
CORE ANALYSIS

C & W sandstones of the upper Eocene Cowlitz Formation comprise the

reservoir for the gas in the Mist Gas Field. As of April, 1989, the C & W sandstone

has yielded greater than 35 Bcf of natural gas (Olmstead, 1989). The Mist Gas Field

provides a good example of large-scale reservoir heterogeneity created by multiple

sandstone bodies separated by intervening thinner mudstone layers. It also illustrates

the control of depositional facies and to a lesser degree, diagenesis on reservoir quality.

In 1987 Oregon Natural Gas Development Corporation (ONGDC) of Portland

cored three closely spaced wells (Figure 2) in order to acquire detailed information

pertaining to reservoir characteristics and depositional environment of the C & W

sandstone. Prediction of sandstone trends and directional rock properties depends very

strongly on the accurate interpretation of depositional environments. Likewise,

predictions of diagenetic alteration and the isolation of the most favorable reservoir

bodies within an environment generally depend critically on detailed study of

microenvironments. This should lead to improved drilling patterns for injection and

recovery wells.

Cores 1W 33C-3 and OM 12C-3 were recovered by ONGDC from the Flora

pool, and OM 41A-1O from the Bruer pool; the original discovery pools of the Mist Gas

Field (Figure 2). 1W 33C-3 is an injection-withdrawal well utilized by ONGDC in their

underground natural gas storage project. It represents a redrill of former producer;

Columbia County 33-3, located on the crest of an upthrown structural block, whereas

both OM 41A-10 and OM 12C-C are located downstructure below the gas-water contact

(Meyer, 1987; writ. comm.). OM 12C-3 and OM 41A-10 are observation/monitoring

wells for the storage pool.

Recovery was very good in all three cores, ranging from 85-90% in OM 41A-

10, to approximately 95% in OM 12C-3. Core OM 12C-3 begins at the top contact with
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mudstone and extends nearly to the bottom of C & W sandstone, whereas OM 41A -10

was cored from 80 feet above the C & W and includes 80 feet of mudstone aswell as

300 feet of C & W, and bottoms in C & W. 1W 33C- 3 is an oriented core, and

includes nearly 150 feet of the cap rock Cowlitz "shale", as well as 150 feet of C & W.

The large amount of upper Cowlitz mudstone cored in 1W 33C-3 was necessary in order

to assess its effectiveness as a seal (Meyer, 1987; pers. comm.).

The Mist Gas Field offers several interesting points to the reservoir geologist.

The sandstone bodies comprising the field are complex both in terms of their external

geometries and internal architectures and present a formidable challenge to geologists.

Moreover, they represent interesting examples of nearshore to shelf siliciclastic

environments, important deposits comprising unique and important types of reservoirs

significantly different from continental or deep-water sandstone bodies in terms of their

reservoir characteristics and performance.

Core Description and Stratigraphic Relationships

A detailed lithologic description of cores OM 41A-10 and 1W 33C-3 is provided

in the core logs (Plate IV and Appendix XII, respectively). These figures were

generated using the computer graphic core logging software provided to me by ARCO's

Research & Development group. The entire cores were slabbed, mounted and

photographed, following the procedures outlined in Methods of Investigation. (Note

that core depths are given in feet in order to maintain consistency with depths provided

by previous core workers and the core photographs.) The basis for environmental

interpretation and its impact on reservoir quality is the result of an integrated

sedimentological core description and analysis, wireline log, and core plug permeability

and porosity study.
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The C & W sandstone (core) is subdivided into the same lithofacies as the C &

W outcrop. However, core data was more complete in the sense of availability of

continuous vertical section through most of the C & W, porosity4ermeability data for

the entire core length (sampled every foot), and electric log characteristics to help

subdivide the lithofacies (Table 3). In general, core and outcrop lithofacies are identical;

both consist predominantly of fine-grained, arkosic, micaceous, laminated to cross-

bedded sandstone with subordinate siltstone interbeds. C & W sandstone from both

core and outcrop consist of mutiple thickening- and shallowing-upward progradational

sequences of sheet-like sandstones. However, the cores from the Mist Gas Field

contain 3 additional lithofacies not observed in outcrop of C & W sandstone. The three

additional lithofacies in the core are Lithofacies M, BG, and P (Table 3).

The vertical sequence of lithologies encountered in core OM 41A- 10 is

graphically depicted in Plate IV. This core (and to a lesser extent, 1W 33C-3) were

examined in detail in this study, whereas Farr (1989) concentrated on OM 12C-3.

Therefore, this discussion focusses on OM 41A-10, although in reality, all three cores

(OM 41A-10, 1W 33C-3, and OM 12C-3) were considered in the final interpretation.

The core (OM 41A-10) bottoms in flaser-bedded sandstone with contorted

bedding (Lithofacies F; 2682 - 2714 feet), analogous to the Selder Creek section in

outcrop. This sequence grades into interbedded siltstone and sandstone, with a capping

coal (Lithofacies B; 2625 - 1682 feet), similar to Fails (1989) Rocky Point road

section. Arkosic sandstones dominates the section from 2588 - 2625 feet, characterized

by amalgamated hummocky bedded sandstone (Lithofacies H). An unusual blue-green

indurated interval occurs from 2570 to 2588 feet. This zone (Lithofacies BG) occurs in

all 3 cores from the Mist Gas Field (Plate ifi), but pinches Out southward and is not

present in outcrop. The blue-gren zone grades upward into laminated trough cross-

bedded and ripple-laminated arkosic sandstone of Lithofacies H (2589 - 2509 feet).



Table 3. Sedimentological and reservoir properties of major lithofacies types in C & W
sandstone from core analysis. Reservoir porosity and permeability based on
conventional core plug measurements taken from OM 41A-1O.

Lithofacles Code Sedimentary
Structures

Sand
Content (%

Horizontal Air
Permeability (md)

Vertical Air
Permeability (md)

Porosity
(%)

Depositional
Environment

Depth
(Feet)

Parallel to
cross-stratified
ss. and sandy
siltstone

P
Erosional truncations
with low angle cross-
beds and bioturbatlon

60-95 Average: 233
Range: 5-1129

Average: 57
Range: 15-99

Average: 31
Range: 22-37

Distributary channel
complex

2400-2455

Hummocky
Cross-stratified
sandstone

H
Amalgamated

hummocks, low angle
to massive bedding

90-100
Average: 983

Range: 26-4561
Average: 88

Range: 9-135
Average: 33

Range: 26-39
Middle to lower shore-
face/della fronl

2455-251 0

Mudstone
with abundant
carbonaceous
stringers

M
Dense, black shale
with large, rounded

volcanic &
sedimentary clasts

Average: 2
Range: 1-4

Average: 17
Range: 17

Average: 31
Range: 28-34

Tidal marsh/debris flow 251 0-251 8

Laminated
to faintly bedded
sandstone with
minor sillslone

H
Wave & current

ripples with troughs,
& contorted bedding

75-90 Average: 671
Range: 24-1939

Average: 732
Range: 83-1807

Average: 32
Range: 29-36

Upper shoreface/
strandplain

2518-2570

Blue-green zone
of laminated
sandstone

BG
Rounded pebble size
scoriaceous clasls
in parallel layers

75-95
Average: 6

Range: 1-13
Average: -

Range: -
Average: 31

Range: 20-36
Middle to upper shore-
face 2570-2588

Amalgamated
hummocky
sandstone

H
Contorted bedding,
ripples isolated by
thin mud drapes

60-90
Average: 545

Range: 16-1076
Average: -

Range: -
Average: 33

Range: 31-35
Middle shoreface-
delta front 2588-2625

Bioturbated
siltstone & ss.
with coal

B

Mottled textures,
starved ripple

bedding, burrows
10-40

Average: 31
Range: 0.01-222

Average: -
Range: -

Average: 25
Range: 4-31

Bay-fill with crevasse
splays, coastal marsh 2625-2682

Flaser-bedded
sandstone F

Ripple laminations,
Small-scale HCS, &

contorted bedding
65-90

Average: 721
Range: 331-1104

Average: -

Range: -
Average: 33

Range: 30-36
Distributary mouth bar
or tidal channel 2682-2714

Porosity4ermeability data provided by J. Meyer, Oregon Natural Gas Development Corp.
* = only 1 sample
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Lithofacies M, in sharp lower contact with the arkosic sandstone of Lithofacies H, is a

previously undescribed facies consisting of volcanic and mudstone clasts in clay matrix

support (2510 - 2518 feet). This interval is abruptly overlain by another interval of

Lithofacies H (hummocky bedded arkosic sandstone). In sharp contact with Lithofacies

H is Lithofacies P (2400 - 2455 feet) at the top of the core. It is unique in cores OM

41A-10 and OM 12C-3 and characterized by high-angle erosional truncations of

sandstone cutting into bioturbated sandy siltstone and exhibiting an overall channel-like

morphology.

The characteristics and designations of lithofacies in the C & W (OM 41A- 10)

(Plate IV) are summarzied in Table 3 and described below from the bottom of the core

up.

Lithofacies F - Flaser-Bedded Sandstone (2682-27 14 Feet

This lithofacies in the core is characterized by a coarsening-upward sequence of

interbedded, flaser-bedded sandstone with associated graded, silty mudsone heterolithic

couplets and individual, small-scale, hummocky cross-stratified sandstone beds with

mudstone drapes (Figure 49). Lithologically this facies is analogous to the Selder Creek

section or the lower middle part of the Fall Creek section (Appendices X and XI).

Grain size is predominantly fine sand with moderate to good sorting (Sos; 0.75 1;

Appendix VII); however, siltstone and mudstone are also present either as discrete

interbeds within the sandstone or as upward-fming clay drapes between a few

millimeters to 3 cm in thickness. In general, the amount of clays and silty clays

diminishes upsection in Lithofacies F.

The most common sedimentary structure is wave-and current ripple laminations

characterized by irregular to curved bounding surfaces with draping mudstone laminae.
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Figure 49. Core photograph of part of Lithofacies F (OM 41A-10). Note contorted
bedding, mudstone rip-ups in subparallel sets (2712.7 feet) and heterolithic
character.
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Laminae near the base of these sets typically exhibit truncating relationships. Larger-

scale trough cross-bedding is also present in the sandier intervals near the top of the

lithofacies. Contorted bedding and flame structures are present in lithofacies F (2709.8

feet Plate IV) and are associated with mudstone rip-ups which appear as subparallel

imbricated sets and/or erosional lags (Figure 49).

Lithofacies F is also present in 1W 33C-3, however in that core this facies is

slightly more burrowed, carbonaceous, and contains larger sets of low-angle trough

cross beds (Appendix XII). Ophiomorpha burrows (Chamberlain, 1989; writ. comm.)

in Lithofacies F, 1W 33C-3 are grain lined, backfilled and 1.5 - 2 cm in diameter.

Lithofacies B - Bioturbated Siltstone and Interbedded Sandstone with Coal (2625-2682

Feet

This heterolithic lithofacies is characterized in OM41A-10 by wavy-bedded

highly bioturbated siltstone and very fitie-grained sandstone containing rare, isolated,

lenticular streaks of rippled fine-grained sandstone or very silty sandsone. Porosity and

permeability are greatly reduced in lithofacies B, (30.55 md and 25.48%, average; Table

3).

Lithofacies B begins in very carbonaceous, irregularly wavy laminated siltstone.

Some unlined sand-filled isolated burrows are present (i.e., 2675.5 feet) oblique to

bedding (Plate IV). This interval grades upward into a highly bioturbated and mottled

mixture of siltstone and sandstone with rare starved-ripple laminations in silty

sandstone; however, these sandy rippled stringers with sharp bases are largely

obliterated by bioturbation. Identifiable burrow forms present are pellet-lined forms of

Thalassinoides, and grain-lined burrows of Schaubcylindirchnus (Siphonites or

Terebellina of older reports) (Chamberlain, 1989; writ. comm) Capping this
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bioturbated sequence is a im thick dark brown to black subbituminous coalcontaining

plant rootlets and pyrite cubes (Figure 50). This coal was analyzed for source rock

potential by ARCO Oil and Gas Company (see Source Rock Analysis).

