone has an
average composition of Q FL,,. The
bottom section, the Naknek Forma-
tion (Upper Jurassic), down to 3,776 m
(12,387 ft), is dominantly siftstone,
shale, and sandstone. The average
composition of the lithofeldspathic
sandstone is Q,,Fil,,.

The West Foreland Formation,
the shallowest unit sampled, has a
minimoem thickness of 384 m (1,259 ft).
Paleontologic data indicate Mesozoic
rocks were reworked in a nonmarine
environment. The organic carbon
content of the unit is low and the sec-
tion is thermally immature. No hydro-
carbon shows werse indicated. The
Kaguyak Formalion is 744 m (2,440 ft)
thick and includes three sandstone
bodies that are potential hiydrocarbon
reservoirs. Paleontologic and
lithologic evidence indicate two pro-
grading sedimentary sequences that
prograde seaward from an upper
bathyal environment to nonmarine.
Although the organic carbon content
is as much as 1.07 weight percent, the
kerogen is low in oil-prone material
and tacks an adequate thermal history
to generate oil. Two different hydro-
carbon shows were reposted in this
unit. The Herendeen Limestone is 572
m {1,875 {t) thick. Foraminiferal data
indicate that it formed in middie
bathyal to inner neritic marine
environments. The organic carbon
content is low, and the thermal history
ts insufficient to generate hydrocar-
bons. Only a few hydrocarbon indica-
tions were reported. Reservoir proper-
ties of the sandstones are poor. The
deepest rock unit penetrated, Naknek

formation, is at least 1,663 m (5,457 ft)
thick. Even though the rock is thor
oughly cemeanted with laumontite, it
contained most of the hydrocarbon
shows. Since the strata, mostly sand-
stone and siltstone, is low in organic
content, and the organic matter is not
the type to generate oil, the oil must
have migrated into the area of the well
bore from another part of the basin
where mature oil-prone source rocks
were present,

2. Information about the
environmental geology of the lower
Cook Inlet basin is limited; and no
quantitative information has been col-
lected from the upper Cook Inlet
basin.

A number of geolagic features
and processes have been identified
that may pose problems to engineer-
ing installations in the lower Cook
Iniet and along the adjacent coastline.
Strong earthquakes have caused
major damage to the area by ground
failure, surface warping, and
tsunamis. four active volcanoes on the
west side of lower Cook tnlet are
andesitic, so they can have violent
eruptions. Very little is known about
the swift bottom currents and sand-
waves that have broken pipelines in
the upper Cook Inlet.

3. The seismic horizons were
determined by comparing the meas-
ured seismic reflections with the cal-
culated reflections from the COST No.
1-well. Horizon A, at 900 m (2,950 ft)
depth in the well, is near the top of the
Upper Cretaceous rocks. Horizon B is
at the depth of 2,005 m (6,575 ft) in the
well. That depth represents the Cre-
taceous-jurassic contact where the
rocks no longer have intergranular
porosity but are cemented with calcite
and laumontite. The third horizon, C,
is 1,400 m (4,600 ft) below the bottom
of the welland about 3,100 m (10,200 ft)
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below the top of the Upper jurassic
rocks. It represents the contact
between the top of the Middle jurassic
rocks and the base of the Upper
Jurassic.

4. The paleontology and bio-
stratigraphy are based on detailed
analysis of foraminifers, marine and
terrestial palynomorphs, calcareous
nannoplankton, and radiolarians.
Eocene fossils from 413 to 552 m (1,356
to 1,810 ft) represent a predominantly
nonmarine depositional environment
in a warm temperate climate. Pa-
leocene, from 552 to 799 m (1,810 to
2,620 ft) is characterized by a pai-
ynomorph assemblage containing Par-
aalnipollenites confusus. Well
developed tLate Cretaceous
(Maestrichtian) microfossil
assemblages, from 799 to 1,539 m
(2,620 to 5,050 ft), indicate nonmarine
and marine intervals. Sparse but diag-
nostic assemblages of Early Cre-
taceous (Hauterivian to Valanginian?)
microfossils, from 1,539 m (5,050), indi-
cate a marine depositiona) environ-
ment whose paleobathymetry fluctu-
ated twice from upper slope to
middle-shelf water depths. Late
Jurassic (Tithonian to Oxfardian)
microfossils, from 2,417 m (7,930), indi-
cate an intertida) to inner neritic
marine depositional environment.

S. The COST No. 1 well does
not confain prospective petroleum
source rocks. The organic carbon con-
tent, which ranges from 0.08 to 0.65
weight percent, is more abundant in
the upper part of the well than in the
lower. The thermal maturity, however,
increases with increasing depth. The
transition from immature to mature
hydrocarbon generation seems to be
from 2,100-2,700 m {6,900-8,900 ft) in
the well.

The Mesozoic sediments in the
COST No. 1 well contain much less
organic matter than the Mesozoic sed-
iments in the upper Cook Inlet and the
North Slope in Alaska. Although the
thermochemical transformation of the
organic matter in the Mesozoic rocks
is marginally mature to mature, the
organic matter is dominantly of the
type that has a poor oil-generating
capacity. However, because the COST
No.1well did not penetrate the source
rocks for petroleum in the upper Cook

Inlet—the shales of the Middie
Jurassic—the prospect for petroleum
in the lower Cook Intet should not be
judged only on the data obtained from
the COST No. 1 well. The oii-generat-
ing systemn in the Cook Inlet basin is
probably made up of migrating paths
from the Middle Jurassic rocks.

6. The present-day geothermal
gradient for the COST No. 1 well is
2.28°C/100 m. Even though this gra-
dient is close to that of the Swanson
River oil field gradient of 2.37°C/100 m,
the gradient is too low when com-
pared to the geothermal trends in the
upper Cook tniet. The evidence from
the stratigraphy of the rocks, the first
occurrence of faumontite, and the TA}
values indicate that the rocks in the
well were subjected to high tem-
perature gradients before uplift and
erosion. The fow vitrinite reflectance
values do not substantiate this
inference.

7. The compositions of the
sandstones in the COST No. 1 well
indicated that they were derived from
an igneous source terrane which had
outcrops of both volcanic and plutonic
rock types. The shallowest samples are
volcanic fithic sandstone. The West
Foretand Formation of early Cenozoic
age contains feldspatholithic sand-
stone with an average composition of
Q3F3ly;. The Kaguyak Formation
(Upper Cretaceous) contains feld-
spathic sandstone with an average
composition of Q,5F¢ Ly Both the
Herendeen Limestone (Lower Cre-
taceous) and Naknek Formation
(Upper  Jurassic) contain
lithofeldspathic sandstone with aver-
age modal compaositions of Q;.Ful,,
and Q,,F.sL,,, respectively.

8. The diagenetic changes most
affected the volcanic rock fragments
and plagiociase feldspar that are abun-
dant in the sandstone samples. Sand-
stone diagenesis increases with
increasing depth in the COST No. 1
well. Pseudomatrix is more common
in the deeper sandstones than in the
higher sandstones. Authigenic clay,
montmorilionite and chiorite,
increases with depth, and some of it
formed before laumontite crystalliza-
tion. Laumontite is present in most
sandstone samples from depths
greater than 2,134 m (7,000 ft) where
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most plagioclase is partly to com-
pletely albitized and intergranular
porosity is destroyed.

The major cause for the reduc-
tion of porosity and permeability in
the COST No. 1 well is due to the for-
mation of authigenic clay matrix and
pseudomatrix, The minor cause is that
of compaction and diagenesis.

The sandstones of the West Fore-
land formation (lower Cenozoic) have
a porosity of nearly 20 percent. The
porosity and permeability of the sand-
stone of the Herendeen Limestone
(Lower Cretaceous) has been reduced
by compaction and pore fillings of clay
and caicite. The original porosity of
the sandstone of the Naknek Forma-
tion (Upper )urassic) was probably
high but is now substantially reduced
by compaction and by precipitation of
authigenic minerals, predominantly
faumontite.

9. The Middle Jyrassic sand-
stones of the Tuxedni Group and the
lower part of the Chinitna Formation
were derived Jargely from a volcanic
terrane. Important differences in com-
position occur between the Tonnie
Siltstone Member of the Chinitna For-
mation and its overlying Paveloff Silt-
stone Member; the lower member is
volcanic-ithic rich, is virtually devoid
of hornblende, and is cemented domi-
nantly with chlorite; and the upper
member is less lithic-rich (more fefd-
spathic fragments from a dissected
pluton), contains an average of 7 per-
cent hornblende, and is cemented
with l[aumontite as well as chlorite.

The cementation and compac-
tion of the sandstones in the Tuxedni
Bay area in the western Cook Inlet
shoutd be considered when evaluat-
ing the hydrocarbon-reservoir poten-
tial of the Middle and Upper jurassic
sandstone in Cook Inlet.

The new data about the composi-
tion of the sandstones from the Tux-
edni Group and Chinitna and Naknek
Formations provide evidence that the
Alaska-Aleutian Range batholith was
unroofed during the deposition of the
Paveloff Siltstone Member of the
Chinitna Foymation.

10. Eight separate episodes of
plutonism in southern Alaska may
have affected or have affected the
provenance history of the forearc



basin that includes Cook tnlet. The
petrologic variations of the plutons
representing these eight episodes
reveal 2 general trend to higher felsic
composition from the older to the
younger plutonic groups. Generally,
jurassic plutonism produced mafic to
intermediate compositions, Cre-
taceous plutonism produced mostly
tntermediate compositions, and Terti-
ary plutonism produced telsic com-
positions.

Both short-term and long-term
plate-convergent episodes have
affected the provenance of the Cook
Inlet forearc basin. Four refatively
short-term episodes that affected the
Cook Iniet basin occurred during the
Late Triassic(?) and Early Jurassic, Mid-
dle and Late jurassic, Late Cretaceous
and early Tectiary, and middle Tertiacy.
Widespread fate Cenozoic volcanic
rocks and the presence of many calc-
alkaline volcanoes in the region are
evidence that a fifth episode is taking
place now.

Over the long term, the prove-
nance evolved from simpte magmatic
arc sequences in the early Mesozoic to
a composite of regional sedimentary,
metamorphic, and magmatic arc
sequences in the late Mesozoic and
Cenozoic. {n effect, each succeeding
magmalic arc increased the propor-
tion of crystalline rocks in the prove-
nance. The simple magmatic arc
provenance of the Late Triassic,
Jurassic, and Early Cretaceous pro-

duced sandstones changing from
lithic to feldspathic compositions. The
sandstones in the Late Cretaceous
should reflect a composite prove-
nance that includes magmatic arc and
recycled orogen types, and, after a
new magmatic arc ¢ycle began in the
Late Cretaceous, locai devetopment of
volcanolithic sandstones.

Late Cenozoic sandstones
should reflect a complex composite
provenance that includes magmatic
arc, recycled orogen, and continental
block provenance types. The diverse
sandstones should range fromlithic to
quartzose types.

The development of three major
provenance types in southern Alaska
should produce a complete range of
sandstone framework modes.
However, the younger sandstones of
the Cook Inlet basin tend to have
quartzose framework modes. This
may be expfained by the increasing
proportion of metamorphic and plu-
tonic rocks to valcanic rocks during
provenance evolution and the more
felsic compositions of the younger dis-
sected plutons.

11. Only the sandstones from
the Lower Jurassic through the Lower
Cretaceous changed compositions in
the way Dickinson and Suczek (1979)
predicted for magmatic arc prove-
nances. In the forearc basin, the
Upper Cretaceous sandstones change
composition from a feldspathic 1o a
feldspatholithic sandstone with very

little change in guartz content; this
change is the reverse of the kind of
change expected in a magmatic arc
provenance and more like the dissec-
tion of the previous magmatic arc
provenance. The composition of the
Cenozoic sandstones in the forearc
basin and in the adjacent accreted ter-
ranes are again derived from a mag-
matic arc; the sandstones were all
feldspatholithic but they increased in
quartz content very rapidly as they
decreased in age, undoubtedly
reflecting the more felsic provenance
and a drainage system that reached
into interior Alaska.

Only in the Cenozoic sandstones
was the quartz content high enough to
provide adequate petroleum reser-
voirs consistently. The Upper Jurassic
sandstone would have been a good
petroleum reservoir before the lau-
montite filled all the pores in the
rocks.

12. Considering all the data,
only three sandstone beds of Upper
Cretaceous age are potential hydro-
carbon reservoirs in the COST No. 1
well. These rocks, however, are not
the source rocks for the petroleum in
the upper Cook Inlet. COST No. 1 well
did not penetrate the shales of the
middle Jurassic, so the question of
whether potential prospective
petroleum rocks are present in the
lower Cook Inlet basin still remains
unanswered,
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Introduction

By Leslie B. Magoon

The lower Cook Inlet COST (Continental Offshore
Stratigraphic Test) No. 1 well is 65 ki southwest of Homer,
Alaska in the Alaska Outer Continental Shelf block 489 (fig.
1). The well was dnilled in 65.2 m (214 ft) of water to a total
depth of 3,775.6 m (12,387 &) from the rig Kelly bushing
(KB). The well was spudded June 10, 1977, and it reached
total depth on September 9, 1977. Other specific information
is given in tables | through 4.

COST No. 1 well was drilled in Cook Inlet Outer
Contivental Shelf waters to obtain stratigraphic information
before the ojl and gas Lease Sale No. Cl was held October 27,
1977. Adantic Richfield Company, acting as operator, solic-
ited support from industry to form a COST group to drill a
stratigraphic test well; 18 petroleum companies responded.
The proposed location of the well was about midway between
the Iniskin Peninsula on the northwest and the Kenai Penin-
sula on the southeast The granting of Federal leases within
92.6 km (50 nautica) miles) of the drill site on December 1,
1979 has made possible the publication of detailed informa-
tion about the geologic findings from the COST No. | well, in
accordance with Title 30, Code of Federal Regulations,
Chapter 1, paragraph 25).15, which provides for public
disclosure by the U.S. Geological Survey (USGS) of all
geologic information on the well 60 days after such leasing.
Open-File Report 78-1435, entitled “*Geological and opera-
tional sumroary, Atlantic Richfield lower Cook Inlet, Alaska,
COST well No. 1”’ (Wills and others, 1978), was published at
the time the detailed well information was released by the
USGS in 1978. The present report discusses the detailed
geologic information derived from the well and provides

information on the framework geology and hydrocarbon
potential of the Cook Inlet basin.

This volume is divided into separate reports on geo-
lagic, geophysical, and geochemical topics. Some opera-
tional detaits from Wills and others (1978) are included. No
information on the nine industry wells dritled offshore since
Lease Sale No. Cl is included (table 5). Special reports are
included on the older rock units near Tuxedni Bay that were
not penetrated by the COST No. | well; on the plutonic
terranes of southern Alaska for sandstone provenance; and a
compilation of the sandstone composition for most units
preseat in the Cook Inlet forearc basin. Specific information
about the COST No. | well is discussed first, and then special
reporis on framework geology with emphasis on sandstone
composition foflow.

Acknowledgments—As editor, I wish to thank ai}
the authors who contributed chapters to this report on the
COST No. | well. Without their fotal suppont and coopera-
tion, this report could not have been published. Special
thanks go to David M. Hite of Atlantic Richfield Company
who reviewed and checked the information in several chap-
ters for accuracy and to the geologists of Chevron USA who
reviewed the chapter on ““Stratigraphic units of the COST No.
1 well”. Petroleum [nformation Corporation, using a Calma
plotter, displayed the wireline log curves and lithology col-
umnn used in figure 4. ] gratefully acknowledge T. A. Coit, S.
B. Griscom, M. A. McCall, P. A. Swenson, and .. M. Wood
whose considerable efforts were crucial to getting this bul-
letin to the printer.
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Table 1. Selected information for “Well Completion and
Recompletion Report and Log”

[Information from U.S. Geological Survey Form 9-330]

Operator:  Atlantic Richfield Company
Well No.;  Lower Cook Inlet, COST' No. 1
Category: Geol?gic test
Location: OCS” block 1375 N., 105 E.
Block No, 489
Surface: 2,371.8 w FNL (from north line) and
973.7 m FWL (from west line)
Tatal depth: same location
Permit: 0CS-17-5 issued June 3, 1977
Spud date: Jupe 10, 1477
Tota)l depth date: Septsmbe! 9, 1977
Elevation Kelly bushing~: 30,8 m (101 fU) MLLW (above moan lower low water)
96.0 m (315 ft) RKB-ML (r{g Kelly bushing above
wud line or sea floor)

Total depth: 3,775.6 o (12,387 {¢) RKB
Casing rocord: Slze Dopth (RKB)
- 118 cm (30 In) 122.1 m (417 )

7.9 cm (20 inl) 403.9 w (1,325 £)
5.3 cm (13 3/8 in) 1,475.2 o (4,840 {¢)

Well logst  See table 2

Cores: See table 3

Status! Plugged and abandoned

1 COST — Continental Offshore Stratgraphic Test
2 OCS — Outar Continental Shelf
3 MLLW 200 RKB~ML corrected by D. M. Hite, Atlantic Richfield Corapany.

Table 2. Type and depth of well logs run in COST No. 1well

Depth lnterval

Type Acronym m i
Dual induction latetclog’ DIL 91.4-3,775.9 300-12,338
Borshole compensated sonic
log BHC! 403.9-3,776.8 1,325-12,391
Sonlc log-sequential long -
spaced 8-10 feet Lss! 403.9-3,764.3 1,325~12,350
Sonic log-sequential long
spaced 10-12 feet Lss! 403.5-3,764.) 1,325-12,350
Formalion density log rocl 124.5-3,7772.} 425-12,392
Compensated neutron-
formation density log cnLl/epc! 403.9-3,777.1 1,325-12,392
Proximity log/microtog
survey PL/ML 1,475.2-3,120.5 4,840-10,238
PL/ML 2,987.0-3,278.6 9,800-12,387
High resolution dipmeter? HOT} 403.9-1,490.2 1,325- 4,889
HDT 1,475.2-3,120.0 4,840-10,236
#oT! 3,048.0-3,715.6 10,000-12,387
Temperature log 0 -3,775.9 0-12,388
Well-site geotogist's
Lithalogic log £11.8-3,71%.¢ 1,351-12,387
Mud log3 411.8-3,775.6 1,351-12,387
Instantanaons dzilllng
evaluation log' 411.5-3,275.8 1,350-12,387
Delta chloride logd 426.7-3,175.6 1,400-12,387
Shale density log* 2,026.9-3,764.3 6,650-12,350

! Mark of Schlumberger.

Dipmeter arrow plot avallable.
3 Borst and Giadens Logging Service, Inc.
4 The Analysts, Inc.
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Table 3. Conventional cores acquired from COST No. 1 well

Core Interval cored Core
No. Age Top Bottam recovered Description Dip
m ft m ft m ft {degree)
1 Early 1,642.9 5,390 1,649.6 5,412 5.5 18 Interbedded 0-3,
Cretaceous sandstone and
shale
2 Late 2,165.3 7,104 2,173.5 7,131 7.6 25 Sandstone 0,
Jurassic
3 Late 2,844.4 9,332 2,850.5 9,352 5.3 17.5 Interbedded 0-2,
Jurassic sandstone and
siltstone
4 Late 3,766.4 12,357 3,775.6 12,387 9.1 30 Sandstone 0,
Jurassic grading to
siltsone
Table 4. Petroleum industry participants and contractoss in
COST No. t well
Petrolewn industiry participancs
Amwinoil USA, Inc, Getty Ol Company
Amoco Production Company Gulf Energy & Minerals
Atlantic Richfie)ld Company Hunt Oil Company
BP Alaska Exploration Mobi) Oil Corporation
Champlin Petroleum Company Murphy Oil Corporation
Chevron USA Phillips Petroleum Cowmpaay
Citlas Service Oil Company Shelt Oil Company
Depco, Inc- Texaco Inc¢orporated
Exxon Compagy, USA Union Qil Company of Califorma

Freeporl Oil Company

Petrolewxn industry coutractors

Principal contractors ODECO Internztlonal, Inc.

Ocean Ranger—semisubmersible drilling vessel

Support contractors and services:

Adol{ Curry—support boats

Alaska Aeronsutical, Inc.—air transportation

Big T Oilfleld Services—expediting services
Christeasen Diamond—bits

Eastman Whipstock—directional survey

Evergreen Helicopters of Alaska, Inc.—helicopters

GBR Equipment Rental—tool rental

Aalliburton Services--cement

Hughes Tool Compamy—blts

Interpational Technology Lid-—position survey

™CO Services, hc.—mvd

Land and Marine Rental Company—casing services and rentals
Manley Terminals—warehouse, office space, and logging
Ocaaneering Internationa), Ine.~~diving

ODECO International Corporation—rig

Olishore Lopistics, Inc.~—-boats

Regan Offshore Internationa), inc.—wellhaads

Smith Taol Company-—bits

Tri-State Of) Tools~t00l rentals

Geoscience contractors and sarvices:

The Analysts, fnc.—~mud logging

BBN Geomarine Services Company—hazard survey

Borst and Giddens Logging Service, Inc.

Core Laboratories—core cutling and analysis

Dames and Moore—meteorological services and bia-assay
Geochem Laboratories, lnc.—geochemical analyses
Schlumberger Ltd.~~jogging

Selsmic Refererces Service—velocity survey

Anderson, Warren and Associates—micropaleontology

8 Geologic Studies of the Lower Cook Infet COST No. 1 Wefl



Table 5. Wells drilled in lower Cook inlet outer continental shetf to 1980

Well No. 0cs Hydrocarbon

on fig. } Operator Name API No. block shows

1 Atlantic Richfield Company COST No. 1 55-220-00001 489 Trace oil

Z Marathon Oil Company OCS Y-0086 No. 1 55-220-00003 318 Some oil
3 Phillipa Petroleum Company OCS Y-0124 Neo. | 55-220-00004 668 None reported
4 Marathon Oil Company OCS Y-0168 No. 1 55-219-00003 2 None reported
5 Phillips Petroleum Company OCS Y-0136 No. 1 55-220-00005 798 None reported
6 Marathon Oil Company OCS Y~0168 Nea. 2 55-219-00005 2 None reported
K Atlantic Richfield Company OCS Y-0161 No. 1 $5-250-00001 572 Nogpe reported
8 Phillips Petroleum Company OCS Y-0152 No. 1 55-220-00006 910 None reported
9 Atlantic Richfield Company OCS Y-0097 No. 1 55-220-00002 401 Nope reported
10 Atlantic Richfield Company OCS Y-03113 No. 1 55-220-00008 516 None reported

Date Depth
Spud Abandoned Kelly bushing Water Total
m ft m ft m ft

1 10 June 1977 26 September 1977 30.8 101 65.2 214 3,775.6 12,387
2 21 July 1978 22 December 1978 15.9 52 32.9 108 4,058.4 13,315
3 9 October 1978 19 July 19795 15.2 50 3,448.5 11,314
4 11 January 1979 27 April 1979 15.9 52 167.6 550 852.5 2,797
5 23 Aprll 1979 21 September 1979 23.8 78 3,146.8 10,324
6 28 April 1979 21 August 1979 15.2 50 165.2 542 2,714.9 8,907
7 15 July 1979 28 January 1980 31.4 103 39.9 131 4,564.4 14,975
8 24 September 1979 22 April 1980 23.8 78 4,001.4 13,128
9 6 April 1980 29 May 1980 65.5 215 2,283,3 1,491
10 9 May 1980 28 June 1980 23.8 78 62.5 205 2,141.5 7,026

introduction






Environmental Geology

By Arnold H. Bouma® and Monty A. Hampton

INTRODUCTION

Information about the environmental geology of the
lower Cook Inlet is limited. Oceanographic studies and a
monitoring program were conducted while the COST No. {
well was being drilled (Miller and others, 1978). The semi-
submersible, Ocean Ranger, was moored at lat 59° 31’
06.3445" N. and long 152 38’ 36.6037" W. in lease block
No. 489 in a water depth of 65.2 m (214 ft). Also the U.S.
Geological Survey made cruises to the lower Cook Inlet in
1976-79. Data on sand waves and other bedforms were
obtained from high-resolution seismic-reflection profiling,
side-scan sonar surveying, bottom television and camera
observations, bottom sampling, a limited number of vertical
current profiles, and a few longer term current measurements.
From these data and other published information, & number
of geologic features and processes have been identified that
may pose problems to engineering installations in lower
Cook Inlet and along the adjacent coastline. Strong earth-
quakes (14 have occurred since 1920) have caused major
damage to the area by ground failure, surface warping, and
tsunasis. The four active volcanoes on the west side of lower
Cook Inlet are andesitic; therefore they can have relatively
violent eruptions. The most recent eruption was in 1979.
Swift bottom currents and sand waves are known {0 break
pipelines. Very little is known about their characteristics.

01l and gas have been produced for several years in the
upper Cook Inlet, but little quantitative information has been
accumulated that can be applied to the lower Cook Inlet.

BATHYMETRY AND MORPHOLOGY

The bathymetry of lower Cook Inlet is complex (Bouma
and others, 1978b). A boomerang-shaped ramp at about lat
59°20” N. divides the area into a northern part that generally
is shallower than 70 m {230 ft) and a southern part that is
decper than 120 m (394 ft) (fig. 2). In the northem part, a
central axjal depression (Cook Trough) is flanked by shallow
shelflike areas. A relatively deep trough parallels the north-
east shore of the Kenai Peninsula and ends in Kachemak Bay.
The southemn part is marked by local closed depressions.
Water depth increases from south of the ramp into Shelikof
Strait. Under Kennedy and Stevenson Entrances on either
side of the Barren Islands, the sea floor has a complex
morphology of ridges and troughs.

'Guif Corporation.

HAZARDS
Water Currents

The circulation of water in the lower Cook Inlet is
affected by several factors. Water entering the inlet from the
Gulf of Alaska is pushed by the counterclockwise Alaskan
gyre through the Kennedy and Stevenson Entrances. Strong
tidal effects are superimposed on the carreats (Muench and
others, 1978). Most of the water flows along the ramp and
down into Shelikof Strait; the rest of the water lows up the
inlet along the east side into Kachemak Bay. Cross currents
move part of this water westward. The west side of the inlet is
dominated by ebb tides (Burbank, 1977).

Sand waves and other bedforms cover the sea floor off
the coast of the Kenai Lowland and Kenai Peninsula. The area
is roughly 50 kin (80 mi) in diaroeter (fig. 3) and the bedforms
range in height from 0.2 to 12 m (0.740 ft). Swift bottom
currents formed these bedforms in the past; how active the
bottom currents are at present is unknown.

Seismic Activity

Since 1920, 14 earthquakes of magnitude 6 or greater
have occurred within the lower Cook Inlet area. Earthquakes
of this size typically can produce major damage to manmade
structures, either directly by ground shaking, sutface fauli-
ing, and surface warping, or indirectly by ground failure,
sediment consolidation, and tsunamis (seismic sea waves).

Tsunamis can be considered hazardous in the lower
Cook Inlet area. They caused more loss of life than any other
effect of the 1964 earthquake. They also caused damage along
the east coast of the inlet, at Rocky Bay and Seldovia, but not
along the west coast of the jnlet.

Tsunamis are generated when large volumes of water
are suddenly displaced, either by tectonic displacement of the
sea floor or by large rockfalls or landslides. The narrow,
elongate geometry of Cook Inlet and its narrow entrances
reduce the chance that a tsunami generated outside the inlet
will propagate significant destructive energy into it. Nev-
ertheless, local tsunamis can be exceptionally large; for
example, a surge of water ran 530 m (1,750 ft) up the wooded
slopes of Lituya Bay in the Guif of Alaska during the south-
eastern Alaska earthquake in 1958.

Sediment consolidation and its resulting subsidence
can be another hazard in the lower Cook Inlet. This seismic-
related hazard causes flooding along coastlines and con-

Environmental Geology 1"
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sequent damage to onshore installations. Consolidation of
sediment was a significant cause of subsidence along Homer
Spit during the 1964 earthquake (Waller, 1966).