Lithofacies B is largely missing in core 1W 33C-3 (Appendix XII) and OM 12C-

3. Rare organic-rich wavy to convolute-bedded silty sand at 2683 ft. is interpreted to be

an erosional remnant of this facies in 1W 33C-3. Farr (1989) found similar interbedded

sandstone, mudstone, and coal in his Rocky Point Road section and in the Nehalem

River, however, he reported a coarse-grained volcanic sandstone directly underlying the

coal not present in core OM 41A-10.

Lithofacies H - Hummoçky Cross-Stratified Sandstone Lithofacies (2588-2625 Feet

This lithofacies is repeated 3 times in OM 41A-1O and 2 times in outcrop (see

Figures 42 and Plate IV). In this part of OM 41A-10 Lithofacies H is characterized by

clean well sorted parallel-laminated sandstone, whispy wave- and current- ripple

bedding, and rare deformed bedding (2612 feet). Bedforms near the top of this

lithofacies are interpreted to represent portions of hummocky cross-stratified sequences

(Figure 45) as described by Dott and Bourgeois (1982). These are recognized by fine-

grained sandstones with parallel to contorted bedding, convex-up, low-angle curving

laniinae with silty mudstone drapes, and association of wave-formed ripples.

Ripple-laminated beds commonly display discordant internal scours

representative of reactivation surfaces (Gaynor and Scheihing, 1988). Discrete layers of

carbonaceous plant debris are locally present on bedding planes in Lithofacies H in both

OM 41A-10 and 1W 33C-3. Grain size is fine sand; however, the upper part of

individual rippled beds are capped by very fine-grained sandstone to coarse siltstone.

Individual silty laminae are generally less than 0.5 to 1 mm thick; however, sandstone
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Figure 50. Core photograph of upper part of Lithofacies B. Note bioturbated and
burrowed interval (2634 - 2643 feet), grading into silty sandstone overlain
by 3 foot coal bed with pyrite (gold flecks near 2628.5 feet). Also note
abrupt contact of coal with overlying fine-grained arkosic sandstone,
representing transgresive facies.
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beds range from 4 to 20 cm thick. Lithiacies H is distinguished from Lithofacies F in

both core and outcrop in its higher sandstone to mudstone ratio (6 to 1 versus 3 to 1),

thicker sandstone beds (up to 1.5 m), and less intense interbedding of mudstone and

sandstone.

Lithofacies BG - Blue-green zone of laminated sandstone (2570-258 8 Feet

Lithofacies H grades upward into Lithofacies BG, which begins in laminated

scoriaceous very fine-grained sandstone with rare low-angle truncation surfaces and

some clay-lined burrows oblique to bedding (Plate IV). This laminated interval grades

upward over a distance of 2 meters into blue-green bedded sandstone typical of

Lithofacies BG. Lithofacies BG is genetically part of Lithofacies H; however, it has

been assigned a separate lithofacies designation due its diagenetically-reduced

permeability values (5.87 md Table 3). This very distinctive lithofacies is characterized

by alternating scoriaceous beds of blue and greenish-grey fme-grained sandstone,

containing slightly graded layers of coarse-grained white volcanic rock fragments

(Figure 51). The enclosing fine-grained sandstone beds are from 2 to 5 cm thick and

gradational with one another. The well rounded scotia clasts average 0.3 cm diameter in

matrix support. These volcanic layers are important because they indicate

contamporaneous volcanism in the C & W depositional basin (see Petrographic

Analysis). Furthermore, Lithofacies BG is present in all three cores as a time

synchronous marker horizon and, therefore, was used as datum on the correlation panel

(Plate III).
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Figure 51. Core photograph of blue-green zone (Lithofacies BG) used as correlation
marker in Plate III. Note coarse-grained to pebble-size reworked white
altered scoriaceous clasts at 2577 feet. Also note hummocky bedded
interval from 2583 - 2587 feet.



Lithofacies H - Arkosic. laminated to ripple-bedded sandstone (25 18-2570 Feet')

Lithofacies H in this part of the core is characterized by structureless to parallel-

laminated sandstone, soft sediment deformation, wave-rippled arkosic micaceous

sandstone and siltstone with common clay drapes, and bioturbated interbedded

sandstone and mudstone with vertical Skolithos type burrows (Plate IV). Mudstone

occurs as both draping laminae, and as discrete beds up to 10 cm thick. Mudstone rip-

ups, sand-filled burrows oblique to bedding, and highly carbonaceous zones are

common. Sandstone beds with sharp discordant bases and fining-upward trends are

common. This facies in the core with abundant soft sediment deformation features and

wave-rippled sandstone is very similar to the middle part of the Fall Creek measured

section (25 - 30 m), or upper middle part of the C & W sandstone in outcrop (Figure

42).

Lithofacies M - Mudstone with abundant carbonaceous stringers (25 10-2518 Feet)

This thin zone of dark grey to black highly carbonaceous sandy mudstone is

characterized by poorly sorted clasts of subangular to subrounded volcanic and

sedimentary fragments up to 2 cm wide in sandy clay matrix support. These highly

altered clasts range in color from white, to green to black (Figure 52). No laminations

are visible in Lithofacies M (Plate IV). Abundant thin black stringers of carbonaceous

matter are intercalated with the mudstone. Because of its fine grained nature, very low

permeability values (Table 3) are recorded in Lithofacies B (2.39).
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Figure 52. Core photograph of Lithofacies H grading rather abruptly into Lithofacies
M. Note large clasts of mudstone and volcanic rock fragments in clay
matrix-support in Lithofacies M (2514 feet), interpreted as a debris flow in
a tidal marsh.



Litbofacies H - Hummocky cross-stratified sandstone (2455-2510 Feet)

The beds in this facies are characterized by flne-grained well-sorted quartzose-

feldspathic sandstone exhibiting massive to low-angle parallel and slightly curved cross-

lamination (Plate N). HCS, although difficult to recognize in drill core, is

distinguished by the fact that vertical cross sections look the same in dip of cross-beds

regardless of orientation. A complete idealized HCS sequence with well developed

antiforms (Don and Bourgeois, 1982) is not achieved in Lithofacies H; rather, other

characteristics help one to make the proper identification as amalgamated hummocky

sequences (M-cutout type; Figure 45). Such amalgamations render it veiy difficult to

discriminate individual storm events. However, these first-order truncation surfaces are

important to recognize.

In Lithofacies H, these surfaces are sometimes delineated by sharp contacts and

associated mudstone rip-ups with underlying thin silty sandstone beds, which are

sometimes bioturbated. Reactivation surfaces, recognizable as truncations of underlying

low-angle cross-stratified sandstone laminae typically occur within the laminated

intervals. The thickest beds composed of amalgamated storm units are in the lowest part

of Lithofacies H (e.g., 2503 - 2510 feet), where they are up to 1-2 m thick. In outcrop,

similar amalgamated hummocky units are present 5 meters from the contact with the

Keasey Formation, where they are 2 to 3 m thick (locality 41).

Due to its high content of well sorted sand (90-100%), the highest values of

porosity and permeability in OM 41A-10 are found in this section of Lithofacies H

(983.1 md and 33.12%, average).
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Lithofacies P - Parallel laminated to cross-bedded ss and siltstone (2400-2455 Feet).

This lithofacies in OM 41A-10 is characterized by a coarsening-upward

sequence beginning at an abrupt contact with Lithofacies H at 2446 feet (Figure 53 and

Plate IV). Lithofacies P begins with approximately 3 m of bioturbated very fine silty

sandstone containing some grain-lined burrows of Schaubcylindrichnus and

Thalassinoides (Chamberlain, 1989; writ. comm) Overlying this very fine-grained

burrowed facies is an interlaminated concrçtionary siltstone/sandstone facies grading

into fine-grained, moderately to well sorted, highly micaceous, parallel laminated

sandstone, containing some low-angle cross-laminations. Individual laminae are on the

order of 0.5 to 3 mm in thickness.

Although high-angle laminations are absent, high-angle truncation surfaces are

occasionally present (at 2443.5 feet and 2418.4 feet) and typically show erosional

surfaces cut into underlying silty sandstone laminae (Figure 53, Plate N). Similar high-

angle truncation surfaces are evident in the correlative Lithofacies P in OM 12C-3. A

distinctive interval in this lithofacies is a zone of coarse-grained crudely graded volcanic

clasts approximately 10 cm thick. 1W 33C-3 is missing Lithofacies P due to faulting

(Plate III, Appendix XII) and was not observed in outcrop.

Reservoir properties of C & W sandstone bodies

Permeability and Porosity Distribution

Statistical analysis of conventional core plug data demonstrates the profound

influence of lithofacies on permeability and porosity distribution within the C & W.

Lithofacies H and F comprise the best quality reservoir rocks in terms of permeability
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Figure 53. Core photograph of lowermost part of Lithofacies P. Note bioturbated and
burrowed interval (Thalassinoides; 2449 feet) from 2448 - 2455 feet,
erosional high-angle scour at 2443.3 feet, and coarse-grained volcanic bed
at 2437 feet.



215

and porosity (Table 3). For all lithofacies (except Lithofacies BG) the fundamental

control on horizontal permeability is grain size and sorting, which are environmentally

controlled. Lithofacies H (especially the uppermost interval; Table 3) contains the best

sorted sand (well sorted) and largest average grain sizes (2.2 phi; fine to medium sand)

and consequently has the highest percentage of large pore throats and greatest

permeability. Lithofacies F contains more interbedded mudstones and slightly reduced

average grain size (2.8 phi). Heterolithic facies M and B contain substantial claystone

and fine siltstone, consequently pore throat diameters in these lithofacies are

substantially reduced. Lithofacies BG and to some extent Lithofacies M have greatly

reduced permeability and porosity values which are primarily the result of diagenetic

clays. The role of diagenesis on porosity and permeability will be discussed in the

section: Diagenesis.

Vertical and horizontal permeability obtained on core plugs for OM 41A-1O and

OM 12C-3 shows anisotrophy which is lithofacies dependent (Table 3). Lithofacies H

has considerably lower vertical than horizontal permeabilities which are due to grain size

differences in laminae and cross-laminae which impede vertical permeability. Vertical

permeability in Lithofacies H is also impeded by thin mudstone drapes separating

individual ripples. The more heterolithic lithofacies B and M have even lower vertical

permeabilities as a result of greater intercalation of sandstone/siltstone and mudstone

components, while in the case of Lithofacies P. both vertical and horizontal permeability

is significantly reduced due to the high concentration (25%) of depositionally controlled

mica, and to a lesser extent, carbonaceous plant material.



Lateral Continuity of Reservoir Sandstone Unj

Based on correlation studies in the Mist field, and my outcrop study of the C &

W sandstone, it appears that lateral continuity of sandstone beds is a function of bed

thickness and depositional environment. Detailed log correlations of C & W sandstone

intervals indicate that amalgamated HCS packages (i.e., Lithofacies H) are

stratigraphically continuous over distances of 3000 to 6000 m. However, individual

sandstone beds less than 1 m thick within the amalgamated packages probably exhibit

significant discontinuities. Because many of the depositional processes responsible for

the C & W are shelf-wide (i.e., storms), many of the larger sandstone packages

maintain good reservoir quality for significant lateral distances (1 - 2.5 kin; Plate ifi)

Lateral Continuity of Vertical Permeability Barriers

Within the C & W sandstone bodies, there axe two types of vertical permeability

bathers: (1) calcite-cemented sandstone beds and; (2) mudstone-rich lithofacies layers

and beds. Calcite-cemented zones ("bone beds") vary in thickness from 1 m to less than

0.2 m thick. These zones are too small to show up on wireline log correlation sections,

and so axe generally not considered to be laterally continuous.

However, mudstone-rich lithofacies layers and beds are common and probably

exert considerable influence on vertical permeability at the interwell scale.