Surface warping caused by earthquakes can raise the
level of the coastline, putting docks and facilities out of reach
of water, as occurred at Cordova in the Gulf of Alaska area
during the 1964 earthquake. Downwarping can cause flood-
ing of structures and dry land. Any change in the level of a
coastline can be destructive, and at present no system of
forewarning is known

Faulting is oot considered a serious problem in the
Cook Inlet area. A few small faults have been observed on
seismic-reflection profiles obtained north of the Augustine-
Seldovia arch, but these could not be found on adjacent
racklines 5 km (3 mi) away. South of the arch, a few surface
faults are in the lease area. There are many normal faults with
accompanying horst and graben structures pear Augustine
Island and near the Barren Islands (fig. 3; Bouma and
Hampton, 1976). Faulting may create some minor problems
with pipelines near landfalls.

Usually ground failure caused by severe shaking, both
on land and under water, is a major cause of destruction
associated with large earthquakes, especially in areas con-
taining thick sections of unconsolidated, fine-grained sedi-
ment. Deltas are especially susceptible to earthquake-
induced liquefaction and stiding. Underwater movement of
slide sediment can cause physical damage to structures and
exposed pipelines. Potential problems along coastlines are
rock falls from steep cliffs, translatory block sliding, and
ground fissuring with associated sand extrusions.

Surprisingly, little ground failure of any kind took place
along the coastline of the lower Cook Inlet during the 1964
carthquake. Little effect from ground failure can be expected
within the open-water area of lower Cook Inlet because the
sediment on the nearly horizontal sea-floor slopes is typically
coarse grained.

Volcanic Activity

Four wolcanoes, Redoubt, Iliamna, Augustine, and
Mount Douglas, are located along the west side of lower
Cook Inlet (fig. 1). All the volcanoes are andesitic, so they
can have relatively violent eruptions. Except for Mount
Douglas, all the volcanoes have erupted in historic time. In
fact, Augustine Volcano, the most active, erupted in 1964,
1976, and 1979. Although its ejecta are not considered a
serious problem more than 500 m (1,600 ft) away from the
volcanic throat, its fine ash, which can be physically and
chemically destructive, can trave! for thousands of kilo-
meters. Augustine Volcanop also produces nuée ardentes, but
little is known about the distance such hot ash clouds can
travel over water.

With an adequate warning system, most volcanic erup-
tions can be detected in time to shut machinery down and
evacuate offshore structures. However, it is not safe to con-
struct installations at the base of a volcano because nuée
ardentes and Jahars can cause significant darnage and loss of
life.

Sand Waves and Other Bedforms

A blanket of sand overlying a pebbly mud of glacial
origin (Bouma and others, 1977, 1978a) covers the central
part of lower Cook Inlet (fig. 3). This sand blanket, which
ranges from a few centimeters to more than {2 m (40 fi) in
thickness, makes up several different kinds of bedforms such
as sand waves, sand ridges, dunes, sand ribbons, and comet
marks (Bouma and others, 1977, 1978a,b, 1979; Whitney
and others, 1979).

An attempt was made to study the migration of the
largest sand waves, which have heights from 6 to 8 m (20 to
25 ft) and lengths from 400 to 800 m (1,300 to 2,600 ft).
Within the accuracy of navigation, we could not detect migra-
tion of the larger sand waves when comparing 1973 industrial
survey lines with our 1977 and 1978 resurveys (Whitney and
others, 1979). Possibly the period of abservation of sand, or
perbaps its significant movement, may take place only during
abnormal conditions such as severe storms, which did not
happen during the 4-5 years of observation.

We did observe changes in small sand waves super-
posed on larger sand waves. Time-lapse photography
revealed significant ripple movemnent during a small storm as
well as reversal of the ripple asymmetry during ebb and flood
cycles. Moreaver, by comparing 1977 and 1978 side-scan
sonographs run along coincident tracklines, changes in the
distribution and characteristics of small sand waves was dis-
cerped (Bouma and others, 1979; Whitney and others, 1979).
Local bottom television, current measurements, and fong-
term observations during summer months revealed move-
ment of sand grains only during spring tides for about one
hour of each ebb and flood cycle.

Comparable results were obtained from the semisub-
mersible Ocean Ranger, which was moored near the west
side of a sand-wave field made up of bedforms ranging in
height from 2 to0 5 m (7 to 16 ft). Several short cores collected
around the sernisubmersible contained drill cuttings from two
horizons; the first from at 4.5 t0 6.5 cm (11 t0 17 in.) depth
and the second from 11.5 to 13.0 cm (29 to 33 in) depth.
These buried drill cuttings are evidence that a certain amount
of sand transport occurred, and also that the depth of the
trough of the smallest bedforms was 6.5 ¢cm (Bouma and
others, 1978a).
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Movement of sand waves and other bedforms can cause
severe problems to offshore installations by undermining or
burying fixed structures, anchors, semisubmersibles (when
pontoons are close to the bottom), and pipelines. This kind of
damage commonly occurs 1o the pipelines in the upper Cook
Inlet (Visser, 1969). There, pipelines rupture repeatedly over
several years; however others may femain intact for a long
time (F Duthweiler, oral commun., 1978). Environmental
data has not been collected continuously in the upper Cook
Inlet so there is no guantitative information that can be
applied to the problems in the lower Cook Inlet

Figure 3. Geomorphology of lower Cook Inlet. Surface
faults that may be active are shown in two areas (1)
Augustine Istand and (2) around the Barren Islands.
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Stratigraphic Units of the COST No. 1 Well

By Leslie B. Magoon

INTRODUCTION

The COST NO. | well, drilled by the Atlantic Richfield
Company, penctrated sandstone, siltstone, shale, con-
glomerate, and coal. The stratigraphic units represented are
the Naknek Formation (Upper Jurassic), Herendeen Lime-
stone and Kaguyak Formation (Lower and Upper Cretaceous,
respectively), and West Foreland Formation (lower
Cenozoic). These units are shown in relation to the wireline
well-log curves in figure 4.

Minor oil shows were found in the well but significant
amounts of gas (C,-C4 hydrocarbons) were not. The well also
lacked organic matter capable of generating significant
amounts of oil or gas. However, the sandstones of the West
Foreland Formation and Kaguyak Formation, and possibly
the Herendeen Limestone, were of potential reservoir quality.

The interpretation of the COST No. 1 well in this report
is based on the data of many workers. Data was submitted by
industry, (Wills and others, 1978), as required by the U.S.
government. Descriptions of conventional cores and sidewall
cores were supplied by Ariey and McCoy (1977) and Atiey
and Rathbun (1977). Petrographic analyses of sandstone were
provided by Babcock (1977), Christensen (1977), Kuryvial
(1977), Schluger (1977), and Swiderski (1977). Porosity and
permeability data were supplied by Core Laboratories
(1977a,b). Paleontologic reports were supplied by Boettcher
(1977), Haga (1977), and Newefl (1977a,b). Simpson (1977)
and Van Delinder (1977) submitted the organic geochemical
data.

UPPER JURASSIC ROCKS

This unit, dominantly siltstone, shale, and sandstone,
extends from the bottom of COST No. 1 well at 3,775.6 m
(12,387 ft) to 2,112 m (6,930 ft) for a minimum thickness of
1,663 m (5,457 ft). Cass Ariey (written commun., 1980)
places the top of the unit at 2,135 m (7,005 f) at the “abrupt
change in character of (drill) cuttings, from a dirty-looking,
but quartz-rich glauconitic sandstone above, to a light grey, or
salt-and-pepper feldspathic sandstone below’. According to
the foraminiferal report, the top of the unit is at 2,109 m
(6,970 ft) where the “hard gray sandstone becomes the
dominant lithology”. Tumer (this volume), basing his deci-
sion on paleontological evidence, places the top of this unit at
2,417 m (7,930 ft). Wills and others (1978) place the top of
the lowermost sandstone of the Lower Cretaceous at the large
increase in interval velocity (decrease in interval transit time)

that occurs at 2,088 m (6,850 ft). This calcite-cemented
sandstone is diagenetically altered (Bolm and McCulloh, this
volume) but does not contain zeolite (laumontite). The zeolite
boundary in the well is 24 m (80 ft) below this altered
sandstone. I place the top of this unit at 2,112 m (6,930 ft) just
below the abundant /noceramus fragments from the sidewall
core at 2,109 m (6,920 ft) and just above the first extensive
presence of zeolite (laumontite) at 2,146 m (7,040 ft). Here
the resistivity, interval transit time, bulk density, and differen-
tial caliper curves do not change significantly because of the
cements, laumontite below and calcite above. The high reso-
lution dipmeter indicates a consistent dip of 2° 10 8° to the
northwest.

Paleontological evidence in this unit is sparse, Haga
(1977) assigns a Middle to Late Jurassic age (Callovian to
Tithonian) to the palynologica) evidence; Turner (this vol-
ume; fig. 3) assigns a Late Jurassic age (Oxfordian to Titho-
nian) to the foraminifers. The fossils suggest a marginal to
shallow marine environment, possibly ranging as deep as
middle neritic.

The dominant rock types found in the sidewall cores
(fig. 6) are siltstone, shale, and sandstone. Modal analyses of
28 thin sections indicate that the sandstone is lithofeldspathic
(Crook, 1960) with an average composition of Q,,FsL,,, an
average porosity of 17.9 percent, and an average permeability
of 39 millidarcies (table 6).

The lower part of thig unit (1,200-1,600 m; 3,900-5,200
ft) correlates with the Naknek Formation exposed in the
Iniskin-Tuxedni region (Detterrnan and Hartsock, 1966); the
upper part (450-600 m; 1,500-2,000 ft) correlates with the
rocks exposed along the southwest coast of the Kamishak
Bay.

Only 12 of the 172 recorded sidewall cores had favor-
able reservoir lithology. The organic carbon content from the
core and drill cuttings ranges from 0.15 to 0.49 weight
percent (fig. 7 and table 7). Traces of hydrocarbons were
reported at many depths (table 8).

LOWER CRETACEOUS ROCKS

The COST No. 1 well penetrates 572 m (1,875 ft) of
sandstone, siltstone, and shale from 1,540 m (5,055 ft) to
2,112 m (6,930 ft). The top of this unit is placed at the large,
abrupt excursion of the gamma ray and resisdvity curves and
the slight excursions of the interval transit and bulk density
curves (fig. 4). The dipmeter indicates consistent dips from S
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of lithologic symbols.

to 10 to the east-northeast. Samples from the sidewall cores
copsist of sandstone, siltstone, shale, and fragments of
Inoceramus. The Inoceramus fragments found below this
unit were sloughed or caved.

Modal analyses of 37 thin sections made from the
sidewall cores revealed that the lithofeldspathic sandstone has
an average composition of Q,4F,,L,,, an average porosity of
21.5 percent, and an average permeability of 80 millidarcies
(table 6). The average porosity and permeability of the sand-
stone from the conventional cores are significantly lower than
the averages from the sidewall cores; the samples from depths
of 1,643 m (5,390 ft) to 1,650 m (5,410 fi) have an average
porosity of 13.9 percent and an average permeability of 0.3
nuillidarcies. The large differences are attributed to the dif-
ference in sampling methods; sidewall cores are fractured by
a core guo.

A diverse assemblage of marine microplankton and
calcareous nannofossils was found throughout this unit
These fossils indicate a Hauterivian to Barremian age except
at the base; there the fossils may be as old as Valanginian.
Foraminsfers found between 1,594 m (5,230 ft) and 2,109 m
(6,920 ft) substantiate the Hauterivian to Barremian age; they

indicate middle bathyal to inner neritic marine environments.

This unit correlates with the Herendeen Limestone in
the Kamishak Hills (Jones and Detterrnan, 1966). The rocks
there are 215 m (705 ft) thick and are Lower Cretaceous in age
{Magoon and others, 1978).

The organic carbon content from core and drill cuttings
ranges from 0.07 to 0.55 weight percent. Hydrocarbons were
reported at 1,646 m (5,400 ft) on the mud log (table 8).

UPPER CRETACEOUS ROCKS

The marine and nonmarine sediments that make up this
unit in the COST No. | well are 744 m (2,440 f1) thick. The
unit extends from 1,541 m (5,055 /) to 797 m (2,615 fi); the
top is placed at the small, abrupt excursion of the resistivity,
interval transit time, and bulk density curves (fig. 4). The
dipmeter indicates fairly consistent 5° dips to the north-
northwest.

Modal analyses of 21 thin sections taken from sidewall
cores reveal that the feldspathic sandstone has an average
composition of Q,;Fg,L,¢, an average porosity of 22.8 per-
cent, and an average permeability of 43 millidarcies (table 6).
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explanation of lithologic symbols. Triangles represent porosity or permeability values from cares.

The palynomorphs in this unit are Maestrichtian; the
foraminifers are Campanian and Maestrichtian in age.
Throughout two intervals, at 797-1,036 m (2,615-3,400 ft)
and 1,036-1,541 m (3,400-5,055 ft), the palynomorphs and
foraminifers indicate that the sediments were deposited in
shallowing depths. The sediments change from upper bathyal
marine to nonmarine, therefore two prograding sedimentary
sequences make up this unit (fig. 5).

The Kaguyak Formation comelates with the Maestrich-
tian part of the Matanuska Formation north of Anchorage in
the Matanuska Valley (Magoon and others, 1976a,b, 1980;
Fisher and Magoon, 1978).

The organic carbon content from core and drili cuttings
range from 0.22 to 1.07 weight percent (table 7). Three
sandstones penetrated from 1,036 to 1,088 m (3,400-3,570
ft); from 1,286 to 1,294 m (4,220-4,245 ft); and from 1,353
to 1,381 m (4,440-4,530 ft) show log characteristics of poten-
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tial hydrocarbon reservoirs. Hydrocarbons were reported at
two depths, at 3,551-3,560 m (11,650-11,680 ft) and at 2,847
m (9,340 ft) (table 8).

LOWER CENOZOIC ROCKS

The first indication (minimum depth) of a lithologic
break is 413 m (1,355 ft) and the next lower break is at 797 m
(2,615 ft); so this unit is at least 384 m (1,260 ft) thick (fig. 4).
Though the dips are inconsistent, the dip 5° in either a
northwest or southeast direction is approximately right.