Unfortunately, these axe difficult to evaluate in terms of their lateral continuity from core

and wireline logs. Halderson and Lake (1984) distinguished two types of shale

(stochastic and deterministic) in sandstone reservoirs based on their dimensions and

spatial disposition in order to account for their effects on fluid flow. Stochastic shales

cannot be correlated between wells and appear to be scattered randomly within the

216



217

sandstone, whereas deterministic shales are continuous between observation points

(e.g., wells). "Shale" breaks in the C & W sandstone fall into three major classes based

on thickness and predicted lateral extent.

First-order shale barriers (Figure 54A): These barriers are packages of

lenticular-bedded siltstone/mudstone and coal (Lithofacies B), sandy mudstone with

detrital rock fragments (Lithofacies M), or zones of diagenetically controlled

permeability reduction (Lithofacies BG) about 1.5 to 14 m thick which isolate thick

sandstone bodies. These units have lateral continuities on the order of 300 to 3000

meters, and are mappable in the subsurface (Plate HI). Given their great lateral

continuity, these shale beds in the C & W sandstone should be treated as deterministic

(Haldorsen and Lake, 1984). First-order shale bathers are significant components of

the C & W sandstone (up to 15%) and probably are the most important bathers in terms

of controlling porosity and permeability.

Second-order shale bathers (Figure 54B): These are packages of lenticular-

bedded siltstone/mudstone (portions of Lithofacies F and P), or discrete lenses of

carbonaceous mudstone about 5 cm to 1.5 m thick that separate packages of flaser-

bedded or hummocky cross-stratified sandstone beds (i.e., 2482 feet; Plate IV). These

bathers to flow probably have lateral continuities on the order of 30 to 300 m

(Haldorsen and Lake, 1984). In terms of subsurface mappability, they fall within a

grey area.. The lower limit of mapping is approximately 60 cm using well logs (Gaynor

and Scheihing, 1988), thus, most of these beds cannot be correlated on wireline logs,

and they must be modelled as stochastic rather than deterministic shales.

Third-order shale barriers (Figure 54C). These are individual mudstone

drapes and thin silty beds of Lithofacies F, H, and P that are a few millimeters to 5 cm

thick associated with isolated ripple cross-laminated or thin hummocky cross-stratified

beds (Plate IV). These mudstone drapes probably have lateral continuities up to about
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30 m in any given direction, much less than that of the hummocky cross-stratified beds

in which they occur. However, wherever these mudstone drapes are present, they are

barriers to vertical permeability. Uppermost Lithofacies H (2455 -2510 feet) has

greatly reduced permeabilities in the vertical direction (compared with horizontal; Table

3) due to these mudstone drapes at the top of hummocky beds. However, due to their

thin nature and lack of data on lateral extent, a stochastic approach to modeffing their

influence on fluid flow is necessary.



DEPOSITIONAL ENVIRONMENT

Lithofacies associations, sedimentary structures, and regional stratigraphic

relationships suggest that the C & W sandstone was deposited in a complex setting

ranging from restricted brackish water to shallow-marine wave-dominated deltaic

environments of deposition. In core and outcrop, sandstones of the C & W consist of

several vertically stacked individual units (Lithofacies H and F; Plate IV), which display

sheet like geometries in the subsurface (Jackson, 1989; pers. comm., Plate III). Thick

sequences of the sandstone (>245 m)(800 feet) in the Mist subsurface are conformably

overlain by upper Cowlitz deep-marine mudstone. This suggests that the C & W was

deposited during a relative rise in sea level with the bulk of C & W sandstone bodies

produced during stillstands and progradational pulses (Plate IV). The deltaic

progradation is manifested by a shallowing-upward motif of lithofacies (see Core

Description) in core and outcrop based on sandstone textural trends (coarsens and cleans

upward), thickness trends (thickens upward), and the vertical succession of sedimentary

structures (Figure 55).

Starting from offshore to marsh, a typical progradational sequence of

sedimentary structures and lithologies in the C & W unit (Figure 55) begins in

hummocky cross-stratified fine-grained sandstone at the base representing deposition

below fairweather wave base (i.e., Selder Creek section; Appendix XI). Hummocky

bedding grades upward into trough and ripple cross-stratified sandstones of the middle

to upper shoreface (Walker, 1984; Heward, 1981). Continued progradation is

evidenced by marginal marine coastal marsh deposits (Lithofacies M and B) capping the

shoreface sequence.

Discrete sandstone packages of the C & W include the following depositional

environments: distributary channels (Lithofacies P), reworked distributary mouth bars
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and delta front sheet sands (Lithofacies F and H), shoreface and strand plain

(Lithofacies H), and lagoonal and interdistributary bays (Lithofacies B and M).

Variations in texture, sorting, bioturbation, thickness and bedding of these units reflect

variations in rate of deposition and in wave and current energy. Comparison of the

geometry and wave-formed sedimentary structures of C & W sandstones with those

presently forming in parts of the southern Oregon continental shelf (e.g., hummocky

beds, ripple laminations) suggest that deposition may have occurred at water depths

ranging from 0 to 90 m (Clifton, 1971).

Recognition of paleodepositional environments is rarely a straightforward

procedure, because sedimentary structures alone are usually not sufficiently diagnostic

to absolutely characterize a particular depositional environment (Weimer, 1976). For

this reason, the interpretation of C & W depositional environments has involved the

integration of a variety of different data sets comprising a "facies analysis" (Miall,

1984). Facies analysis of the C & W sandstone utilized the entire suite of sedimentary

structures in core and outcrop in conjunction with electric log shapes, dipmeter analysis,

paleocurrent measurements, textural analysis, petrography, and geometry of the C & W

sandstone member from outcrop map patterns and subsurface distribution. In addition,

I also used detailed well correlation, microfossil and ichnofossil analysis, palynological

data, and what is geologically reasonable based on regional geology and established

depositional environments of surrounding units. However, even with this seemingly

large data set, the absence of more regional well data limits the geometric constraints and

hence, depositional environment interpretations.

Many workers have attempted interpretation of the C & W sandstone using

either surface outcrop or subsurface well data exclusively (i.e., Timmons, 1981;

Jackson, 1983; Olbinski, 1983; Bruer, 1984; Nelson, 1985; Van Atta, 1971; Safley,

1989; Alger, 1985). Most have placed the deposit in a high-energy marine shelf setting;
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however, these workers have not described the microenvironments of the C & W

member in detaiL This study differs in approach from previous studies in that it

combines data from three closely spaced continuous cores (Figure 2) as well as fresh

outcrop exposures. The combination of surface and subsurface data has afforded the

author the unique opportunity to consider the vertical and lateral sequences of structures

in an attempt to construct a workable predictive facies model for the C & W sandstone.

In the case of previous studies based solely on outcrops, the tendency of the sandstone

units to crop out much more frequently than the mudstone units creates a sampling and

interpretation bias problem of the various facies. Consequently, these outcrops are

representative of only part of the sedimentary facies present in the Cowlitz Formation.

This study provides a reinterpretation of the C & W sandstone member in terms

of delta and shelf progradation coupled with wave and current destruction, subsidence,

and eustatic changes acting in combination. It seems unlikely that distant longshore drift

sources of sediment could be of sufficient magnitude and maintained long enough for

progradation of the thick (245 m) sheet sands over the Hamlet mudstones unless

accompanied by rapid subsidence. Under these conditions, it seems reasonable to

assume that the sediment accumulated principally as deltas and associated depositional

systems deriving their sand budgets directly from the deltas (e.g., strand plains and

barrier islands). However, the C & W sandstone in northwest Oregon does not display

features such as digitate bar fmger sands, splay deposits, and tidal channels

characteristic of tide or river-dominated deltas such as the Mississippi (Coleman, 1980).

The conspicuous absence of these features and the occurrence of a sand-rich system

(>85%) with hummocky cross-stratification (HCS) helps establish the deposit as a

wave-dominated delta and associated strand plain (Figure 56).

Lithofacies (F through P; Table 3) comprising the C & W sandstone represent

genetic units. Genetic units have a common genessis due to similar operating processes
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in a given environment and, therefore, occur in predictable lateral and vertical sequences

which allow for recognition of environments of deposition (Weimer, 1976).

These vertical sequences (lithofacies) vary laterally as a function of their position

within an individual sandstone body. Although these lithofacies are apparent on electric

logs, without core, delineation of them would be tenous.

Lithofacies Associations and Interpretation

Lithofacies F

Lithofacies F is a coarsening- and thickening-upward sequence of arkosic

sandstones and rare interbedded mudstons (Plate IV; Figure 49). Interpretation of this

fades is problematic because the OM 41A-1O core begins in the middle of this facies

preventing comparison of enclosing facies (Plates IV and Ill). However, the position of

Lithofacies F directly underlying muddy bioturbated Lithofacies B (Plate IV) helps

constrain the interpretation as progradation of reworked distributary-mouth bar deposits

over outer shoreface heterolithic deposits. Sedimentary structures in the upper portion

of Lithofacies F consist of massive to low-angle planar-laminated units less than 4 m

thick, as well as a variety of small-scale cross-laminae and current ripple drift (Plate IV).

The sorted nature of these sandstones and associated high permeability values (Table 3)

implies reworking and sorting by surf action.

However, abundant contorted bedding in both core and outcrop in this

lithofacies (Figures 49 and 47) suggests that the depositional surface was inclined, such

as would be the case near the seaward margin of a delta setting (e.g., distributary mouth

bar). In delta front environments, mass-movement processes such as small localized

slumps often result in distorted laminations (Coleman, 198e).



226

Furthermore, because of the rapid deposition within distributary mouth bars,

pore pressures are commonly high and a large number of pore fluid escape structures

are found in these deposits. This is particularly true near lower sections of the

distributary-mouth-bar, where overpressured sediments are characteristic (Coleman,

1976).

In Lithofacies F, siltstone and claystone clasts are locally ripped up and

redeposited along foreset laminae (2712.5 feet; Figure 49), indicating high rates of

current flow with erosive energy. Asymmetric ripples formed by unidirectional currents

are common in the upper part of the lithofacies (i.e., 2692 feet; Plate IV; Figure 42),

suggesting slightly lower rates of flow. These fluctuations in grain size and

sedimentary structures in Lithofacies F (Figures 49 and 42) represent variations in

discharge which may be the result of flooding, consistent with an interpretation of this

facies as a distributary mouth bar.

As the distributary mouth bar continues to prograde seaward it will be capped

by a variety of marginal marine and shallow lagoonal bay deposits (i.e., bioturbated

mudstone and coal; Lithofacies B).

Lithofacies B

In sharp contact with the underlying sandstone lithofacies, the very fine-grained

nature, sedimentary structures and textures in Lithofacies B indicate that this facies is

distinctly different from the one below, and indicative of low-energy conditions.

Lithofacies B can be separated into two subfacies, representing progradation of marginal

marine (outer delta plain) deposits over distributary mouth bars and shoreface

sediments. The overall sequence is interpreted to consist of flaser-bedded coastal tidal

flat sediments (lower subfacies) grading upward into coaly marsh sediments (upper
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subfacies), constituting a complete bay-fill sequence (Figures 57 and 50). Coleman

(1980) describes similar bay-fill sequences in the modem Mississippi, which typically

grade from clay at the base upward to micro cross-laminated silt and sand, bioturbated

silt, and finally a thin coal cap with pyrite (Figure 57). This sequence is well displayed

in Lithofacies B of OM 41A-10, as well as in Farr's (1989) Rocky Point Road section

(1 km east of my area).

The lower subfacies consists of interbedded siltstones and shales with thin, very

fine- grained lenticular-bedded sandtones, comprising a shoaling-upward sequence from

a strandplain-delta system to marsh-lagoonal deposits. (Figure 55, Plate IV). Thin

ripple-bedded siltstones and laminated sandstones (2670 feet; Plate IV) represent some

periods of weak wave and current activity in a quiet-water setting and may represent

washover fans or crevasse splays as described by Walker (1984) and Reineck and

Singh (1980).