Samples from the sidewall cores are of sandstone, silt-
stone, coal, and some conglomerate (fig. 6). Modal analyses
of eight thin sections of the sandstone indicate that it is
feldspatholithic with an average composition of Q,3F35L47,
an average porosity of 22.7 percent, and an average per-
meability of 108 millidarcjes (table 6).



Table 6. Petrophysical properties of sandstone, COST No. 7 well

Thick~ Measure~ Porosity {(percent) Permeability (miliidarcy)
Rock unit ness (m) ments low  High Average Low High Average
Sidewall cores
West Foretand Formation 419 17 13,2 28.% 22.1 2.2 565 108
Kaguyak Formation 709 35 15.6 28.9 22.8 1.8 153 43
Herendeen Limestone 571 28 17.7  25.2 21.5 1.7 265 80
Naknek Formatiom 1,664 12 12.6 25.5 17.9 .7 228 39
Couventional cores
Harendeen Limestone 6.7 12 8.5 15.5 13.9 0 0.8 0.3
Naknek Formmtion 1.6 27 1.8 6.7 3.5 0 7.8 0.6
Naknek Formation 4.9 17 0.3 3.3 2.2 0 0 g
Naknek Formation 9.2 k3N 1.1 4.1 .9 0 4 [
Vitrinite Headspace and
Thermal reflectance cuttings gas Depth Aqe Lithol~ Organic Hydrocarbon/organic carbon
alteration index (%) Cy—Csq (ppmd (m) g ogy carbon (%) (%)
1 3 502 04 06 t02 10* o 0 + 2 0 2 4 8 8 10
\ .
@
. — & _
o BE P
- X\ \ﬁ o —
- - - . - - 10004 o Q?,’ - -—
: " S SE =
. \ C2Ca > ~2 -
- = - \e - %’(3 J.° -E -
; \« Q<{ .
- - \ - 2000 -E
- \ * '
| = . '\. ] LG i i} ‘
~ - 4 ‘2
- . @
- A L} 2 A
- - \ - 30004 3 - |
< @
= =
= \ ( -

|
-
v

Total depth
3776 m

Figure 7. Organic geochemistry of stratigraphic units penetrated in the COST No. 1 well, from data provided by Geochem
Laboratories (Van Delinder, 1977) and ARCO (Simpson, 1977). See figure 4 for explanation of lithalogic symbols. In vitri-

nite reflectance, a, core; 2, sidewall core; and -, drill cutting. In organic carbon, », organic carbon in core.
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Table 7. Organiccarbon content of rock units penetrated in

COST No. 1 well

[Number of samples Grom cach core is in parentheses, content in weight percent]

The specimens of foraminifers, calcareous nan-

nofossils, and radiolarians are nondiagnostic. The marine

section, from 413 m (1,355 ft) to 552 m (1,810 ft), contains

palynological evidence of Eocene age; and the nonmarine

section, from 552 m (1,810 ft) to 797 m (2,615 f1), contains

Drill cuttings Core . . .
Rock wnit Compasite  Plcked STdewall  Convestiomal  palynmological evidence of Paleocene age. The nonmarine
S " PR TG section also contains Mesozoic fossils.
i . N - ~a . .. .

84 Fore ommtion (s) N ) This unit is assumed to be the West Foreland Formation
Kaguyak Formation 1.07(8) .22(8) .56(12) .- . . .
Horeadenn Limes tone $5(6) 01(8) 26010y o101 which crops out on the west side of the Cook Inlet basin
Naknek Formation A5(18)  .49013) .26(29) .22(3) (Magoon and others, 1976b; Fisher and Magoon, 1978).

The content of organic carbon from the core and drill

cuttings range from 0.20 to 0.93 weight percent (table 7).

Table 8. Hydrocarbon indications reported in the COST No. 1 well
(Oi] in laumontite-lined fractures at 2,847 m, figure 18 this volume. NR, none reported)

Depth

Rock unit m ft Mid log Geologist's log
Kaguyak Formation 1,250 4,100 Cut fluorescence NR
Kaguyak Formation 1,326 4,350 NR Cut fluorescence
Herendeen Limestone 1,646 5,400 Qut fluorescence NR
Naknek Formation 2,204-2,326 7,230-7,360 Cut fluorescence Cut fluorescence
Nakoek Formation 2,347-2,35%  7,700-7,360 Qut fluorescence Cut fluorescence
Naknek Formation 2,416-2,423  7,925-7,950 Cut fluorescence Cut fluorescence
Naknek Foymation 2,707-2,716 8,880-8,910 Cut fluorescence NR
Naknek Formation 3,252-3,258 10,670~10,785 Cut fluorescence NR
WNaknek Formation 3,283-3,287 10,770-10,785 Cut fluorescence NR
Naknek Formation 3,551-3,560 11,650-11,680 Cut fluorescence Trace oil
Naknek Formation 3,598-3,621 11,805~-11, 880 Cut fluorescence NR
Naknek Formation 3,766-3,776 12,357-12,387 NR Cut fluorescence
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Correlation of the COST No. 1 Well Data

and the Marine Seismic Data

By Michael A. Fisher

INTRODUCTION

The purpose of this report is to compare the velocity
information from COST No. 1 wel with the velocity informa-
tion from muitichannel seismic data and to determine the
ages of prominent seismic horizons by correlating the meas-
ured seismic reflections with the reflections calculated from
the well data.

The COST No. | well ts 7 km (4.3 mi) southwest of
seismic line 752 and about midway between seismic lines 756
and 757 (fig. 8). The well location, when projected perpen-
dicularly onto seismic line 752, is closest to shot point 830.
The direction of the projection is parallel to the regional
structural fabric of the basin which strikes northeast

Sonic velocity data are derived from the interval-transit
time of the sonic logs (fig. 9). By integrating sonic velocity
data, converting depth to two-way time, RMS (root-mean-
square) velocities can be computed from the equation:

(1 2 172
Vs = 5 v
where
ms = RMS velocity,
V.sn = sonic velocity, and
t = ftwo-way time,

Stacking velocities are computed during the stacking of
multichanne] reflection data. From the stacking velocities,
interval velocities are calculated by using the equation:

2 —_ 1/2
Vo h=Vinh

Vim - , —1,
where
Vi = interval velocity,
V. = stacking velocity, and
t = two-way time.

Sonic velocities can be compared to interval velocities,
and RMS velocities can be compared to stacking velocities.
These velocities may compare poorly for several rea-
sons. Dip of strata causes stacking velocities to vary whereas
RMS velocities are unaffected. Different frequencies of

sound waves are used to measure the velocities. Sonic
velocities are measured with a 20 kHz wavelet over a distance
of 2.4 m (8 ft) to 3.7 m (12 ft), whereas interval velocities are
measured with frequencies between S5 and 50 Hz over a
distapce typically as large as 100 m (300 ft). Sonic logs may
record higher velocities than those recorded by the seismic
method because of frequency-dependent velocity dispersion.

Fisher and Magoon (1978) computed interval-velocity
curves at 22 locations in the lower Cook Inlet basin and
grouped the curves having similar values. Four sets of inter-
val-velocity curves resulted, and the geographic area that
contained one set of curves was called a velocity domain (fig,
8). An average of all interval-velocity curves in each set was
used to convert reflection time to depth in each of the velocity
domains. The COST No. 1 well is in domain 2.

Although the interval-velocity curve of domain I is
close to the average of its sonic velocity curve, the interval
velocity curve of domain 2 has lower values, about 15 per-
cent, than the sonic velocity curve of COST No. 1 well (fig.
9A). This 15 percent difference between the interval velocity
curve of domain 2 and the sonic velocity curve of the well
means that the structure contour map of horizon C (Fisher and
Magoon, 1978) gives depths in domain 2 that are too shallow
by at most 15 percent This difference can be expected
because sonic logs give inherently higher velocities than
interval velocities.

The abrupt increase in sonic velocity from 3,500 m/s to
4,500 m/s at just below the 2,000-m (6,560-ft) depth (fig. 94)
was evident in the somnic velocity curve but not in the interval
velocity curve before averaging. The reason for the dis-
crepancy is shown on the RMS velocity curve in figure 98—
the abrupt increase in sonic velocities causes only a slight
inflection in the RMS velocity curve. The resolution of the
stacking velocity data apparently is too poor to discriminate
between such subtle features; hence, the interval velocities do
not show the same abrupt increase as the somic velocities.

RELATION BETWEEN WELL LOG
AND SEISMIC DATA

Reflection coefficients were calculated from the sonic
and density logs (fig. 10C). Some of the largest reflection
coefficients result from erroneous velocity and density data

Correlation of Well and Marine Seismic Data 23
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Datum is sea level.

that were obtained from zones where the borehole is washed
out. In these washed out zones, both the sonic and density
logs mimic the caliper log (fig. 4). This effect is most pro-
nounced in the upper 900 m (2,950 ft) of the well but occurs
also with lesser effect at depths of 1,200 m (3,935 ft), 2,000
m (6,560 ft), and 3,600 m (11,810 fi). These emoneous
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reflection coefficients that result from the rough borebole
would produce spurious reflections on a synthetic seis-
mogram; consequently, a synthetic seismogram is not
included here.

The relation between well data and seismic data con-
sists of a comparison of depths calculated from sonic logs to



SONIC VELOCITY,
IN METERS PER SEGOND

DENSITY, IN GRAMS PER
CUBIC CENTIMETER

REFLECTION COEFFICIENTS

o = o =1 o (=}
8 8 3 8 3] § o N om o - - o o -
o 8 ® < @ «© N 50 =3 =3 o =} o IS8 =] 0
[ [ 1 | [ | i I |
02 |- =
__ Eocene—Pateacene
o 0.4 — o
% — — 800 &
2 =
3 06 - — — Upper Cratacsous ”EJ
17} z
Z o8 - o =
2 a
= 10 — ~
c | — Lower Cretaceous | 1500 =
2 &
= 12 -]
S &
L — 2000
E 14 |- | — Upper Jurassic a
o
I
.8 L = — 2500 N
w
[a)
w8 = — 3000
. — 3500
20— A B -4 C
| | 1 | | 1 L i [ | |

Figure 10. Relation between well-log and seismic data. A, Sontc velocity from the COSTNo. twell. B, Density from the COST
No. 1 well. C, Reflection coefficients computed from the well data and formation tops. Datum is sea level.

certain horizons on an interpreted seismic line with depths to
geologic interfaces in the well. These depths compare favora-
bly despite the 7-km (4.4-mi) distance between the well and
the line.

Three seismic horizons are shown on a segment of line
752 (fig. 11). Horizon A was thought to be at the base of
Pateocene rocks by Rsher and Magoon (1978). However, the
velocity data from the sonic log indicate that horizon A is at a
depth of 900 m (2,950 ft), near the top of the Upper Cre-
taceous, at the projected well location. Although the washed
out borehole invalidates much of the velocity and density data
near this interface, the reflection coefficient at the base of the
Paleocene rocks is near 0.06. In comparison, some of the
reflection coefficients that result from the washed-out
borehole are as large as 0.30. A reflection coefficient of 0.06
would produce a reflection of moderate strength. Line 752
near the projected well location shows that horizon A is
strong in the northeast, weakens toward the southeast, and is
of moderate t0 low strength near the projected well location.

The biostratigraphic evidence places the base of the
Paleocene rocks in the well at a depth of 767 m (2,515 ft) (798
m [2,615 ft] from KB). Thus, the qualitative reflection
strength and the depth to the horizon on the line and in the
well are similar.

Horizon B is at a depth of 2,005 m (6,575 ft) at the
projected well location on line 752. On sejsmic data, horizon
B is a strong reflection that can be followed throughout the

basin. Estimates of velocity and density across the Jurassic-
Cretaceous contact suggest that the reflection coefficient is as
large as 0.25.

The reflection may be caused by the Jurassic-Cre-
taceous contact. Or regionally, the reflection may depict the
boundary between the rocks cemented by calcite and lau-
montite and the porous rocks. If so, then the reflection level
may not always coincide with the Jurassic-Cretaceous con-
tact. The contact between the Jurassic and Cretaceous rocks is
ata depth of 2,082 m (6,830 ft) (2,112 m {6,930 ft] from KB)
in the well. At that depth, the 20-m thick basal Cretaceous
sandstone is cemented with calcite, and the Jurassic rocks are
cemented with laumontite (Bolm and McCulloh, this vo)-
ume). In the area of the well, then, horizon B is probably
caunsed by the abrupt change in the physical properties of the
rocks at the top of the thin Lower Cretaceous sandstone and
the altered Jurassic rocks. Fisher and Magoon (1978) thought
horizon B was at the base of the Lower Cretaceous, or more
likely, at the base of the Upper Cretaceous.

The reflection coefficient at the unconformity between
the Lower and Upper Cretaceous rocks is estimated to be
about -0.06, This value should produce a moderate reflection.
The unconformity berween Lower and Upper Cretaceous
rocks spans nearly 40 m.y.; this amount of geologic time does
not produce a strong reflection in seismic data. Although the
sonic and density logs both decrease at 1,511 m (4,955 ft)
(1,541 m (5,055 fi} from KB), the depth of the unconformity
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rocks.

in the well, the caliper log shows that the hole is washed out in
this area. If so, then this unconformity is not being delineated
by a real seismic reflection.

Horizon C is 1,400 m (4,600 ft) below the bottom of
COST No. 1 well and about 3, 100 m (10,200 ft) below the top
of the Upper Jurassic rocks. This top is based on an extrapola-
tion of the time-depth curve that was derived from well data
(fig. 10C) to the seismic time of horizon C. Along the Alaska
Peninsula a composite stratigraphic section of Upper Jurassic
rocks may be as much as 3,050 m (10,000 ft) thick (Burk,
1965), but at the Iniskin Peninsula the rocks are 1,435 m
(4,700 ft) thick (Detterman and Hartsock, 1966) and at the
Kamishak Hills they are 750 m (2,460 ft) thick (Magoon and
others, 1976a). The COST No. 1 well penetrated only 1,663
m (5,455 ft) of Upper Jurassic rocks, therefore, horizon C
may be the top of the Middle Jurassic Chinitna Formation or
the top of the Tuxedni Group.
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This estimate of the stratigraphic position of horizon C
is approximate because the Chinitna Formation may thin
southeastward from the Iniskin Peninsula across Cook Inlet
(Fisher and Magoon, 1978) so the thickness of the formation
measured onshore, even though the section may be
incomplete, may be greater than the thickness of the forma-
tion at the location of the COST No. 1 well.

A cross section B-B’, constructed from seismic line
752 (Fisher and Magoon, 1978), shows the relations of the
seismic horizons to the formations and COST No. 1 well (fig.
12). Horizons A, B, and C on the cross section can be
compared to seismic line 752 in figare 11. The three seismic
horizons that extend throughout the Cook Inlet basin appear
to be cansed by contacts at the base of the Paleocene rocks,
near the base of the Lower Cretaceous rocks, and near the
base of the Upper Jurassic rocks and the top of the Middle
Jurassic¢ rocks.
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Paleontology and Biostratigraphy of the COST No. 1 Well

By Ronald F. Turner?

INTRODUCTION

Biostratigraphic and paleoenvisonmental interpreta-
tions of the COST No. 1 well are based on the detailed
analysis of assemblages of foraminifers, marine and ter-
restrial palynomotphs, calcareous nannoplankton, and radi-
olarians. Well cuttings from 413 m (1,356 ft) to 3,776 m
(12,837 ft) collected at 30 ft intervals were disaggregated by
treatment with mineral spirits or by boiling in Quatemnary-O
industrial detergent and washed over a 200 mesh (75 micron)
screen. Conventional cores and materjal taken from sidewall
cores were prepared and examined in the same manner.

Palynological slides, calcareous nannoplankton slides,
and biostratigraphic reports prepared for the industry partici-
pants by Anderson, Warren and Associates (Boettcher, 1977;
Haga, 1977; Newell, 1977a,b) were analyzed, interpreted,
and integrated with the foraminiferal analysis Radiolarian
identifications were based on the work of Pessagno (1977)
and Mickey (oral commun., 1978). Palynological identifica-
tions and interpretations generally follow Haga (1977),
although the dinoflagellate taxoromy has been updated to
conform with the systematics proposed by Stover and Evit
(1978). Calcareous nannoplankton interpretations are based
on Newell (1977a). Foraminiferal identifications and inter-
pretations are based on the work of Bandy (1951), Bartenstein
and Bettenstaedt (1962), Boettcher (1977), Church (1968),
Dailey (1973), Martin (1964), Maync (1973), McGugan
(1964), Scott (1974), Stiter (1968, 1973), Sliter and Baker
(1972), and Trujillo (1960). Ostracode identifications are
from Holden (1964) and Swain (1973).

Examination of pateontologic samples from wells is
usually from top to bottom, so the biostratigraphic units are
discussed from youngest to oldest. A summary of my inter-
pretation is on figure 5.

BIOSTRATIGRAPHY
Eocene

The interval from 413 m (1,356 ft, first sample) to 552
m (1,810 ft) represents a predominately nonmarine deposi-
tional environment. A warm temperate paleoclimate is indi-
cated by a microfloral assermblage characterized by species of

2 Minerals Management Service (Dept. of the Interior).

Alnus, Carya, Ulmus, Tilia, Nyssa, Fagas, and Ilex. Coal is
present in most samples. No foraminifers are present. Cal-
careous nannoplankton are quite rare and poorly preserved in
this interval, although specimens with affinities to Markalius
sp. and Cyclococcolithina sp. support a Paleogene age. Rare
reworked Inoceramus prisms were present in the first sample.

Paleocene

The nonmarine interval from 552 m (1,810 ft) to 799 m
(2,620 ft) is characterized by a palynomorph asseroblage
containing Paraalnipollenites confusus associated with
Alnus, Carya, and Tilia. Reworked specimens of Cretaceous
and Jurassic palynomorphs occur sporadically throughout
this interval. No foraminifers, calcareous nannoplankton, or
siliceous microfossils were observed.

Late Cretaceous

The interval between 799 m (2,620 ft) and 1,539 (5,050
ft) is Maestrichtian in age. A well developed microfiora
containing specimens of Aquilapollenites striatus, Aqui-
lapollenites bertillonites, Cranwellia striata, Kurtzipites tri-
pissatus, Sympolcacites sibiricus, and Wodehouseia spinata
is present in a nonmarine coal-bearing sandstone section
from 799 m (2,620 ft) to 963 m (3,160 ft).

A Late Cretaceous marine microfossil assemblage of
foraminifers, ostracodes, dinoflagellates, coccoliths, and
molluscan fragments is present from 963 m (3,160 ft) to
1,036 m (3,400 fr). Rare specimens of the dinoflagellate
Falaeocystodinmium cf P. golzowense and the calcareous nan-
noplanktons Arkhangelskiella cymbiformis and
Chiastozygus initialis at 963 m (3,160 fi) presage the
appearance of the relatively diverse Maestrichtian
assemblage. The foraminiferal fauna is characterized by
Gavelinella whitei, G. cf. G. stephensoni, Cribrostomoides
cretaceus, C. trifolium, Haplophragmoides kirki, H.
excavatus, Trochammina cf. T. texana, Bathysiphon vina,
Gyroidinoides cf. G. nitidus, Praebulimina sp., and P,
kickapooensis. Rare trachylebrid ostracodes are present.
Deposition probably occurred in an outer shelf to upper slope
environment (100 to 600 m water depth). A dinoflagellate
assemblage coutaining relatively rare specimens of Isab-
elidinium cooksoniae, Palaeocystodinium cf. P. golzowense,
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Spiniferites spp., and Isabelidinium cf. 1. cretaceum is also
present. This marine component of the palynomorph
assemblage persists to a depth of 1,197 m (3,926 ft) (sidewal]
core data) and reappears with new, less diagnostic elements at
1,292 m (4,240 ).

The predominantly sandstone section between 1,036 m
(3,400 ft) and 1,402 m (4,600 ft) represents intertidal to
nonmarine deposition. The interval from 1,036 m (3,400 ft)
to 1,197 m (3,926 ft) is considered to be intertidal on the basis
of the sparse, low diversity dinocyst assemblage noted above.
The interval from 1,197 m (3,926 ft) to 1,265 m (4,150 ft) is
nonmarine based on the presence of an entirely terrestrial
microflora. Rare specimens of the calcareous nannoplankton
Micula cf. M. decussata, Watznaueria sp., and W. barnesae,
associated with a marine palynomorph assemblage charac-
terized by Ceratiopsis diebeli, Isabelidinium cf. I. cre-
taceum, 1. belfastensis, Spiniferites spp., Palaeocystodinium
cf. P. golzowense, and Balrisphaeridium sp., indicate an
inner neritic environment from 1,265 m (4,150 ft) to 1,402 m
(4,600 ft). This dinocyst assemblage is present in samples
down to the major unconformity between the Late and Early
Cretaceous at 1,539 m (5,050 ft).

An abundant and diverse Late Cretaceous (Maestrich-
tian) forminiferal fauna indicative of an upper stope pateoen-
vironment is present between 1,402 m (4,600 ft) and 1,539 m
(5,050 f). Forty-one genera containing ninety species were
identified. The most significant are listed in table 9.

The only planktonic foraminifer observed was a single
crushed specimen tentatively assigned to Hedbergella. Rare

fragments and crushed specimens of ostracodes with possible
affinities to Cytheresis sp., Cletocytheresis sp., and Para-
cypris sp. are present.

Early Cretaceous

A major unconformity exists between the Late Cre-
taceous (Maestrichtian) and the Early Cretaceous
(Neocomian). The Neocomian (Hauterivian to Valanginian)
section from 1,539 m (5,050 ft) to 2,417 m (7,930 ft) contains
a relatively diagnostic assemblage of foraminifers, cal-
careous nannoplankton, and sarine and terrestrial pal-
ynomorphs, but the presence of reworked material, downhole
contamination, poor preservation, and sparsely fossiliferous
tntervals complicate age and environmental interpretations.

A marine dinoflagellate assemblage indicative of a
Hauterivian to Barremian age is present from 1,539 m (5,050
ft) to 2,085 m (6,840 ft). This assemblage is characterized by
Cyclonephelium distinctum brevispinatum, Clathroc-
tenocystis elegans, Dimidiadinium uncinatum, Omatia alas-
kaensis, O. butticula, Oligosphaeridium cf. O. complex,
Prionodinium alaskense, P. alveolatum, Muderongia sim-
plex, M. staurota, Gonyaulacysia serrata, and Gardodinium
trabeculosum. The presence of Nelchinopsis kostromiensis at
2,085 m (6,840 ft) suggests a possible Valanginian age. A
calcareous nannoplankton assemblage of Hauterivian to Val-
anginian age containing Cruciellipsis cf. C. cuvillieri, Cal-
cicalathina cf, C. oblongata, Cyclagelospheara sp.,
Diazonatolithus lehmanni, and Nannoconus colomi is pres-

Table 9. Late Cretaceous (Maestrichtian) foraminifers found between 1,402-1,539 m in the COST No. 1 well

Psammosphaera spp.
Hippocrepina sp.
Saccammina sp.
Gyroidinoides trnjilloi
nitidus

G. globosa

G. quadratus

. c¢f. G. bandyi
Pullepia spp.

Bolivina incrassata

B. cf. B. decurrens
Tenticulina ovalls

L. cf. L. williamsoni

L. cf. L. warregonensis
Praebulimina kickapooensis

I

&

P. venusae
spinata
shman i
era

aspera
lajollaensis

ranidina prolixa

'p17010) 910
2

Guadryina tailleuri

G. cf. G. austinana

_(._':_. Exrumdata
Hoglundina supracretacea
Osangularina cordieriana
Gavelinella whitet

G. stephensoni

G. eriksdalensis

G. nacatochensis

6. cf. G. benbesti
Cribrostamides cretaceus

Dorothia bulletta
Bathysiphon brosgei
B. vitta

B. varans

B. californicus
Glamospira charoides corona
Dentalina spp.
Nodosaria spp.
Lagena SPP.
Fissurina spp.
Pseudonodosaria spp.

Haplophragmoides kirki

H. fraseri

H. excavatus

H. famosus

Reophax globosus
Trochammina boehmi

T. texana

T. pilea

Silicosigmoilina californica

Quinqueloculina sandiegoensis

Stilostarella pseudoscripta
Margimulina curvatura

M. bullata

Sarcenaria triangularis
Marginulinopsis texasenis
Quttulina adhaerens

Pyrulina sp.

Globulipa lacrima

Rzehakina epigona
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ent between 1,841 m (6,040 ft) and 2,134 m (7,000 ft).

The foraminiferal fauna present in the interval from
1,585 m (5,200 ft) t0 2,106 m (6,910 ft) indicates an Hauteri-
vian to Barremian age. The smost significant fauna are listed in
table 10.

Early Cretaceous paleobathymetry fluctuated twice
from upper slope to inner to middie shelf depths, indicating
two major periods of regression. The interval from 1,539 m
(5,050 ft) 1o 1,585 (5,200 ft) represents an intertidal to
middle shelf (0 to 100 m) (328 ft) depositional environment.
Upper slope faunas are present from 1,585 m (5,200 ft) to
1,676 m (5,500 ft) and from 1,932 m (6,340 ft) to 2,106 m
(6,910 ft). The strata between the two upper slope faunas
gererally reflect an inner or middle shelf paleoenvironment

Few dinoflagellates or calcareous nannoplankton are
present in the predominantly intertidal marine section below
2,143 m (7,030 ft). A nopmarine Neocomian to Late Jurassic
microflora containing species of Deiroidospora,
Lycopodiumsporites, Osmundacites, and Taurocusporizes
segmentatus is present from 2,160 m ((7,087 ft) to 2,417 m
(7,930 ft). The exact position and nature of the Cretaceous-
Jurassic contact could not be determined because of the

absence of age diagnostic taxa. The hiatus may represent all
of Berriasian time.

Late Jurassic

A Late Jurassic (Tithonian to Oxfordian} dinoflagellate
assemblage characterized by Gonyaulacysta cladophora, G.
Jjurassica, Pareodina certaphora, Pluriarvalium
osmingtonense, Scriniodinium crystallinum, and Sir-
miodinium grossi is present in the interval from 2,417 m
(7,930 ft) to 3,776 m (12,387 ft; totai depth). The calcareous
nannoplankton assemblage contains species that are present
in both the Cretaceous and Jurassic, although below 2,445 m
(8,020 ft) forms with Jurassic affinities increase. The Jurassic
palecenvironment was predominately intertidal to inner
neritic. The radiolarian fauna contains Parvicingula cf. P.
hsui, Hsuum cf. H. stanleyensis, Cenosphaera spp.,
Spongiodiscus spp., and Archeodictyomitre cf. A. rigida. It
is difficult to ascertain whether the radiolarians that spo-
radically occur in the Jurassic section are in situ, as reworked
silicified and pyritized Late to Middle Jurassic radiolarians
are present throughout the Mesozoic section.

Table 10. Early Cretaceous (Hauterivian into Barremian) foraminifers found between 1,585 to 2,106 m in the COST No. 1

well

lenticulina muensteri
L. bronnii

A. pachynota

Sarcena.na aff. S. triangularis

Dorothia gradata
Textularia cf, T. klamathensis

L. saxonica

_i_-. gaultina

L. discrepans M. cf. M. cephalotes
L. elchenbergi Globulina prisca

L. heiermanni Rarmulina sp.

L. schloenbachi gginulina sp.

L. cf. L. guttata Citharina sp.

L. turgida Rhizammina sp.

L.. ouachensis

Marginulinogsls ci. M. collinsi
M. cf. M. gracilissima H.

Glomospira charoides corona H.

Haplophragmoides topagorukensis
cf. H. inconstans
Trochammina spp.

Lingulina buddencanyonensis
Planomalina buxtorfi
Praebulimma cf. P. churchi
Rheinholdella aff. R. dreheri
Hoeglund ina anterior

caracolla caracolla

Gavelinella andersoni
G. cf. G. barremiana
Astacolus onoanus

A. calliopsis

Dentalina spp.
D. distincta

D. gracilis
Bathysiphon sp.

§. aff. D. porcatulata

Marssonella kummi
M. cf. M. trochus
Gubkinella californica
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Petroleum Geochemistry

By George E. Claypoo!