Because of the low-energy conditions and meager sand supply associated with

these lithofacies, only incomplete ripples are produced. In tidal environments the

genesis of flaser and lenticular bedding is related to the tidal rhythm (i.e., to the periods

of tidal currents alternating with periods of slack water) (Reineck and Singh, 1980).

The upper subfacies of Lithofacies B consists of extensively bioturbated

mudstone and siltstone with some discrete sandy burrow traces and capped by a 1 m

thick coal (Figure 50). This facies also represents sedimentation in a low-energy,

brackish water environment such as a protected lagoon or shallow bay. The trace fossil

assemblage is of relatively low diversity and includes pellet-lined forms of

Thalassinoides or grain-lined burrows of Schaubcylindrichnus (Siphonites or

Terebelilna of some older reports) which are not in themselves environmentally

diagnostic (Chamberlain, 1980; writ. comm.). Although the presence of relatively

abundant burrows suggests that the bays were open to normal marine waters (Tiliman
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Mississippi bay fill Carboniferous of Kenwcky C & 'W bay fill

Figure 57. Comparison of bay-fill deposits. A. Modem Mississippi delta. B.
Carboniferous of Kentucky. C. Lithofacies B in C & W sandstone.
Bioturbation, carbonaceous detritus, and root structures are common to all
three. The presence of pyrite (P) is noted in examples A and C. Modified
from Wightman et al. (1987.).
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and Jordan, 1987), the low numbers and diversity suggest that the environment was in

part restricted.

The trace fossil assemblage of Lithofacies B is very similar to that described by

Howard and Frey (1973) for brackish water environments from estuaries of the Georgia

Coast. The general characteristics of this assemblage are more important than the

individual trace fossils and these are: (a) low diversity; (b) forms typically found in

marine environments; (c) structures constructed by organisms which employ a

nonspecialized feeding strategy; and (d) vertical and horizontal ichnofossils which are

common to both the Skolithos and Cruziana ichnofacies (Frey and Pemberton, 1984).

The one meter thick coal that caps Lithofacies B in OM 41A-10 is interpreted to

be in situ, as indicated by rooted zones and stratigraphic position above the bioturbated

siltstone (Figure 50). Diagentic pyrite is abundant in the coal. Wightman et al. (1987)

suggests that the presence of pyrite, especially if it is common, can indicate a marine

influence during deposition of the host, or surrounding rock (e.g., pyrite in coal). In a

coastal marine setting with sufficient organic matter, reducing conditions should result

in the formation of diagenetic pyrite (Berner, 1971).

In addition, this coal contains abundant crushed specimens of Foraminifera

(Plate IV), which appear to be but one speices, Trochimina, a cosmopolitan species in

terms of water depth (McKee!, 1987). According to McKee!, one environmental

candidate for the very low diversity, delicate walled assemblage at 2627.8 - 2628 feet

(Plate IV) is a marine tidal marsh adjacent to a barrier bar (Murray, 1973). The

correlative lithofacies (Plate ifi) in core OM 12C-3 contained rare Foraminifera

Elphidiella sp.. Elphidiella is known to live today in high-energy very shallow-marine

environments (e.g., tide pools; Murray, 1973) and the innermost neritic off Oregon

(Boetcher, 1967). The possibility exists that the Elphidiella from these samples were
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transported downslope into a bathyal environment, but there is no fossil evidence for

this (McKee!, 1987).

The low diversity of microplankton indicate that the environment was very

stringent and subject to large fluctuations in physical, chemical and biological

parameters, which create a physiologically stressful habitat for numerous organism

groups (Rhoads, 1975). One environmental candidate for the microfossiliferous "coal"

would be a coastal swamp that was occasionally inundated by marine waters.

Foraniinifers may have been washed into the marsh in washover fans during severe

winter storms or through a tidal channel opening in the barrier into the adjacent marshy

area. Offshore environments are comparatively easier to recognize because stability and

diversity of microfossils are present (Wightman et aL, 1977).

The same coal sample (2628 feet) was examined for palynomorphs by Ray

Christopher of ARCO Oil and Gas Company Research and Development Group.

According to Christopher (in McKee!, 1987),

"the assemblage contains only small angiosperm pollen types
Momipites), and the organic residue consists of terrestrially derived
plant cuticle and wood fibers as well as opaque organics. No
indication of marine residue (i.e., amorphous kerogen) was observed.
From an environmental point of view, there is no indication of marine
influence in either sample. The presence of thick-walled, heavy fern
and fungal spores in the sample also suggests deposition in close
proximity to a terrestrial source."

This suggests a coastal lowland fern-covered marsh or swamp.

Coleman (1976) described an ancient bay-fill sequence from Carboniferous

rocks in Kentucky and noted that the lower part of the sequence consist of highly

burrowed shales and silty shales, whereas body fossils are "scattered" (Figure 57).

Brackish water molluscan fauna occasionally occur in the interdeltaic facies of the
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Cretaceous Blackhawk Formation in the Book Cliffs of Utah, but bioturbation is

prominent, varying from weak to moderate to locally intense (Balsley, 1982).

Thus, when the sedimentological, ichnolgical, palynological and microfossil

data are combined, the most appropriate depositional environment is a brackish-water

lagoon or shallow, protected bay. A bay or lagoon would be protected by a sandy

bather bar or bay mouth bar such as are common along the present Oregon, California

and Washington coasthnes. However, bather bars, dunes and beaches are commonly

not preserved due to wave erosion by the next transgression (McCubbin, 1982).

Brackish water deposits are important because they distinguish marine from monmarine

shoreline sequences where there are no offshore deposits, and tend to occur at or near

the limits of transgressions (Wightman et al., 1987). Therefore, Lithofacies B was

probably deposited in a delta-plain swamp and marsh environment and represents

complete infihl of the bay (Figure 57).

The thickness of this facies; 16 m (50 ft), compares favorably to the thickness of

similar facies in Carboniferous deltaic deposits in Kentucky and gives an approximate

water depth for the bay, minus compaction and subsidence (Wightman et al. 1987).

Correlation of this facies to other wells (i.e., OM 12C-3 and 1W 33C-3) shows

that the geometry and internal characteristics of this facies is variable (Plate III). In

particular, the coal cap and much of the bioturbated interval in OM 41A-1O is missing in

wells 1W 33C-3 and OM 12C-3 and has been replaced by shoreface sandstones with

high-angle trough-cross beds which may be the bather bar, representing increasing

marine influence to the west. This correlation (Plate III), plus the fact that Farr (1989)

found a laterally continuous coal 1.5 km southeast of my area in the Nehalem River,

suggests that the paleoshoreline trended northwest-southeast. However, because of

position within the overall bay fill, sand/shale ratios can vary considerably, and the

thinning of this coal to the northwest may be the result of thinning and erosion near the
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seaward margin of the bay. Alternatively, OM 41A-l0 may have been located proximal

to the delta system, while OM 12C-3 was downdrift and peripheral to the supporting

delta system.

Lithofacies H and BG

Lithofacies H, BG and H in OM 41A-10 (2625 - 2570 feet; Plate IV) are

considered together because they represent an uninterrupted sequence of genetically

related deposition. The contact between these facies and underlying Lithofacies B is

sharp and erosive (2625 feet; Figure 50), representing a transgressive disconformity.

Farr (1989) reported a similar erosive contact between coal and the overlying sandstone

in the Nehalem River 1.5 km southeast of my area. With filling of the bay and/or delta

lobe switching, the absence of detrital influx and compaction of the sediments resulted

in subsidence and transgression of the sea, or alternatively, this may be the result of

eustatic sea level rise. However, the majority of transgressive sequences studied have

been from barred coastlines, and the applicability of this model to deltaic coastlines is

poorly understood.

In OM 41A-10, a thin (1 m thick) medium-grained sandstone facies directly

overlies the coal. McCubbin (1982) studied Holocene transgressive shorelines from the

U.S. middle Atlantic Coast. McCubbin found that slow transgressions typically

produce a lransgressive disconformity overlain by sediments deposited in lower

shoreface environments. The transgressive surface consists of a thin reworked layer of

massive to planar laminated medium-grained sandstone in sharp contact with lagoonal

and marsh deposits. Therefore, the vertical succession of lithologies in OM 41A-l0

(Plate IV) suggests that this part of the C & W (contact between Lithofacies B and H)

resembles a record of gradual transgression with associated erosional shoreline retreat.
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This transgressive surface, which may be the barrier bar, developed in a high energy

environment near the seaward margin of the delta.

This thin transgressive sandstone in OM 41A-10 is overlain by HCS and plane

parallel laminated sandstone (Plate IV; 2600 feet). Two sedimentary structures

dominate the lower to middle shoreface: HCS and plane parallel lamination (Baisley,

1982). According to Swift, (1987), the lower to middle shoreface sequences in the

Cretaceous Book Cliffs of Utah are storm-dominated; that is the beds preserved in this

setting record mainly storm events and are therefore amalgamated hummocky

sequences. Amalgamated HCS sequences result when deposition of each bed was

preceded by erosion that truncated the upper part of the underlying bed. Similar

amalgamated and partial to complete hummocky sequences are present in the lower most

part of the blue green zone (i.e 2594-2583 feet; OM 41A-10, and 2665.5-2650 feet; 1W

33C-3, Appendix XII), and in the upper part of the Fall Creek measured section

(Appendix X). According to Dott and Bourgeois (1982), HCS sequences in the middle

shoreface are typically mudstone cutout types, a common HCS type in the C & W

(Figure 45).

Most of Lithofacies BG is characterized by plane parallel laminated beds (Figure

51). Because the parallel laminated beds are intercalated with hummocky beds, and

because both bed forms occasionally occur within a single bed, the parallel laminated

beds are also attributed to sand deposition from tractive wave processes during high-

energy storm events (Duke, 1985).

The source of sand for the parallel laminated and hummocky beds is assumed to

be foreshore and shallower shoreface deposits (Figure 55). Lower shoreface

sandstones in the Book Cliffs are typically on the order of 60 feet (19 m) thick (Baisley,

1982). This is consistent with the estimated thickness of 66 feet (21 m) for lower to

middle shoreface sandstones (Lithofacies H and BG) in this portion of OM 41A-1O



234

(2625 - 2588 feet; Plate N). Sand entrained in middle to lower shoreface environments

by oscillatory wave-generated currents and breaking storm waves was apparently

transported in oblique and offshore directions by wind-forced unidirectional tractive

currents and seaward-flowing bottom currents (Walker, 1984).

Fair-weather deposits are occasionally preserved above massive to contorted

bedding of the lower to middle shoreface (Baisley, 1982). In the C & W member, these

fair-weather deposits (e.g., 2534 - 2536 feet; Plate IV) are recognized by greater

intercalation of mudstone beds, occasional ripple laminations, and sand-filled burrows

of the Cruziana ichnofacies (Frey and Pemberton, 1984).

The overlying facies (upper part of Lithofacies H; Plate N and Figure 42) is

composed of cross strata in trough-shaped sets with planar-laminated interbeds. High-

angle avalanche cross-stratification (Figure 44) with rippled interbeds is particularly well

developed in Lithofacies H of 1W 33C-3 (2600 - 2620 feet; Appendix XII). The vertical

sequence in this facies consists of trough cross-stratified fine- to medium-grained

sandstones grading upward and laterally into muddier deposits. Figure 58 shows the

relationship between sedimentary structures and wave processes along a shoreline

profile for high energy wave-dominated coastlines. The profile shows that lunate

megaripples (trough cross-bedding) typically forms in the upper shoreface and grades in

a shoreward direction into outer planar laminated facies (Clifton, 1976). Therefore,

trough cross-bedding and parallel lamination in Lithofacis H overlying asymmetric

ripple-laminations and HCS (Figure 42 and Plate N) is interpreted to represent

progradation of upper shoreface to inner rough zone fine to medium-grained sandstone

over lower shoreface HCS fine-grained sandstone.

Modem nearshore wave conditions along the southern Oregon coast appear to be

basically similar to those that existed along the C & W delta front in the middle to late

Eocene (Figure 58). The Oregon nearhsore is characterized by high wave energy with
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breaker heights in excess of three feet (1 m) (Clifton, 1976). The extensive lateral

distribution of sand along the delta fronts in the C & W (Plate Ill) indicates similar high

persistent nearshore wave energy. Wave energy expended on shorelines is in direct

proportion to the slope of subaqeuous delta fronts (Coleman, 1976). Wave-dominated

deltas characteristically have steeper slopes than river-dominated delta front slopes,

allowing high-energy, deep-water waves to reach the shoreline (or barrier bar) with

minimal frictional attenuation in the shoaling Water (Baisley, 1982).

Lithofacies M

This lithofacies is treated separately because of its very low permeability (Table

3), different clay composition from other mudstones analyzed (chlorite rather than

smectite), and distinctive texture and sedimentary structures. However, it appears to

represent the continuation of the progradational phase of the advancing shoreline from

the previous facies (Lithofacies H). The predominant lithology is that of a sandy highly

carbonaceous and bioturbated mudstone (Plate IV) representing the backshore and

marshy areas behind C & W delta beaches. Within the C & W member, shoreface

(foreshore?) deposits (Lithofacies H) are directly and gradationally overlain by these

highly carbonaceous fine-grained beds. In OM 41A-10 this fine-grained facies

(Lithofacies M) is thin, (appx. 2 m) (6.3 feet), with a gradational to sharp lower contact

(2518 feet; Figure 52) and sharp erosional upper contact (2510 feet; Plate N), and

presents a marked contrast to the predominantly clean quartzofeldspathic sandstone

sequences of the beach and upper shoreface environments (Figure 48).

The general progradational sequence is similar to that lower in the core

(Lithofacies F grading into Lithofacies B) (2690 - 2680 feet; Plate IV), except that in

this case the fine-grained capping sequence (Lithofacies M) is much thinner and lacks a
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thick sequence of laminated siltstone, claystone and coal. The stratigraphic equivalence

and paleogeographic position of this sequence landward of shoreface deposits suggests

that it developed in a restricted marine interdeltaic embayment setting probably down-

drift from a supporting delta system, or possibly a broader embayment of an irregular

coastline marginal to the delta system (Figure 59). Balsley (1982) describes similar

sequences of interbedded sandstone, siltstone and some thin coal beds from the Book

Cliffs of the western slope which he called; delta flank embayments.

Bioturbation structures are abundant in the sandy siltstone of the marginal

marine environment. These units are generally uniform in thickness and have moderate

lateral continuity (Plate ill), features reflecting their subaqeous origin. In 1W 33C-3

(2572 - 2576 feet; Appendix XII) this facies is characterized by bioturbated siltstone and

very fine-grained bioturbated sandstone, nearly identical in thickness with the correlative

unit in OM 41A-10 (2510 - 2516 feet; Plate ifi). Unfortunately, this zone was not

recovered in OM 12C-3, but well log correlation shows very similar resistivity (no

separation between conductive focused log and medium-induction) and SP (positive

kick) responses (Plate III).

In OM 41A-10, Lithofacies M contains rare crushed unidentifiable Foraminifera

specimens (at 2512 feet; Appendix 1V) indicating a marine hostile environment

(McKeel, 1987). Palynomorph recovery from this zone was also low and preservation

was poor, however, Christopher (in McKeel, 1987) was able to identify bisaccate

gymnosperm pollen, pteridophyte spores, fungal spores, and rare angiosperm pollen;

no marine palynomorphs were observed. In this sample (2512 feet) there was no

indication of marine residue (i.e., amorphous kerogen). These features all suggest a

restricted brackish-water environment, but one that was periodically flushed by marine

waters.
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Figure 59. Schematic model illustrating Cowlitz Formation wave-dominated delta and
laterally associated strand plain and spit system in the middle to late Eocene
of northwest Oregon. Note presence of Tillamook and Grays River (?)
Volcanic islands west of shoreline in depositional basin resulting in local
onlap of C & W sandstones in northwest Mist subsurface. Interpreted
lithofacies (F, M, B, H, and P) discussed in text are shown on figure.
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In core OM 41A-lO, the facies is distinctive in that it contains large (up to 3 cm

diameter) rounded clasts of highly altered basaltic and inirabasinal mudstone clasts in

shaley matrix support (Figure 52). In places the sample is slightly conglomeratic and

clearly represents a different mode of deposition. One possible explanation is that this

particular deposit represents a mud flow initiated off emergent volcanic topography into

the surrounding marsh (Figure 59).

The presence of rip-ups and crushed Foraminifera indicates occasional high

energy pulses such as would be attained in a flood tide or washover fans during severe

winter storms. As a third hypothesis, this facies may represent tidal flat sands and

muds or salt marsh muds; as these types of deposits are typically thin wavy, featureless

muds with some root structures (Rennie, 1987). In places tidal flat sands contain

concentrations of channel breccia, where blocks of salt marsh and tidal flat sediments

have fallen into undercutting tidal creeks and were quickly buried by mud and sand.

This mode of deposition is indicated by the massive structure, rip-up clasts with slight

inverse grading, and abundant organic debris and finely macerated plant material.

Lithofacies H

This lithofacies, in sharp contact with underlying Lithofacies M in OM 41A-lO

represents another partial sequence of shelf and shoreline progradation in an open

marine environment. In this facies, extensive reworking of the delta front has led to

sands with an extremely high sand to shale ratio (10 to 1) concomitant with exceptional

reservoir characteristics (elevated porosity/permeability values; Table 3) with wide

lateral continuity (Plate III). These features render this lithofacies an ideal target for gas

exploration and production. Based on well correlations throughout the Mist Gas Field,
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this facies comprises one of the most laterally continuous sheet sands in the field

(Jackson, 1989; pers. comm.).

Parallel laminations and HCS in fine-grained arkosic sandstone are the dominant

bedforms represented in this lithofacies (Plate N). In high-energy shoreface

environments, HCS sequences are frequently amalgamated, rendering it very difficult to

distinguish individual storm events (Figure 45) (Doll and Bourgouis, 1982). However,

some unlined burows of the Cruziana ichnofacies are present, and probably represent

fair-weather recolonization of the substrate at the top of HCS sequences. HCS sand-

dominated shelves are the result of rapid deposition with little time between storm events

(Walker, 1984). In Lithofacies H, the HCS zone grades rapidly upward into deposits

characterized by high-angle trough cross-stratifcation in fme and medium-grained well

sorted sandstone. Balsley (1982) describes similar thick high-angle trough cross-beds

in well sorted fine- and medium-grained sandstones in the Cretaceous Book Cliffs of

Utah which he ascribes to the beach and inner shoreface zone associated with breaking

waves and longshore drift.

Lithofacies P

Clay mineralogy, petrography, and sedimentary structures in cores OM 41A-10

(Figure 53) and OM 12C-3 suggest that this facies represents a distinct and mappable

unit at the top of the C & W sandstone (2400 - 2450 feet; Plate IV). In addition, electric

log isopach mapping of this lithofacies delineates a lenticular channel-like morphology

cut into Lithofacies H (Figure 60) trending southwest across the center of the Mist Field

(Jackson, 1989; pers. comm; Meyer, 1989; pers. comm.). Well log correlation of this

unit indicates that it can be traced for approximately 1 km in either direction normal to

elongation of the unit before the sands thin and pinch out in finer-grained deposits of the



OM 41A-1O OM 12C-3\. .1
Basinward (west) 4

Coastal plain Shallow marine Offshore & slope mudstones
mudatones, slitatones & coal sandstones

Figure 60. Schematic illustration of stacked progradational and aggradational sandstone
bodies showing relative positions of interpreted lithofacies (capital letters)
and cores OM 41A-10 and OM 12C-3 from Mist Gas Field.
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upper Cowlitz mudstone (Jackson, 1989; pers. comm). These maps thus reflect a

genetic relationship between the geology of the C & W member and the channel-like

isopach shape of this unit. The unique lenticular to ribbon shape geometry of

Lithofacies P provides compelling evidence for defming the sequence as a distributary

channel-fill and distributary mouth bar complex (Table 3).

The lower-most portion of this facies(2450 - 2455 feet; Plate IV, Figure 53)

consists of bioturbated and mottled sandstone and siltstone with grained-lined burrows

of Schaubcylindric/znus 1 cm in diameter (i.e.,at 2445.5 feet) and vertical burrows of

Thalassinoides (2448.5 and 2450.8 feet), characteristic of nearshore to shallow-marine

bar-like conditions (Chamberlain, 1989; writ. comm.). The fact that Thalassinoides

(Skolithos ichnofacies) burrows are clay lined suggests that there was marine influence

during deposition, since nonmarine producers of Skolithos (i.e. insects) do not line their

burrows (Wightman et al., 1987). Because this bioturbated facies could represent

offshore neritic colonization of the substrate, selected beds (i.e., 2455 feet; OM 41A-1O)

were sampled for palynology. According to Christopher (1989; writ. comm.):

"the palynological assemblage is poorly to moderately preserved and
moderately diverse. The presence of Momipites sp., Cicatricosisporites
sp., small Carya grains, and Bombacacidites nacimientoensis sugggest
an Eocene age for the sample. Three palynomorphs were observed
which might be poorly preserved marine algal cysts (i.e.,
dinoflagellates). However, the presence of frequent fungal spores and
one specimen of the morphologically delicate fresh-water algae
Pediastru, suggest the unit was deposited in a near-shore, if not
terrestrial environment".

Therefore, the palynological data (dinoflagellates plus fresh-water algae) also

suggests that this bioturbated interval represents mixed shallow-marine and nonmarine

environments of deposition off the mouth of a river bringing in nonmarine pollen.

The bioturbated interval grades upward into a fine-grained interlaminated

sandstone/siltstone facies approximately 1 m thick (2443.5 - 2446.5 feet; Figure 53),
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which may be interpreted as a crevasse splay into a lower delta plain or delta flank

embayment (Figure 59).

Collectively, the bioturbated facies and thin laminated interval (2443.5 - 2455

feet) were included within Lithofacies P rather than at the top of Lithofacies H for a

number of reasons. First, electric log examination and correlation of wells containing

Lithofacies P (i.e., OM 41A-1O, OM 12C-3; Plate ifi) reveal that the SP signature of

this facies show a marked and consistent positive deflection (to the right) immediately

below the bioturbated zone rather than above it (Plate ifi). Accordingly, the

permeability values of this facies show a significant decrease beginning at 2455 feet

(bottom of Lithofacies P) and maintain these depressed values throughout the lithofacies

(Table 3). These lines of evidence suggest that the muddy bioturbated interval and the

overlying sandstone-rich facies represent one genetically related unit comprising

Lithofacies P.

A sharp high-angle erosional surface occurs above this zone at 2443.5 feet

(Figure 53). Similar high-angle truncation surfaces occur in approximately the same

stratigraphic level in OM 12C-3 and probably represent small sand-filled channels or

erosional scours into fmer grained sandstone and siltstone deposits. Basal deposits of

distributary channel complexes are typically represented by coarse channel-lag and rip-

ups (Miall, 1978) which are not observed at this contact; therefore these smaller

truncation surfaces probably do not reflect the bed of the main distributary trunk.

However, the presence of these sharp contacts may indicate that these cores are near the

axis of the distributary.

The delta-distributary channel facies contains a poorly to moderatly sorted,

coarse-grained lithic graded sandstone bed at 2427 - 2437.5 feet (Figure 53; OM 41A-

10). The grain angularity, poor sorting, basaltic composition and grain coarseness

suggest only minor reworking with proximity to the volcanic source area. Immediately
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above this zone at 2436.5 feet are three vertical grooves which appear to be root traces

(Figure 53; Plate lv), another indication of terrestrial influence.