INTRODUCTION

Four conventional cores (fig. 4), which were obtained
from COST No. 1 well, were taken from the Herendeen
Limestone (Lower Cretaceous) and the Naknek Formation
(Upper Jurassic). The samples were taken from pear the top,
1,541 m (5,055 ft) of the Herendeen Limestone and near the
top, 2,112 m (6,930 ft), middle, and bottom, 3,756 m (12,387
ft) of the Naknek Formation. All depths represent drilled
depths measured from the rig Kelly bushing.

The samples were analyzed to provide information on
the content, type, and thermal maturity of the organic matter.
The wet oxidation technique modified after Bush (1970) was
used to determine the organic carbon content. These analyses
were performed by Rinehart Laboratories, Arvada. Colo.
Conventional source rock anatyses (table 11) were also used
to determine the organic carbon content, extractable organic
matter, and kerogen. The saturated hydrocarbon fractions of
the extractable organic matter were analyzed by gas chro-
matographic techniques (fig. 13). The MP-3 thermal analysis
method was used to evaluate the content, type, and therma)
maturty of the organic matter (table 12).

The amounts of organic carbon, concentration of C,
extractable hydrocarbon, and content of gas, methane

through butanes (C,_C,), have been analyzed by Geochem
Laboratories (Van Delinder, 1977), and these conients are
shown plotted against sample depth in figures 7 and 14.

In the sidewall core samples, the amount of organic
carbon is generally less than 0.4 percent except for the
samples of nonmarine rocks from depths of about 900 m
(2,950 f1). The nonmarine samples contain as much as 1.44
percent organic carbon.

The concentration of C,5 . extractable hydrocarbons
was determined directly and was estimated from the weight of
pentane-soluble extractable organic matter. The con-
centrations, determined by both methods, generally are less
than 100 ppm for composite cuttings and for sidewall and
conventional cores. The content of methane through butanes
(C,_C,) of the drill cuttings is less than 0.01 standard vol-
umes of gas per volume of rock. This low gas content
decreases in both total concentration and C,_C, content with
increasing depth.

The organic matter was analyzed by three different
methods to determine carbon isotopic composition and the
capacity for generating hydrocarbons. The three methods,
elemental hydrogen-to-carbon ratio of kerogen, the pyrolytic
hydrocarbon yield per unit of organic carbon, and §'3C
values of kerogen and extractable organic matter, are com-

Table 11. Conventional source rock analysis of extractable organic matter and kerogen in core samples from COST No. 1

well

[Organic ruaiter analyzed by Carlos Lubeck, U.S. Geological Survey, Lakewood, Colo.; ketogen analyzed by Core Laboratories, Dallas, Tex.]

Extractable organic matter Kerogen
Total Hydrocarbon/ Vitrinite
th Lithology/ Bituren hydrocarbons organic carbon Saturates/ Atamic reflectance
(m) ft core mo. (ppm) (ppm) (%) aramatics H/C TAIl (mean %)

t,644.4 5,395
1,646.5 5,402 Shale/core } 84 48 1.9 1.3 ND 1.7 «41
2,165.3 7,104 Shale/core 2 61 36 1.8 3.0 ND 1.7 42
2,845.0 9,334 Shale/core 3 50 32 1.6 2.2 14 2.0 .50
3,766.4 12,357 Shale/core 4 80 43 5.4 2.6 .79 2.5 .55
3,775.6 12,387 Siltstone/core 4 144 17 8.5 2.9 ND 2.5 58
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Figure 13. Gas chromatographic analyses of saturated hydrocarbons in samples from the COST No. 1 well,
A through D with depths as indicated in table 11. CP1 (carbon preference index) ranges from 1.75 to 1.05.
Peak numbers refer to the number of carbon atoms for each n-paraffin compound.
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Table 12. Thermal analysis of organic matter in the core samples from COST No. T well
{Therma) anatysis (MP-3) by §. P. Baysinger, U.S, Geological Survey, Lakewood, Colo.; wet oxidation analysis of organic carpon by Rinehart Laboratories,

Arvada, Colo.|
Total Teaperature PHC+VHC
pyrolytic Volatile of maximum [ce
Organic hydrocarbon  hydrocarbon pyrolysis {bydrocarbon VHC/RC

Depth interval Age carbon (OC) yield {FHD) content (VIK) yield PIC/CC index {transforma-

(m) (1o) (weight %)  (weight %)  (welght ppm) (°Q) (%) g HC/g OC)  tlom ratio)
1,644.4 5,395 Early Cretaceous 0.65 0.062 35 475 9.6 90 - 0.06
1,646.8 5,403 Early Cretaceous 41 .032 24 4171 7.7 72 .08
2,1653 7.104 Late Jurassic W26 .020 2 481 7.8 69 W11
2,845.0 9,334 Late Jurassic .20 014 17 473 7.2 62 W12
3,766.4 12,357 late Jurassic ,08 . 009 27 480 12.2 19 .30
3,775.6 12,387 Late Jurassic 17 .023 78 483 13.7 89 .34

pared and summarized in figure 15. Only five analyses of
elemental hydrogen-to-carbon ratio of kerogen are available,
but all analyses show that the organic matter is relatively
hydrogen-deficient (H/C<1.0) even at shallow depths of
burial where the organic matter is immature.

The pyrolytic hydrocarbon yield per unit of organic
carbon, here defined as the total pyrolytic hydrocarbon yield
minus the volatile hydrocarbon content normalized by
organic carbon, is also low. The yield is from 62 to 90 mg
HC/g OC, and its trend is not significantly related to depth. In
the lower part of the well at 3,766.4 and 3,775.6 m (12,357
and 12,387 ft), the Upper Jurassic shales have slightly higher
hydrocarbon to carbon ratios and pyrolytic hydrocarbon per
unit of organic carbon than shales higher up in the well, even
though the shales higher up are at a less advanced stage of
thermal maturity. This fact may indicate that the organic
matter in the Jower part of the well originally was more rich in
hydrogen than the organic matter higher up in the well. The
fact may also indicate a difference in environment: possibly
the organic matter in the lower part of the wel} was produced
in a marine environment, but the amount preserved was too
low to generate significant amounts of hydrocarbon.

The stable carbon isotope ratio, 8'3C, primarily reflects
the nature of the source material or the environment in which
the organic matter was generated by photosynthesis; in addi-
tion, the differences in 8'3C among the kerogen, total extract,
and the saturated hydrocarbons may indicate the maturity of
the organic matter—the extent to which hydrocarbons have
been generated from the organic matter. $'3C expresses the
stable carbon isotope ratio, *3C/\2C, in parts per thousand
(per mil) deviations from the '13C/'2C ratio of the PDB marine
carbonate standard.

In the COST No. 1 well, the §!3C values of kerogen
range between —24 and —27 per mil. These values are
consistent with organic matter derived from a mixed marine
and nonmarine sediment.

The qdifferences in values of 8'3C among the kerogen,
total extract, and the saturated hydrocarbons changes with

depth in the well. Above about 2,100 m (6,900 ft) in the well
the saturated hydrocarbons are lighter than the total exiract by
2-3 per mil, and the total extract is 1-2 per mil lighter than the
kerogen. Below about 2,135 m (7,000 f1), the difference
between the §!3C values of saturated hydrocarbons and total
extract decrease to about 1 per mil, but the difference between
the total extract and the kerogen increases to about 2-2.5 per
mil. This change probably reflects the increased maturity of
organic matter in the Jower part of the well. There the satu-
rated hydrocarbons make up a greater proportion of the total
extract, and the extractable organic matter is more
petroleumlike in character.

Both the thermal analysis and gas chromatographic
analysis of the saturated hydrocarbons show fairly consistent
trends that indicate increasing thermal maturity with increas-
ing depth (fig. 16). The transition from immature to mature
hydrocarbon generation seems to be in the well interval from
about 2,100-2,700 m (6,900-8,900 ft).

RESULTS AND DISCUSSION

The extractable organic matter of the Upper Jurassic
and Lower Cretaceous rocks from the COST No. 1 well was
measured by a variety of techniques to determine the
character of its content, the amount present, and its degree of
thermal maturity.

The organic carbon content in the core samples ranges
from 0.08 to 0.65 weight percent (table 12). The organic
carbon is more abundant in the upper part of the wel} than in
the lower.

The core samples were also analyzed by the MP-3
thermal anatysis method (Claypool and Reed, 1976). In this
procedure, a small sample of rock is heated (40°C/min) in a
flowing stream of heljum. Using this procedure, measure-
ments can be made of the total pyrolytic hydrocarbon yield,
which is the total weight of hydrocarbons (or hydrocar-
bonlike compounds) given off during pyrolysis and distilla-
tion relative to the weight of the rock, the volatile
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Figure 14. Summary and comparison of analyses of organic carbon and hydrocarbon contents of rocks in the
COST No. 1 well. Data are from Van Delinder (1977).
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yield and transformation ratio (USGS data, table 12), and n-alkane carbon perference index (CPl,, ,,) of organic matter in

rocks of the COST No. 1 well.

hydrocarbon content, which is the portion of the total hydro-
carbon yield produced by evaporation or distillation at lower
temperatures, and the temperature of maximun yield, which
is the temperature at which the yield of pyrolysis products is
at a maximum. The results of the MP-3 thermal analysis are
given in table 12.

The amount of total pyrolytic hydrocarbon yield, from
0.009 to 0.062 mg/g (table 12), falls short of the 2 mg/g that
Tissot and Welte (1978, p. 447) define as the amount of oil-
generating orgamic matter at an immature stage of ther-
mochemical transformation necessarily present in a rock
sample in order for it to be classified as a *“potential o}l source
rock’’.

The total pyrolytic hydrocarbon yield per unit of
organic carbon, from 7.2 to 13.7 mg HC/g OC, is relatively
low. Interpreting thermal maturity from samples with low
proportions of hydrogen-rich (*‘sapropelic’’) organic matter
is usually questionable, but the results for these samples seem
to be meaningful because they are corroborated by similar
estimates of thermal maturity determined by other methods.

The volatile hydrocarbon-to-pyrolytic hydrocarbon
ratio was determined for the core samples. This ratio is called
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the “transformation ratjio” by Tissot and Welte (1978, p. 433)
and the “‘production index” by Barker (1974). If the volatile
hydrocarbon content is indigenous, then velues of 0.1 or
more indicate organic matter that has advanced to the oil-
generating stage of therrnal maturity. According to this inter-
pretation, all the core samples below 2,165.3 m (7,104 ft) in
the well are mature.

An empirical measure of thermal maturity, based on
evidence collected in our laboratory, is provided by the tem-
perature of maximum pyrolysis yield We noticed that at a
pyrolysis temperature of about 475°C the transition from an
immature stage of thermal alteration to a mature stage of
alteration occurs. By this criterion, the samples higher in the
well are marginally mature and the lower samples are mature.

Analysis of the core samples by conventiona} source
rock evaluation techniques (Claypool and others, 1978) pro-
duces results that indicate the organic matter was transformed
to hydrocarbons to a more advanced degree than that indi-
cated by thermal analysis.

The amounts of total extractable organic matter in the
core samples (chloroform extractable bitumen) are Jow, from
50 to 144 ppm (table 11). Hydrocarbon concentrations, as



determined by elution chromatography, range from 32 to 77
ppm. Vassoevich and others (1967) found that hydrocarbon
concentrations in shales commonly average about 180 ppm.
Therefore the hydrocarbon concentrations of the core sam-
ples of COST No. 1 wel) are below average for shales. The
hydrocarbon content relative to organic carbon content in all
of the core samples is greater than 1% or 10 mg HC/g OC, so
that organic carbon has been transformed to hydrocarbons to
an advanced degree,

The kerogen analyses generally substantiate the results
of the thermal analyses. The atomic H/C ratios of less thap 1
(table 11) confirm that the orgamic matter in the rocks at
2,845.0m (9,334 ft) and 3,766.4 m (12,357 ft) are lacking in
hydrogen.

The thermal alteration index and the vitrinite reflec-
tance both increase copsistently with increasing depth from
1,644.4 m (5,395 ft) to 3,775.6 m (12,387 ft). This is consis-
tent with the increasing degree of thermal maturity with
depth.

The alkane distributions of saturated iiydrocarbon frac-
tions of the extractable organic matter was determined by gas
chromatography. Samples from shallower depths in the wetl
have a distinct odd-numbered n-alkane predominance (figs.
13A and 13B). This feature is greatly reduced or absent in
sarnples deeper in the well This pattern is consistent with a
transition from thermally immature to mature organic matter.
The carbon preference index decreases with increasing depth,

from 1.75 to 1.05 (fig. 13). This index, which Bray and Evans
(1961) based on peak heights of n-alkanes with from 24 ¢to 32
carbon atoms, also indicates a change from thermal imma-
turity to maturity.

CONCLUSIONS

The fine-grained Lower Cretaceous and Upper Jurassic
rocks in COST No. 1 well contain a very low amount of
organic matter compared to fine-grained rocks of this age
worsldwide, which average about 1 percent organic carbon.
Moreover, the Mesozoic shales in this well contain much less
organic matter than the Mesozoic sediments in the upper
Cook Inlet, the North Slope, and in the other petroleum-
producing areas of Alaska.

The section penetrated by COST No, 1 well does not
contain prospective petroleum source rocks. Although the
thermochemical transformation of the organic matter in the
Mesozoic rocks is marginally mature to mature, the organic
matter is dominantly of the type that has a poor o3l-generating
capacity. However, the prospect for petroleurn of the lower
Cook Inlet should not be judged on the data obtained from the
COST No. I well alone. This well did not penetrate the shales
of the Middle Jurassic—the source rocks for petroleum in the
upper Cook Inlet (Magoon and Claypool, 1979, 1981).
Migration paths from the Middle Jurassic rocks are crucial to
the oil-generating system in the Cook Inlet basin.
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Present-Day Geothermal Gradient

By Leslie B. Magoon

INTRODUCTION

By extrapolating from present-day subsurface tem-
peratures, the threshold temperatures for vanious stages of
hydrocarbon generation and sediment diagenesis can be
approximated. Knowing the constant heat flux, burial depth
at its historical maximum, and the known ages of the rock
units, the past threshold temperatures for various stages of
hydrocarbon generation and sediment diagenesis can be
extrapolated from the present geothermal gradient. Unfor-
tunately, the unique set of geologic and thermal conditions
rarely occur in nature, and reliable temperature data is diffi-
cult to obtain. Even if this ideal situation occurs, the present-
day geothermal gradient is an approximation

Most borehole temperatures from exploratory wells are
disequilibrium temperatures. Bottom-hoie temperatures
(BHT) are acquired when a well is logged; the BHT tem-
perature is generally lower than the rock formation tem-
perature because the drilling mud is uncirculated for only a
few hours to a day or so while the well is logged. Other types
of temperature data from exploratory wells, such as drill-stem
test temperatures or temperature logs, may be more represen-
tative of rock formation temperatures than BHT temperatures
because the drilling mud may be uncirculated for a longer
period of time. More accurate temperature measurements are
acquired after a hydrocarbon accumulation is discovered
because of longer shut-in times.