Upsection, Lithofacies P consists of structureless sandstone grading upward

into parallel lamination and low-angle cross-bedded sandstone (Plate P/). Some cyclic

slightly graded sequences of massive structure and parallel lamination may represent

amalgamated sandstones.

Mica abundance in Lithofacies P is very high, ranging from 17% to 27%,

occurring as both disseminated coarse-grained flakes in arkosic sandstone and forming

individual laminations (see Petrography; Table 5). Distributary mouth-bar environments

characteristically have very high mica contents (Coleman, 1980). Strong wave action in

coastal settings generally reworks delta front deposits except in areas where major

sediment influxes are supplied by floods (Blatt, 1982). Therefore, the distributary

mouth bar sandstone in the C & W unit was likely produced during high rates of

sediment input (e.g., floods) and delta progradation during periods of moderate wave

energy, with relatively little physical reworking by longshore currents. Chan and Dott

(1986) describe similar depositional conditions for the middle to late Eocene Coaledo

Formation of southwestern Oregon, and therefore postulate that during certain times the

Coaledo delta may have been slightly lobate.

Distributary mouths bars vary considerably in thickness; however, a typical

stratigraphic section through a Mississippi distributary mouth bar would generally show

thicknesses on the order of 20 m (62 feet) (Coleman, 1980), closely matching the

thickness of 55 feet (17 m) for Lithofacies P in OM 41A- 10 (Plate IV).



Upper Cowlitz Mudstone

Vertically, Lithofacies P is abruptly overlain by upper Cowlitz mudstone (Plate

IV), the product of abrupt transgression resulting in very fine-grained prodelta deposits

over delta front sands (Figure 60). Cores of the upper Cowlitz mudstone from OM

41A-10 (Plate 1V) contain typical upper (at 2280 feet) and upper middle bathyal (2358

feet) foraminiferal assemblages (Appendix N) from an open marine slope environment

(McKeel, 1987). Slope environments are typically characterized by fine-grained

hemipelagic sedimntation (e.g., clay and silt), because little coarse debris is shed off

the continental shelf.

These smectitic and slightly micaceous mudstones are interpreted to be in

conformable relation with C & W sandstones. Evidence of this conformity is the fact

that the lowermost portion of the mudstone from core 1W 33C-3 (e.g., 2528 feet;

Appendix XII) contains thin intercalated arkosic sandstone lenses, interpreted to

represent a transitional offshore sequence (Figures 55 and 58). In addition, there is no

evidence for a foraminiferal break between the C & W sandstone and the upper Cowlitz

mudstone (McKee!, 1987). Along deltaic coastlines, marine transgressions are

generally initiated when all or part of a delta system is abandoned. This is usually the

result of a major river diversion far upstream on the delta plain or fluvial coastal plain.

The thickness of prodelta shales is a function of the depth of water into which

the delta was building, and rate of subsidence. The nearly 320 m (1000 feet) of upper

Cowlitz mudstone in the center of the Mist Gas Field is another indication of abrupt

subsidence and a tectonically active coastline during the upper Eocene of northwest

Oregon.
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Depositional Model for the C & W Sandstone Bodies

The development of an accurate depositional model is necessary to predict

reservoir geometry successfully for gas storage or withdrawal. In core and outcrop,

sheet sandstones of the C & W member consist of several vertically stacked individual

sandstone bodies (Figure 60). At least 2 coarsening- and shallowing-upward sequences

are interpreted for the C & W member in outcrop. Three coarsening- and shallowing-

upward sandstone sequences can be observed in core OM 41A-10 (Figure 60).

However, examination of electric logs from well OM 41A- 10 (which includes the entire

C & W sandstone section; Plate ifi) suggests that at least 8 separate sandstone bodies

are present in OM 41A-10 separated by thinner mudstone intervals.

The interpretation of the C & W member as representing thick regressive sheet

sandstones implies rapid rates of progradation. Marine regression tends to stimulate

fluvial imput, allowing development of wave-dominated deltas and associated strand-

plains (Bigelow, 1987). The genetic units I have identified best fit a model of a wave-

dominated delta. However, C & W depositional conditions certainly changed along

the shoreline (e.g., a delta flanked by barrier island complexes; Figure 59).

Accordingly, genetic units (facies-lithologic associations) in cores and outcrop of the C

& W member are highly variable because of the complexity of processes. During times

of deltaic deposition numerous interactive coastal processes influence sediment

distribution, orientation, and internal structure, as well as geometrical shape of the

deltaic sand body.

Much of the C & W sandstone regional geometry is attributed to thinning

commensurate with onlap against a Grays River Volcanic (?) "high" northwest of the

depocenter (Plate ifi; Jackson, 1989; pers. comm.), which may have partly controlled

the preexisting topography upon which the delta prograded. The effect of the
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paleotopographic high is expressed in well OM 12C-3, which contains a complete

unfaulted section through the C & W which is only 310 feet (98 m) thick compared with

800 feet (255 m) thick in center of Mist Gas Field, presumably because of deposition

and onlapping against the inherited topography created by the volcanic high (Plate III).

Therefore, it seems reasonable to conclude that Grays River Volcanic (?) "islands" were

situated just offshore to the northwest during deposition of the C & W sandstone during

the late Eocene, resulting in a locally complicated receiving basin geometry (Figure 59).

These "islands" were more likely submerged shoals since very little volcanic detritus is

found in C & W sandstone in northwest Oregon. However, Lithofacies BG, containing

basalt scoriaceous clasts in arkosic sandstone, is evidence for the existence of this high,

as well as drilling results by ARCO in northwest Oregon (Jackson, 1989; pers. comm.).

In addition, these subsiding volcanic islands may have resulted in shoaling at the

terminating end of the river mouth, subjecting the sediment to reworking by unusually

strong storm-wave processes (Figure 59).

A post-Cowlitz structural feature is manifested in a regional gravity anomaly in

northwest Oregon; the Nehalem Arch of Aimentrout and Suek (1985). Cowlitz

sandstones are thickest (800 feet; 255 m) over the arch in northwest Columbia County

(Dahleen, 1989; pers. comm.), one indication that the arch is a later structural high.

Because both shoreface (HCS sandstones) and marginal marine units (coals)

are present in core and outcrop the C & W sandstone bodies are interpreted to be

attached to the shoreface (Figures 60 and 55). The attached nature of the sand bodies

argues against their interpretation as either shelf Or submarine fan systems (e.g., Bruer,

1980); these are typically detached systems (Baisley, 1982) and places the C & W

sandstone member in a shallow nearshore setting. Common systems in this settings are

deltas, strand plains, and barrier islands (Figure 59) (Reading, 1978; Reineck and

Singh, 1980; Heward, 1981). Furthermore, middle to outer shelf sandstones typically
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contain abundant glauconite and harbor an "offshore" trace fossil assemblage

(Beaumont, 1984), features not present in most of the C & W unit. However,

glauconitic sandstone in the upper part of the Cowlitz sandstone in outcrop may

represent outer shelf depths and the beginning of a deepening event associated with

deposition of the upper Cowlitz mudstone.

In outcrop and in core, the C & W shows evidence such as brackish water

deposits and coal overlying shoreface sandstones that they were progradational in nature

(Figure 55). Progradational sequences are incapable of building much thickness unless

subsidence occurs (Pitman, 1978). Therefore, it is inferred that the rate of subsidence

was high during accumulation of thick 800 feet (255 m) progradational delta front

sandstones. Prolonged aggradation occurs on some shelves where sand bodies are

stacked one upon the other (Figure 60) as water depths fluctuate (Weimer, 1976). The

characteristic cylinder shaped SP log response of aggradational shelf sands is displayed

by the C & W (lower portion of OM 41A-10: Plate III). In the C & W unit,

interbedding of prograding and/or transgressive sands (see Lithofacies H, 2625 feet;

Plate IV) occurs intermittently along with a high rate of terrigenous input. These

situations are related to relative sea level rise, local subsidence, or a combination of both

(see Relationship of Depositional Cycles to Geologic History).

In the middle to late Eocene of Oregon, nearshore sedimentation rates apparently

were high due to uplift in nearby source areas, and shelf areas were narrow and steep

(Chan and Dott, 1986). The C & W deposits include a large percentage of arkosic

sandstone and lesser siltstone, the result of continuous sand-rich sediment supply and

strong tractive currents. Storm-waves appear to be responsible for the internal

architectures and external geometries of many of the sandstone bodies in the C & W

unit. This is supported by physical and biological structures within the core (Plate IV),

the vertical succession of lithofacies (Figure 60), and sheet like geometry (Plate ifi). At
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the base of each sandstone body current rippling is the dominant sedimentary structure.

Wave-formed bedding and amalgamation of sandstone increase upward both in terms of

relative occurrence and scale of bedding, suggesting a shoaling-upward sequence.

Paleocurrent Analysis and Relation toJ)epositional Envfronmeifl

In outcrop, paleocurrent indicators from foreset laminae and cross-bed trough

axes indicate current dispersal to N2OW to S3OE, with an average of N68W (Figure

61). Upon correction for tectonic rotation of 40 degrees since the Eocene based on

paleomagnetic studies (Magill et al., 1981; Nelson, 1985), the average direction is

S72W. Examination of oriented core 1W 33C-3 following the guidelines outlined by

Nelson et al. (1987) yields a paleocurrent direction of N45W before rotation, S85W

after rotation (Figure 61). However, paleocurrent patterns and agreement in the oriented

core with outcrop indicate that current flow in the reservoir was oblique to the north-

south elongation of the outcrop pattern (Figure 41) rather than parallel as would be

expected if the reservoir were a fluvially-dominated deltaic deposit. It has long been

recognized in storm-dominated shelf settings that the predominant sediment transport

direction is longshore to obliquely offshore (Swift, 1987). Accordingly, in overall

morphology the wave-dominated deltaic sand bodies of the C & W unit have sheet

geometries that are strike-elongated as determined by paleocurrent indicators (Figure

61). Furthermore, off the modern Oregon coast, the prevailing southward direction of

bottom currents is reversed in the winter (Kuim et al., 1975). These northward winter

currents are many times stronger than the summer currents, and have been shown to be

responsible for most of the sediment transport and bedforms preserved on the modern

Oregon shelf (Kuim et al., 1975). Longshore winter currents may be one explanation
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Figure 61. Paleocurrent orientations of cross-bedded C & W sandstone member. Note
agreement between oriented core from Mist Gas Field and outcrop of C &
W unit 14 km to the south. Rose diagrams show present paleocurrent
directions; open arrows show restored average directions accounting for
4)° clockwise rotation since Eocene time. C & W map unit outcrop area
shown by diagonal pattern.
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for the predominance of northwest paleocurrent indicators observed in the Eocene C &

W member.

The westward paleoflow direction indicates an eastern provenance for the

sediment, which is consistent with the quartzofeldspathic micaceous mineralogy of the

C & W member (see Heavy Mineral Analysis). Furthermore, the storm-wave influence

is more pronounced in OM 12C-3 and 1W 33C-3 than in OM 41A-1O, the easternmost

and coal-bearing core (Plate III). 1W 33C-3 and OM 12C-3 also have correspondingly

higher porosities and permeabilities (Meyer, 1989; writ. comm.) than OM 41A-lO

presumably due to higher sand percentages and greater winnowing of sands due to

increased wave energy associated with the marine storm-wave-dominated environment.

With the detection of brackish water and swamp sedimentation (coal) in the Nehalem

River 1.5 km east of my area (Farr, 1989) and coal in easternmost core OM 41A-10,

indications are that the sea and deeper marine mudstone (i.e., Sweet Home Creek

mudstone) lay to the west (Figures 59 and 60). Coals are even thicker and more

widespread in the Mist subsurface (Jackson, 1989; pers. comm.) and in southwest

Washington at the type section (2 - 3 m thick coals) (Buckovic, 1979; Arrnentrout and

Suek, 1985). Thus, within western Columbia County in the middle to late Eocene,

depositional conditions changed from continental and shallow-marine in the east and

northeast (e.g., Mist Gas Field) to marine shoreline and high-energy storm dominated-

shelf in the west, defming a generally westerly to southwesterly direction of

progradation (Figures 55 and 59).

However, because coal is rare in outcrop and only one of the sequences in OM

41A-10 is capped by coal, the peat swamps may have been localized or the peats and

barrier bars may have been eroded with ensuing transgression. The most laterally

continuous deposits in the C & W sandstone member consist of the shallow-marine

storm-dominated facies (Plate ifi), and the second most laterally continuous sequences
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are the bioturbated mud-rich marsh deposits, which tend to cap the progradational

sandstones. The most restricted deposits are those of the distributary mouth-bar,

channels, and the crevasses or bay fills.

Figure 60 shows the vertical sequence of stacked sandstone bodies of the C &

W member. These lithofacies associations suggest that strong wave processes

reworked the progradational delta front sands during a transgression at the seawad edge

of the system. After deposition of the uppermost unit, the distributary mouth bar

sandstone (Lithofacies P), continued eastward transgression combined with rapid

tectonic subsidence resulted in drowning of the delta front and deposition of overlying

slope and prodelta mudstones of the upper Cowlitz mudstone.



GRAIN SIZE ANALYSIS

Grain size analysis (see Methods of Investigation) was performed on 8 core

samples (from OM 41A-1O and 1W 33C-3) and 7 outcrop samples from C & W

sandstones of the Cowlitz Formation and 3 basaltic to arkosic samples from the Sunset

Highway member of the Hamlet formation (see Appendix V for sample locations). The

purpose of the grain size analysis was twofold: 1) to texturally characterize the

sandstones and relate grain size to porosity and permeability; and 2) to aid in the

interpretation of depositional environment. Histograms were created from all samples

(Figure 62) to provide for easy visualization and comparison of the textural

characteristics of the sandstones. The median, inclusive graphic skewness, graphic

standard deviation, graphic mean, and graphic kurtosis statistical parameters of Folk and

Ward (1957) were calculated from cumulative frequency curves (Appendix VU).

Because scanning electron microscopy and petrographic analysis indicate that C & W

sandstones contain only a minor fraction of authigenic clay (<5%), it is felt that these

statistical parameters closely reflect the original grain size distribution of the samples

during deposition. Although the environmental significance of grain size statistics has

been widely debated, it is generally believed that at least some of these statistical

parameters are environmentally sensitive, especially when presented as binary plots

(Royce, 1970).

The C & W sandstones analyzed range in mean grain size (Mz) from very fine

sand to fine sand (2.26 phi-3.40 phi) and are generally fine sand size (average = 2.74;

Figure 62). Both core and outcrop Cowlitz sandstones have much the same grain size

characteristics (Appendix VU), thus surface weathering has a minimal effect on

changing grain size characteristics. The sandstones are moderately sorted (S 1= 0.75),

which suggests a moderate amount of current or wave reworking and winnowing of the

sands before final deposition. Inclusive graphic skewness (SKi) is considered to be
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particulaly sensitive to environmental influences (Royce, 1970). According to this

statistical parameter, C & W sandstones range from being nearly symmetrical to

positively skewed, that is they generally have a normal (Gaussian) distribution and

subequal amounts of coarse and fme sediments centered around the mode. This

indicates that fine particle sizes (e.g., clay and silt size detritus) were essentially

winnowed by currents from C & W sandstones.

However, it is felt that C & W sandstones are more accurately described as

negatively skewed and well sorted. Negatively skewed sands are largely devoid of

fmes, and petrographic analysis show that C & W sandstones are well sorted and nearly

devoid of detrital clay and silt matrix. It is possible that there was creation of fines

during sample preparation (crushing and disaggregation) which added to the tail of fines

seen in the histograms (Figure 62). Furthermore, SEM analysis shows that most of the

clay size fraction (albeit minor) in C & W sandstones is the result of diagenetic

precipitation of clay rim cements on detrital grains, and should not be taken into account

in the final analyses.

Kurtosis (KG), a measure of the peakedness of a curve, is also environmentally

sensitive (Royce, 1970). C & W sandstones from outcrop and core range from being

mesokurtic (0.96 - Gaussian distribution) to very leptokurtic (1.52 - very peaked), and

are typically leptokurtic (peaked), with a modal class of 3 phi (Figure 62 and Appendix

VII). The peaked tendency of C & W sandstones at 3 phi reflects substantial current

winnowing of other coarser and finer grain sizes and long distances of transport from

the source region. This is consistent with the interpretation of dominant provenance

(e.g., Idaho batholith) for the moderately well sorted Cowlitz sandstones.

Sunset Highway member sandstones are much the same as C & W sandstones

(Appendix VU) in that they have nearly symmetrical grain size distributions (Figure 62)

and are moderately sorted. However, Sunset Highway member sandstones contain a
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greater tail of fines, possibly due to its slightly greater lithic componentwhich weathers

easily to clay size particles in the surface environment.

In their Brazos River study, Folk and Ward (1957) noted that kurtosis values

provided the clue to bimodality, an important aspect of grain-size distribution which can

be a strong indicator of depositional environment (Blatt, 1982). Although in general C

& W sandstones axe not bimodal, two outcrop samples are clearly bimodal (775 and

714) and two core samples are suggestive of bimodality (2644 and *2698; Figure 62).

Bimodality is usually attributed to 2 or 3 primary causes. In their Brazos River

study, Folk and Ward (1957) reported some extremely high and low kurtosis values for

quartz sands of the Brazos River. Their interpretation was that part of the river sand

achieved sorting elsewhere in a high energy environment (i.e., Cretaceous beach sand)

and was transported with those well sorted characteristics into a Holocene fiuvial

system. Because the second environment had less effective sorting energy, the well

sorted sand was mixed with other river sand that had different sorting characteristics,

resulting in 2 modal size distributions.

Another example of a similar process is fine- to medium-grained dune sand

washed or blown into a lagoon by storms and mixed with very fine-grained sands and

silts. However, C & W sandstones contain primarily subangular grains of quartz and

feldspar with no preexisting overgrowths, and show little evidence of reworking from a

previous sedimentary environment.

However, bimodality in the C & W sandstone might be the result of mixing

between inner shelf and beach sands as a result of late Eocene transgression, or by

storm-wave activity (HCS) reworking and washing medium-grained beach sands

offshore and mixing with fine-grained shelf sands (Figure 55).

Burrowing organisms can create bimodality by mixing and homogenization of 2

well sorted layered sands. It has already been shown that bioturbation is common in C
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& W sandstones from both core and outcrop (see Lithology; Figures 46 and 50).

Oucrop sample 775 lacks sedimentary structures and visibly contains many burrow

structures of Rosselia. (Chamberlain, 1989; writ. comm.). Likewise, core sample 2644

comes from the visibly bioturbated interval beneath the lignite (Figure 50). Because

shallow-marine environments are characterized by an abundance of bottom-feeding

organisms (Frey and Pemberton, 1984), bioturbation is considered to be the primary

cause of bimodality in C & W sandstones.

Statistical data generated by grain size analysis were plotted on a number of

binary graphs to aid in depositional environment interpretations of the C & W

sandstone. Although some previous students working in northwest Oregon have

utilized the binary plots of Friedman (1961, 1967), (i.e., Mumford, 1988; Rarey,

1986), those plots were not used in this study. Marine littoral to neritic sandstones

(e.g., Sunset Highway member of Hamlet formation) in northwest Oregon consistently

plot in the wrong depositional environment fields on Friedman's (1961) piots (i.e.,

inland dune and river, Mumford, 1988). Although Friedman (1961) succeeded in

differentiating fluvial, beach, and dune sands by the use of these binary plots for quartz

sands in mature Gulf Coast environments, he did not take into account complex

environments associated with deltaic and shelf sandstones in a tectonically active

immature region such as the west coast. For a detailed explanation concerning the

inadequacies of the Friedman plots as they relate to northwest Oregon sediments readers

are referred to Parker (in prep.).

The binary plots of Kuim et al. (1975) and Passega (1957) were used in favor of

Friedman's (1961) plots. Kulm's plots (1975) in particular more accurately reflect the

textural characteristics as they relate to depositional environments off the middle to late

Eocene Oregon coast. This is because Kulm et al. (1975) took box cores from the

modern Oregon continental shelf in order to determine the nature and distribution of the
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sedimentary facies and sedimentary structures. They found that detrital sands found on

the Oregon inner continental shelf and portions of the outer shelf consist chiefly of

quartz, feldspar, and rock fragments. Quartz: feldspar ratios average about 1:1, similar

to the ratios found in adjacent beach sands and nearly identical to C & W sandstones

(see Petrographic Analysis; Tables 4 and 6).

Kulm et al. (1975) found that there is no systematic depth dependency in the

facies distribution over the Oregon continental shelf. However, inner-shelf sediments

off Oregon are usually characterized by modes between 2.75 and 3.0 phi, whereas the

adjacent beach and dune sands have modes coarser than 2.75 phi (Figure 63). These

analysis (Figure 63) of the surface and subsurface sediments in box cores from the shelf

off the Rogue River and from beaches in the same vicinity shows this striking difference

in grain size between beach and offshore (inner shelf) sands. Apparently, very fine

sand and fmer particles are removed from the high-energy beach environment and

transported through the turbulent surf zone to the shelf (Kulm et al., 1975).

Although C & W sands are slightly more coarsely skewed than modern offshore

sands, they show greater affinities with the offshore (inner shelf) sands than with the

beach and dune sands of Kulm et al. (1975) (Figure 63). This is consistent with the

hummocky and trough cross-stratification observed in the C & W cores and outcrops,

as well as the lack of beach and dune deposits preserved in the Columbia County upper

Eocene record. The figures also show the relatively narrow range of mean grain sizes

for the C & W sandstones.

The Passega (1957) graph has been shown to be helpful in differentiating

transport processes (e.g., tractive versus suspension settling) and depositional

environment of ancient sandstones. This type of binary graph (Figure 64) plots the

coarsest one percentile (C) as a function of median diameter (M). Values of C are

considered an index to the competence of the transport agent and M is a statistic
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characteristic of the complete range of particle sizes undergoing transport by this agent

(Royce, 1970). The Passega graph is sensitive to fluctuations in the process energy,

and thus is particularly useful for describing sorting characteristics of the sediment and

relating those to depositional environments (Royce, 1970).

All arkosic sandstones of both C & W sandstones and Sunset Highway member

sandstones plot in or near the boundary of the beach field (VII) on the CM diagram of

Passega (Figure 64). This indicates that material is carried by wave turbulence as bed

load. The beach field is somewhat consistent with the interpreted depositional

environment of these sandstones (e.g., wave reworking of beach sands by transgressive

inner shelf processes). However, both Sunset Highway member sandstones and 3 C &

W samples also plot in the overlap region of the beach (Vii) and river tractive current

fields (IV) (Figure 64). This results when conditions of deposition are a combination of

different transporting mechanisms. The overlap between the fields reflects sand in

tractive currents which are the same size as those concentrated at the bottom of the

suspension (Royce, 1970). These sands may plot near the river tractive fields because

they inherited the fluvial size characteristics and have not had enough time to be

reworked by beach processes and develop new grain size characteristics.



PETROGRAPHIC ANALYSIS

Twenty six thin sections of C & W sandstone from core and outcrop were

analyzed peirographically. The thin sections were cut normal to bedding, impregnated

with blue epoxy for porosity detection, and stained for K-feldspar using sodium

cobaltinitrite solution. One sample (OM 41A-1O; 2458) was also stained for plagioclase

feldspar in order to assess the abundance of untwinned plagioclase in the C & W. Ten

samples from core of well OM 41A-1O, four from core of 1W 33C-3 and two surface

samples were point counted. Sample locations are shown on Plate 1V and Appendices

V and XII. Approximately four hundred points were counted in each thin section and

were categorized into 24 variables (including porosity). All lithic components were

categorized into the grouping of the larger lithic or rock fragment. In addition, 6 thin

sections from C & W outcrops were visually estimated for mineral abundances.