Even if reliable subsurface temperatures are acquired,
this data cannot be directly projected into the geologic past.
The problem of how to determine the variations of the tem-
perature gradient below lower Cook Inlet through geologic
time still remains unsolved.

The problems in determining the present-day geother-
mal gradient of COST No. | well are complicated. In the
COST No. 1 well, the Mesozoic section has many
unconformities representing significant amounts of time. The
COST No. 1 well is located off structure, north of the
Augustine-Seldovia Arch, approximately 140 km (87 mi)
southwest of Kenai and is drilled in a structural low and not in
a structural high as most wells are. Moreover, the early
Tertiary rocks penetrated pear the surface in the well indicate
that the geologic record for the Cenozoic is incomplete in the
lower Cook Inlet basin. Therefore, the rocks in this area are no
longer at maximum burial depth and have probably cooled
since reaching their highest temperature. In the upper Cook
Inlet just north of Kenai, a complete section of Late Cenozoic
rocks is present, and it is probable that the entire Mesozoic

and Cenozoic sections are very close to maximum burial
depth.

[n spite of these difficulties, I will try to determine (1)
the present-day geothermat gradient for COST No. 1 well
using well log data, (2) whether the geothermal gradient of
COST No. 1 well in tower Cook Inlet basin compares favora-
bly with the gradients in the upper Cook Iniet basin, angd (3)
how present subsurface temperatures in COST No. 1 well
compare to the first occurrence of {aumontite, the vitrinite
reflectance data, and the thermal alteration index.

PRESENT-DAY TEMPERATURES

The temperature log data for the COST No. 1 well and
the BHT for each log run are shown in figure 17. The four log
runs, as recorded on the log headers (table 13), were made on
June 12, June 27, August 20-21, and September 17-19, 1977.
The temperature data is plotted in figure 17 and listed in table
14.

If the BHT and time since last mud circulation are
recorded correctly on the well headers, then there is no
difficulty in reconstructing the sequence of log runs and the
BHT’s. Unfortunately, not all the data was recorded for COST
No. | well, so the data on the log headers do not agree with the
data in table 14. The correct data, givea to me by the log
analyst, Forrest Baker, who witnessed the last log run, is
given in table 14,

Bottom-hole Temperature

The first log run covered the well interval from 91 m
(300 ft) to 405 m (1,327 R) (table 13). The BHT for both runs
was 19.4°C (67°F) (table 14). The second log run covered the
interval from 404 m (1,325 ft) to 1,489 m (4,885 ft) (table 13).
The three BHT’s were for 43.9°C (111°F) (table 14).

The BHT'’s for both log runs one and two do not
increase even though the time since mud circulation stopped
does increase. Two explanations are possible: (1) the tem-
perature of the mud is in thermal equilibrium with the forma-
tion temperature, or more likely (2) because of the size of the
well hole, 26 in. and 17.5 in., there is too much mud in the
hole to come to thermal equilibrium with the rocks in the
formation in the short periods between mud circulation.

The BHT’s of the third log run, for the interval from
1,475 m (4,840 ft) to 3,120 m (10,236 ft), ranged from
66.1°C (151°F) to 71.1°C (160°F). The BHT’s for the first
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Figure 17. Temperature data for the COST No. 1 well and the Swanson River Oil Field. See table 14 for bottom-hole
temperatures.

three log types increased 5°C during a 12-hour period. Unfor-
tunately, the temperature data wese not recorded for the LSS

Table 13. Log runs for COST No. 1 well in 1977 (long-spaced sonic) log; and this log run was made at the time
{See tables 2 and 14 for additional information on logs] when the time since mud circulation stopped was more than
doubled.

Depth interval The fourth log run covers the interval from 2,987 m

Log Ton Bot tom (9,800 ft) to 3,776 m (12,387 ft) (table 13). Core number four
run Date P Tt m Tt was taken over an 11-hour period. The mud circulation con-
T June 12, 1977 51 300 408 1,327 tinued until total depth was reached and stopped when the
e o 1977 L8 4 seo V120 10 236 core barrel began to be withdrawn from the hole. From this

4 September 17-19, 1977 2,987 9,800 3,776 12,387 time, seven different temperatures were acquired over the 57-

hour period (table 14). The BHT's ranged from 71.7°C
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Table 14. Temperature data for COST No. 1 well
[ty is 11 hours. See figure 18)

Loag Log Time since mud Bottom-hole
rn type circulation stopped temperature
(s=e table 2) (bours) ¢ oF
1 pn! 5 19.4 67 -
I F¥DC 9 19.4 67 —
2 DIL/BEC 45 43.9 1 -
2  CNL/FDC 8 43.9 111 -
2 LSS 1.5 43.9 111 -
3 o 13.5 66.1 151 -
3 BHC 0.5 67.8 154 -
3 CN 25.5 1711 160 -
3 Lss 38.5 - - -
4 BHC 10.5 Inag 161 2.05
4 DIL 13.25 772 162 1.83
4 CNL/FDC  16.5 75.6 168 1.67
4 LSS 22 772 171 1.49
4 PL/ML 28.5 80.6 177 1.43
4 HOT e 81.1 178 139
4 Tawperature 14257 87.2 186 1.19

1 Data provided by Forrest Baker, log analyst, who witnessed the
fourth log run.

t Temperature Jog took 3 hours to run from the surface to total
depth.

(161°F) to 87.2°C (189°F). The BHT’s increase 15.5°C
(60°F) over a 46.5-hour period. A maximum temperature of
92.4°C (198°F) was determined by a least squares linear
regression. (The coefficient of determoination, R2, is 0.972).
The Horner temperatuse plot (Homer, 1951; Tinko and
Ferti, 1972; Dowdle and Coss, 1975) was made to estimate
the equilibrium formation temperature (fig. 18). Except for
the first data point, 71.7°C (161°F) at 10.5 hours, all the data
support this maximum equilibrium formation temperature.
The BHT's from the first two log runs are probably not
formation temperatures because of the short time since mud
circulation stopped. The formation temperature was not cal-
culated for the third log run because the mud circulation time
after drilling to logging depth was not recorded. The forma-
tion temperature of 92.4°C (198°F), derived from making a
plot of the data for the fourth log run, is copsidered the most
reliable formation temperature for the COST No. 1 well.

Temperature Log

The relation of temperature to depth for COST No. 1
well and the Swanson River Oil Field (fig. 20) are plotted in
figure 17. Using the temperature log, a temperature was
plotted every 61 m (200 ft). The temperature gradient (A in
fig. 17) below 240 m (322 ft), determined by a least squares
linear regression, is 1.59°C/100 m (0.93°F/100 ft). The coeffi-
cient of determination, R?, was plonted by using a tem-
perature every 152 m (500 ft) from 300 m (985 ft) to 3,750 m
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Figure 18. Horner temperature plot of the fourth tog run for
the COST No. 1 weltl. T, is the bottom-hole shut-in tem-
perature measured at At. ¢, is 11 hours.

(12,300 ft). It is 0.997. Using this geothermal gradient, the
temperature at the KB (Kelly bushing) was found to be
22.2°C (71.7°F). This temperature is quite a bit higher than
the 8.6°C that the measured water temperature is at the mud
line (Miller and others, 1978).

The maximum temperature at total depth on the tem-
perature log is 94.7°C. This temperature was measured,
however, while the thermometer was at total depth for an
unkpown period of time (fig. 19). The temperature increased
from 91°C (196°F) to 94.7°C (202°F) and asymptotically
approached 95°C (203°F).

This maximum temperature of 94.7°C (202°F) agrees
well with the formation temperature of 92.4°C (198°F) that
was derived from & Homner plot (fig. 18).

Geothermal Gradient

The present-day geothermal gradient from the sea floor
or mud line to total depth of the COST No. 1 well can be
calculated by using either one of the formation temperatugres;
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Figure 19. Temperature increased at total depth on the
temperature log over an unknown time duration for the
COST No. 1well. The last recorded temperature is 94.7°C,
and it asymptotically approached 95°C.

the 92.4°C derived from the Horner plot or the 94.7°C
calculated from the temperature log. Miller and others (1978,
fig. 2.8-2) found that the mudline ternperature at the COST
No. 1 well was 8.6°C during flood tide on September 20,
1977. By using the following figures:
96.0 m (315 ft) from KB = sea floor or mud line,
3,776 m (12,387 ft) = total depth of welj,
8.6°C (47°F) = mudline water temperature, and
92.4°C (198°F) = formation temperature derived by
Homer plot, the geothermat gradient is

92.4°C — 8.6°C
3776 m — 96.0 m

X 100 = 2.28°C/100 m
(1.25°F/100£0).

The geothermal gradient of profile B (fig. 17),
2.28°C/100 m (1.25°F/100 1), is higher than the geotherwmal
gradient of 1.59°C/100 m (0.93°F/100 ft) that was calculated
from the temperature log of profile A. The temperatures along
profile A (fig. 17) are probably not at thermal equilibrium
becaunse of the lack of long shut-in periods.

An example of an extremely long temperature survey is
the one reporied by Castano and Sparks (1974) in the Swan-
son River Oil Field. Temperatures recorded over a shut-in
period of [00 days, after calculation, gave a geothermal
gradient of 2.37°C/100 m (1.30°F/100 ft) and a surface tem-
perature of 3.9°C (39°F) (Castano, oral commun., 1980). The
geothermal gradient of the Swansoun River Otl Field is profile
C in figure 17. This geothermal gradient, 2.37°C/100 m
(1.30°F/100 ft), compares well with the geothermal gradient
calculated from the COST No. 1 well data, 2.28°C/100 m
(1.25°F/100 f1).
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In addition, a geothermal gradient was calculated from
the uncorrected BHT data obtained from well log surveys run
in the field, profile D in figure 17. The geothermal gradient of
profile D, 1.52°C/100 m (0.83°F/100 ft), compares well with
the geothermal gradient of profile A, 1.59°C/{00 m
(0.93°F/100 ft) that was calculated from the temperature log
data of COST No. | well. Since the BHT data are comparable
with the temperature log data, the temperature log data must
not be equilibrium temperatures.

GEOTHERMAL GRADIENT OF THE AREA

The geothermal data in a basin generally has lower
gradients for the thickest parts of the basin and higher gra-
dients for the perimeter where the older rocks are closer to the
surface. This relation is shown for the Great Valley of Califor-
nia on the Geothermal Map of North America (Kinney, 1976).

The west limb of the Cook Inlet basin is flanked by a
batholith of Mesozoic and Cenozoic ages and five volcanoes:
Mount Spurr, Redoubt Volcano, liamna Volcano, Augustine
Volcano, and Mount Douglas (fig. 20). The geothermal gra-
dient contours in upper Cook Inlet appear to reflect this heat
source because the 2.7°C/100 m (}.6°F/100 ft) contour is
located on the west near the heat source and the 2.1°C/100 m
(1.2°F/100 ft) contour is located on the east farthest from the
source. The highest geothermal gradient contour is closer to
the batholith near Tyonek in upper Cook Inlet than it is to the
batholith near Homer in the lower Cook Inlet.

The geothermal gradient in COST No. 1 well is lower
than would be predicted from the regional tend (fig. 20;
Kinney, 1976). The well is located a similar distance from the
batholith as Tyonek, and it is also near an active volcano—
Aungustine Volcano, so one would expect the well to have a
high geothermal gradient. Yet the geothermal gradient of the
well is lower; it is very similar to the geothermal gradient of
the Swanson River Oil Feld.

THERMAL HISTORY

The thermal history or maximum temperature under-
gone by rocks can be inferred from the first occustence of
laumnontite, from vitrinite reflectance, and from the TAI (ther
mal alteration index).

Laumontite

The first occurrence of laumontite recorded by Bolm
and McCulloh (this volume) is at 1,891 m (6,205 ft) in the
COST No. | well. It is also present in most samples from
depths greater than 2,134 m (7,000 ft).

The present pressure and temperature of the rocks that
the laumontite first oceurs in js 184 bars at 50°C (122°F); this
temperature is 30°C (86°F) too coo) to form laumontite.
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Figure 20. Geothermal gradient map of Cook Inlet (Kinney, 1976), location of the Swanson River Oil Field, COST No. 1well,
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east. The COST No. 1 well gradient of 2.28°C/100 m (1.25°F/100 ft) compares with the eastern gradient.
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Moreover, the entire T-P (temperature-pressure) profile for
the COST No. 1 well is in the “fossil” laumontite field (fig.
21; McCulloh and others, 1978). If the rock section is not
overpressured, then the first occurrence of laumontite is a
fossil occurrence, Greater burial depths probably would not
provide a T-P field conducive to the formation of laumontite,
but 2 much bigher heat fiow, possibly from one or more of the
many periods of plutonism, could provide the proper T-P
field.

Vitrinite Reflectance Data

The vitrinite reflectance value is about 0.65 percent at
total depth in the COST No. 1 well. The rocks there are at a
present-day temperature of about 92-95°C, a temperature that
is very close to the threshold of oil generation for source
shales that have been buried for at Jeast 30-40 m.y. (Connan,
1974). The vitrinite reflectance data obtained from con-
ventional cores and sidewall cores substantiate these values.
However, these reflectance values projected to the surface of
the well are over 0.3 percent.

The vitrinite reflectance data determined by organic
geochemical analysis by Simpson (1977) and Van Delinder
(1977) (fig. 7) compare well with the vitrinite reflectance data
determined by thermal analysis of organic matter supplied by
Arco, Shell, and Core Laboratories (fig. 16).

Even though the overall vitrinite reflectance gradient
seems to be reasonable, the evidence that the rocks in the well
were uplifted and eroded argues against accepting them as
true values. Furthermore, the surface reflectance values
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Figure 21. “Fossil” laumontite field. Figure modified from
McCulloh and others (1978, fig.6). The dashed line with
two solid triangles indicates the T-P (temperature-pres-
sure) line for the COST No. 1well. The entire well profile is
in the “fossil” laumontite field. Triangle one indicates the
laumontite at 1,897 m (6,205 ft) an
laumontite at 2,134 m (7,000 ft).

triangle two is the
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should be much higher than 0.3 percent, to fit in with the
geothermal trend of the Cook Inlet basin.

Thermal Alteration Index

The TAI (thermal alteration index) of the rocks in the
COST No. 1 well range from alow of 1.5 toahigh of 2.6. The
refations of the TAI and vitrinite reflectance scales are shown
on figute 22 (Bayliss and Smith, [1980]). The TAI values
indicate a much higher thermal history than the vitrinite
reflectance values of the well. The stratigraphic evidence of
uplift and erosjon and the evidence of the first occurrence of
lanmontite in the well substantiate the TAI values and confirm
the validity of the higher thermal history.

SUMMARY

Even though the COST No. 1 well temperature gradient
of about 2.28°C/100 m (1.25°F/100 ft) is close to the Swanson
River Oil Field gradient of 2.37°C/100 m (1.30°F/100 £0), the
present-day geothermal gradient for the COST No. 1 well
seems to be too low when compared to the geothermal trends
in upper Cook Inlet. All the evidence from the stratigraphy of
the rocks, the first occurrence of Jaumontite, and the TAI
values indicate that the rocks in the COST No. I well were
subjected to high temperature gradients before uplifi and
erosion. The vitrinite reflectance values, which are low, do
pot substantiate this inference.
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Figure 22. Cross reference of the TAl (1-3) scale to
vitrinite reflectance (0.2-1.0 percent) (Bayliss and Smith,
[19801). TAl values indicate a much higher thermal history
tor the COST No. 1 well than does the vitrinite reflec-
tance. Points (1 to 6) represent corresponding TAl and
vitrinite reflectance values from 610 m (2,000 f1) to 3,660
m (12,000 ft) in intervals of 610 m.



Sandstone Petrography

By Hugh Mclean

INTRODUCTION

The petrographic characteristics of sandstone beds pen-
etrated in the COST No. 1 well are important in
understanding the diagenetic influences on reservoir quality
in this particular well and in the surrounding area.

Four conventional cores (table 3) and 101 sidewall core
samples (table 15) were taken during drilling; one con-
ventional core was cut from the Herendeen Limestone (Lower
Cretaceous) and three cores were cut from the Naknek For-
mation (Upper Jurassic). Sidewal! cores were taken from the
interval between 545 m (1,788 ft) and 3,102 m (10,174 ft)
(table 15), and include samples from the Naknek Formation,
Herendeen Limestone, Kaguyak Formation (Upper Cre-
taceous), and West Foreland Formation (lower Tertiary).

Twenty thin sections were prepared from three of the
conventional cores; the remaining sections were made from
sidewall cores. Grain-mount thin sections were made from
sidewall cores that were badly fractured or disaggregated. The
classification system used to indicate sapdstone composition
in figure 23 is modified from Crook (1960) and Dickinson
(1970).

The datz shown in table 15 were compiled from
petrographic reports prepared for the lower Cook Inlet COST
No. 1 wefl in [977 by: Paui R. Schluger, Mobil Oi] Corpora-
tion, Denver, Colo.; E. W, Christensen, Chevron USA, West-
em Region, San Francisco, Calif.; T. J. Swiderski, Phillips
Petroleum Company, Denver, Colo.; Laurel Babcock,
AMOCO Production Company, Tulsa, Okla_; R. J. Kuryvial,
Cities Service Company, Tuisa, Okla.; and by Hugh McLean,
U.S. Geological Survey, Menlo Park, Calif.

PETROGRAPHIC ANALYSES
Naknek Formation (Upper Jurassic)

The Upper lurassic Naknek Formation extends from
2,112 m (6,930 ft) to 3,776 m (12,387 &) (fig. 4) from which
32 sidewall core samples (table 15) and three conventional
cores were taken (table 3). The uppermost conventional core,
7.6 m (25 ft) long, cut from between 2,165.3 m (7,104 ft) and
2,173.5 (7,131 ft), consists entirely of sandstone. The middle
core, 5.3 m (17.5 ft) long, cut from between 2,844.4 m
(9,332 ft) and 2,850.5 m (9,352 ft) consists of interbedded
sandstone and siltstone. The bottom core, 9.1 m (30 ft} long,
cut from between 3,766.4 m (12,357 ft) and 3,775.6 m
(12,387 £t), grades from sandstone to siltstone (table 3).

The average composition of 28 Naknek Formation
sandstone thin sections is Q,,FssL,, (fig. 23). Most are fine-
or medinm-grained, with well sorted, subrounded grains.
Samples however, between 2,145.8 m (7,040 ft) and 2,351.8
m (7,716 ft) consist of well rounded and very well sorted
grains that may reflect winnowing, and possible deposition in
a nearshore environment.

Framework grains are packed tightly together, resulting
in predominantly long and concave-convex grain contacts.
Laumontite replaces plagioclase grains and glassy parts of
volcanic rock fragments, and also fills intergranular pore
space. Original porosity and permeability may have been
high, but have been substantially reduced by mechanical
compaction and by precipitation of authigenic minerals.

Herendeen Limestone (Lower Cretaceous)

The Herendeen Limestone extends from 1,541 m
(5,055 ft) t0 2,112 m (6,930 ft). Approximately 5.5 m (18 ft)
of core cut from 1,642.9 m (5,390 ft) to0 1,649.6 m (5,412 f)
consists of interbedded sandstone and shale (table 3). Seven
thin sections from conventional core and 32 thin sections
from sidewall cores (tables 3 and 15) have an average com-
position of Q44F,,L,5. Accessory minerals include green
homblende, biotite, epidote, and clinopyroxene, Rock frag-
ments are mainly felsic and microlitic volcanics of intermedi-
ate composition. Metamorphic rock fragments include mica
schist and quartzite.

Sandstone samples are fine-and medium-grained, with
subrounded to subangular, well-sorted framework aggregates
that are typically framework supported. Adjacent grains dis-
play combinations of both point and long contacts. Although
alteration of framework grains is minimal, porosity and per-
meability are nevertheless reduced by mechanical compac-
tion and by pore-filling authigenic clay minerals and calcite.

Samples from depths of 1,858.4 m (6,097 ft) and
1,877.9 m (6,161 ft) contain Inoceramus prisms, a typical
fossil in the Herendeen Limestone.

Kaguyak Formation (Upper Cretaceous)

The Kaguyak Formation extends from 797 m (2,615 ft)
to 1,541 m (5,055 ft) (fig. 4). Thin sections from 22 sidewall
cores have an average composition of Q,3F,L s. Samples
include a wide range of grain sizes including very fine, fine,
medium, and coarse, which are typically poorly sorted and
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Table 15. Sandstone petrography of COST No. 1 well

(Data compiled by R. M. Egbert, U.S. Geological Survey.}

Peldspar Rock Frags other Ratios Cement
Age Core Sample Core Q F L Quartz Chert R-spar Plag tot VRF URF MRF Bio Hbl tot c/Q P/F  V/L Cly <Cal Z Matrix
samples depth No.
(fe)
1E 1,788 24 29 47 12 [ 4 20 39 3 .40 83 1 8 0 3
© 2 E 1,858 18 2359 9 6 5 14 48 2 40 74t e 0 1
° 3 A 2,060 152659 S B 10 3 40 5 750 A4 1 5 20
~N 4E 2,230 16 23 61 s 7 5 12 46 3 58 .M 1 100 4
o s A 2,274 32 1355 18 5 3 4 40 2 2 .22 40 1 5 20
3
8 6 A 2475 29 48 23 13 5 15 15 15 20 22 28 s8 t 5 )
7E 2,506 27 4429 17 2 2 29 20 4 a9 8 0 3
8 A 2,594 233542 W4 3 15 10 30 5 8 .18 40 1 5 15
9 E 2,972 92170 5 2 2 15 57 3 .29 88 1 100 1
10 E 3,100 17 16 67 9 5 2 " 54 2 .36 85 1 6 0
1nE 3,427 3955 6 30 9 8 35 5 2 o .81 1 4 0 2
12 B 3,442 94 7 N 1 15 15 5 7 6 .03 .50 1 5 20
13 E 3,460 1678 6 12 0 7 52 s 3 o .88 5 0 4
w WE 3,478 1580 5 M v 2 18 [ 3 o .80 1 2 0 5
3 15 8 3,486 27 6310 19 0 20 25 7 4 4 0 .56 5 20
o
@ 16 A 3,508 17 53 30 10 1 15 20 20 2 i 3 .09 57 95 5 25
° 17 B 3,543 1678 6 12 ) 5 55 5 1 ¢ 92 1 4 0 4
- 18 A 3,553 2570 5 15 0 15 25 2 7 7 0 .63 .67 5 30
® e 3,556 2966 5 20 [ 6 39 3 2 0 .87 1 4 10 4
o A 3,587 1679 5 9 [ 20 25 3 15 18 6 56 1 5 20
5 NE 3,664 30 65 5 22 o 7 40 4 2 o .85 1 5 0 7
a 224 3,670 3760 3 22 0 20 15 2 15 16 0 43 5 20
a 23E 3,916 98 5 7 [ 3 57 4 3 0 .90 1 0 0 8
D 24a 3,974 25 38 37 20 [ 15 15 29 1 1 0 .50 1 10 10
5 E 4,078 nNeT 12 N2 3 7 42 9 2 W2 .86 1 6 5 4
26 A 4,080 12 58 3¢ 8 [ 20 20 20 1 1 0 .50 .95 10 20
27 E 4,240 2075 5 12 4 7 52 4 t .25 .88 2 0 [
20 B 4,317 2370 7 15 2 6 47 5 2 a2 83 1 LI 3
29 A 4,508 25 49 26 13 2 20 9 15 15 16 .13 L3 1 10 15
k) 4,520 20 65 7 18 2 5 " 5 2 .10 89 8§ 0 3
e 5,120 65143 4 - [ 35 30 8 16 - 10 15
32 D 5,120 324721 30 - 45 20 s 5 - - - 15
33c 5130 17 48 35 14 o 40 29 k2T 0o — .0 16
34 B 5,210 145729 10 - 0 39 20 5 15 21 — 10 1 10
35 D 5,270 24721 30 - 45 20 s 5 - - - 20
36 D 5,350 44 28 28 40 - 25 25 0 10 - - - 14
37 E 5391 1 4250 8 30 2 4 34 s .06 .89 1 5 0 2
38 A 5393 1 255322 19 [ 20 20 17 2 4 [T I "
9P 5394 1 56 39 5 42 - 29 1 1 1 3 ¢ 1.0 .99 15
40 B 5,396 29 60 11 26 — 7 46 7 4 6 — 87 .70 5
a“E 5399 1 325711 16 9 7 36 9 2 33 84 1 5 2 10
42 a 5401 1 314821 19 3 20 15 15 4 8 .14 43 5 195
arF 5403 1 39 41 20 26 0 1 28 10 6 2 0 .96 .81 23
e 5,404 1 30 51 19 17 2 3 26 12 "o o8 1 130 9
w B0 5,428 6732 1 65 - 3 1 3 - - 10 10
S ac 5,472 1578 15 15 [\ 7% 15 0 High Bigh
® a1 5,505 58 21 21 S5 - 20 20 5 5 - - — 10
o 4B 5,565 3460 6 29 - 4 48 2 8 14 —~ 92 40
< 40D 5,648 40 30 30 32 - 25 25 3 8 - - - 20
® soB 5,692 18 62 20 14 - 1 46 11 9 10 19 — 88 87 s 2-20
© 51 D 5,692 47 42 11 45 - 40 10 5 3 - - 5 15
° 52 B 5,713 33 55 12 27 - 2 43 9 8 10 18 — 96 90
3 53 ¢ 5,713 25 45 30 23 4 41 28 1 7 8 [ - 2 4 21
o 54 D 5770 39 4417 35 - [ 15 s 10 - - - 4 1
- 55 B 5,839 35 43 22 29 - 5 30 10 10 6 1% — .86 56 x5 2-3
56 B 5,883 26 44 30 21 - 1 35 18 il B 18 - 97 mn
57 D 5,932 39 3329 3% - 30 25 5 2 10 - - - 5 10
58 B 5,962 29 57 14 25 - 2 47 9 8 3 4 — 96 .15 x-3 ¥
59 D 6,035 52 32 16 SO - 30 15 5 5 - - 10 5
60 B 6,097 38 42 20 28 - 0 n 13 7 1 8 - 1 87 Vs 2-10
61 D 6,097 472924 4o - 25 20 B 15 - - - /13 10
62 D 6,125 66 22 12 55 - 18 10 15 17 - - — 40
63 B 6,161 215425 18 - 6 39 17 7 2 — .87 .81 7] 810
64 B 6,205 37 49 14 29 - 4 34 3 9 2 12 — 89 55 4 %7
65 B 6,302 39 49 12 37 - 6 40 9 3 5 — 87 .82 1
66 D 6,385 50 22 28 45 - 20 25 s 10 - - 1 4
67 B 6,404 42 45 13 40 - 7 36 10 4 5 - 84 .83
68 C 6,404 54 16 30 51 ° 15 28 1 4 B b — ° 3 13
69 D 6,435 55 20 25 55 - 20 25 5 5 - - - s

angular to very angular. Most rock fragments (L) are vol-
canics that have altered to clay minerals that form
pseudomatrix. Clay minerals also replace plagioclase and
potassium feldspar. Porosity and permeability are mainly
reduced by authigenic clays and traces of carbonate.

West Foreland Formation 