Seven heavy mineral grain mounts of the 3 and 4phi fractions were prepared

from surface C & W exposures and 13 heavy mineral grain mounts were examined from

core samples; 9 from OM 41A-1O and 4 from 1W 33C-3 (Appendices V and XII and

Plate IV). In addition, scanning electron microscopy (SEM) with associated energy

dispersive X-ray analysis (EDS) was performed on 8 core samples (Plate IV) and one

outcrop sample to aid in determining diagenetic effects, paragenetic sequences and pore

throat configurations. Semi-quantitative X-ray diffraction analysis for clay mineral

identification was performed on 6 subsurface sandstone and mudstone samples (Plate

IV) and one sample from the C & W outcrop area (732). Electron microprobe analysis

including backscatter imagery and elemental mapping was performed on two core

samples from OM 41A-lO (Plate IV) to aid in determining discrete mineral phases,

cementation histories, pore fluid chemistry, and feldspar compositions.

C & W samples examined ranged from silty, very fine-grained micaceous

sandstones to medium-grained arkosic and lithic arkosic sandstones. Late stage,

262
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telegenetic oxidation of iron-bearing framework and clay minerals (smectite) by surface

weathering and deep circulating meteoric groundwater has largely masked and destroyed

previously formed diagenetic features in outcrop thin sections.

However, core thin sections of C & W sandstone are in excellent condition and

readily lend themselves to detailed petrographic and diagenetic analysis. Hence, the

bulk of this discussion and petographic interpretations presented here are the result of

detailed analysis of core samples from Mist field wells OM 4lA-1O and to a lesser

extent, 1W 33C-3. The results of thin section data are tabulated (Tables 4 through 6).

Modal analysis and visually estimated data from these tables show that in general,

sandstone compositions in the studied Cowlitz Formation from core and outcrop are

very similar. Aside from being in poorer condition due to weathering, surface samples

differ from core samples (compare Tables 4 through 6) in that they contain a greater

percentage of chert (3%) and unidentifiable grains (4%), extensive hematite cement

(4%), less porosity (13%), fewer volcanic grains (1%), and a slightly different heavy

mineral assemblage (Appendix VI).

C & W sandstones are predominantly fine-grained, well sorted (Tables 4

through 6) and very loosely cemented, hence they are somewhat friable and

unconsolidated. These sandstones consist almost exclusively of grains and

intergranular porosity. Primary depositional matrix accounts for less than 5% of the

total rock. The grains are angular to subround in shape, being dominantly subangular.

In core and outcrop, C & W sandstones consist primarily of subequal amounts of quartz

and feldspar, and are generally classified as arkose and lithic arkose (Figure 65) (Folk,

1974). The feldspar includes both plagioclase and potassium feldspar however, K-

feldspar is slightly more abundant than plagioclase feldspar. The rocks are micaceous

with predominantly biotite but also contain lesser quantities of muscovite. Lithic grains

are less common but are locally abundant (e.g., Lithofacies BG). The average



Table 4. Thin section petrography of outcrop exposures - Cowlitz Formation.

* = Point Counted; all others visually estimated

Sample # 737 771 748 772 *747 760 *735 768 Average
Grain Size (mm)
Overall Sorting

FS
WS

PS
WS

VFS
WS

FS FS
MWS MWS

VFS
MWS

MS
WS

FS FS
MWS MWS

GRAIN COMPOSITION
Mono Quartz 24 25 31 30 19 26 27 22 26
PolyQuartz 2 5 3 4 1 3 4 3
K-Feldspar 15 11 12 11 14 11 16 11 13

Plagioclase 10 4 10 4 9 12 9 9 8
Biotite 8 4 3 2 7 1 3 4 4
Muscovite 1. 1 2 1 2 2 2 1 2
Chlorite 1 - - - - - 3 1 1

Qiij 3 - 4 5 3. 2 Tr 4 3
Volcanic RFs 'Fr - Tr Tr - 4 - 1 1

Plutonic RFs - - - Tr - Tr - - Tr
Metamorphic RFs 4 1 2 2 Tr 3 4 1 2
Sedimentary RFs - - 2 4 3 - Tr - 1

Glauconite - 2 - 1 - Tr Tr 10 2
Plant Remains 1 2 Tr Tr 1 2 - Tr 1

Heavy Minerals 2 2 1 1 2 2 1. 2 2
Unidentifiables 10 9 - 3 - 7 2 3 4

MATRIX
Depositional Matrix 3 2 4 2 1 3 - 8 3
Pseudomairix 1 5 2 1 - 2 1 4 2

CEMENTS
Clay 3 6 5 4 - 10 2 6 5
Overgrowths Tr Tr - 1 - - Tr Tr Tr
Hematite 6 5 2 4 - 8 2 5 4
Calcite - - - 34 - - - 4
Pyrite - - Tr - - - - -

POROSITY
Primary 6 14 15 17 5 3 20 4 11

Secondary - 2 2 3 - - 5 - 2



Table 5. Modal analyses of C & W sandstones from well core OM 41A-10.

Depth: - 2416 2437 2458 2486 2528 2546 2577 2610
Grain Size (mm)
Overall Sorting

FS
WS

CS
PS

MS
WS

FS
WS

MS
WS

VFS
MWS

FS
MWS

FS
WS

GRAIN COMPOSITION
Mono Quartz 18 14 24 22 28 23 16 25

PolyQuartz 6 2 5 1 3 4 1 2

K-Feldspar 9 9 14 12 14 15 11 14

Plagioclase 8 7 15 7 11 6 8 9

Biotite 13 Tr 1 7 2 2 4 4
Muscovite 4 - 1 3 1 1 2 2

Chlorite 2 2 1 3 1 3 8 -

Chert - - - 1 Tr I - Tr
Volcanic RFs 1 19 1 Tr 2 11 1

Plutonic RFs Tr Tr Tr 1 - 3 Tr
Metamorphic RFs 4 2 2 3 2 6 3 2

Sedimentary RFs I - Tr Tr - 1 - -

Glauconite 1 - - - Tr - - -

PlantRemains 2 - - 2 1 1 4
Heavy Minerals 4 1 1 2 1 2 1 3

MATRIX
Depositional Matrix 2 1 2 2 1 2 1 2

Pseudomatxix 2 5 4 2 3 2 2 3

CEMENTS
Clay 2 4 1 2 1 1 16 3

Overgrowths Tr - 4 4 Tr 4 1 3

Hematite Tr - - Tr 1 2 - Tr
Calcite Tr 26 - I - - 4 -

Pyrite Tr - - - - Tr 2 -

POROSITY
Primary 16 3 19 18 22 17 9 19

Secondary 5 5 5 7 6 4 1 4



Table 6. Modal analyses of C & W sandstones from well cores OM 41A- 10 and 1W
33C-3.

*0M41A40

Depth: *2639 *2700 OM 41A-1O 2548 2587 2686 2712 1W 33C-3
Grain Size (mm)
Overall Sorting

VFS
MWS

MS Average FS
WS WS

FS
WS

FS
WS

FS Average
WS

GRAIN COMPOSITION
Mono Quartz 23 24 22 21 25 21 26 23
PolyQuartz 1 5 3 4 2 3 2 3

K-Feldspar 9 15 12 15 17 16 21 21
Plagioclase 4 7 8 12 12 13 16 13

Biotite 4 2 4 10 4 3 3 5

Muscovite 3 1 2 2 1 2 2 2
Chlorite 1 2 1 - - 1 1 'Fr
Chert Tr 1 Tr 1 Tr Tr - Tr
Volcanic RFs - 'Fr 4 2 1 2 Tr 1

Plutonic RF's - 1 'Fr 'Fr - 'Fr Tr Tr
Metamorphic RF's 3 2 3 4 2 2 1 2
Sedimentary RFs - 3 Tr - - - - -

Glauconite Tr 1 Tr - Tr - Tr Tr
Plant Remains 6 2 2 'Fr Tr 4 1 1

HeavyMinenils 3 2 2 3 4 1 2 3

MATRIX
Depositional Matrix 5 1 2 2 3 - 2 2
Pseudomatrix - 2 2 2 1 1 1 1

CEMENTS
Clay 5 1 4 1 1 2 Tr 1

Overgrowths - 3 2 Tr 1 2 1 1

Hematite - Tr 'Fr - - - - -

Calcite 33 'Fr 6 - - - - -

Pyrite - 'Fr 'Fr - - - 'Fr 'Fr

Siderite - - 2. - 'Fr
POROSITY

Primary Tr 20 14 17 23 21 19 20
Secondary - 5 4 4 4 4 2 4



OM4LA-1O

Quartzar.nIte

Quartzar.nit.

1W 33C-3 and surfice samples

Figure 65. Folk's (1974) sandstone classification chart as applied to C & W sandstones
from thesis areas. Note compositional similarity and overlap between core
(solid line) and outcrop (dashed line) and that most samples plot as arkose
or lithic arkose.
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OM 41A-10

1 - 2416 ft.
2 - 2437 ft.
3 - 2458 ft.
4 - 2486 ft.
5 - 2528 ft.
6 - 2546 ft.
7 - 2577 ft.
8 - 2610 ft.
9 - 2638 ft.

2665ft.
2700ft.

1W 33C-3

1 - 2548 ft.
2 - 2587 ft.
3-2686 ft.
4-2712 ft.

OUTCROP

#771
#772
#735
#760
#747
#737
#745
#748
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sandstone composition from both core and outcrop is 26% quartz, 13% K-feldspar, 9%

plagioclase, 7% mica, 3% MRF, 2% VRF, 2% heavy minerals, 2% detrital matrix, 2%

pseudomairix, 3% clay cement, 1-2% silica and feldspar overgrowth cement, 1% calcite

cement, and 1% carbonaceous matter. Glauconite, chert, and chlorite are present in trace

quantities. Pointed counted porosity averages approximately 20% of the rock, and is

slightly higher in 1W 33C-3 (24%) than in OM 41A-10 (18%) (Table 6). The pore

system consists of large dominantly intergranular pores which are well interconneted

and devoid of clays (Figure 66). Some leaching of grains has resulted in the creation of

secondary porosity.

Composition

The compositional summary based on thin section examination is discussed in

this section.

Monocrystauine unsirained quartz is the dominant grain component (14-31%).

Quartz in the C & W sandstone generally extinguishes completely under crossed

polarizarizers with less than 1 degree of stage rotation. These grains are fresh,

subangular and contain no pre-existing overgrowths, therefore they are interpreted to be

first cycle detritus. Many quartz grains contain tiny minute inclusions of zircon or

apatite, indicative of a granitic source area (Scholle, 1979). Some quartz grains display

strained to undulose extinction. Polycrystalline composite quartz showing undulose

extinction is much less common and ranges from 1 to 6% of total grains (Tables 4

through 6). Some quartz grains are highly altered due to abundant tiny gas or liquid

vacuoles, and display strained composite extinction. This milky type of quartz is

interpreted to be derived from a hydrothermal source (Folk, 1974).



Figure
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66. A. Photomicrograph of fresh OM 41A-lO core sample 2528 (Lithofacs H)
showing primarily well sorted subangular grains of quartz and feldspar (K-
feldspar stained yellow) and large intergranular pores (blue dye). B.
Corresponding SEM photograph showing large intergranular pore devoid
of pore-lining clays. Note euhedral quartz overgrowth (Q) at right side.
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Feldspars present in the sandstones consist of both potassium and plagioclase

feldspar. Microprobe and thin section analysis indicates the presence of some

intergrowths of K-feldspar and. plagioclase (perthite). K-feldspar (9-21%) is slightly

more abundant than plagioclase feldspar (4-16%) and consists of both microcine and

orthoclase (Tables 4 through 6). These grains are also subangular and appear to be first

cycle detritus.

Potassium feldspar in the C & W sandstone ranges from fresh to moderately

altered, with most of the grains remaining fresh and unaltered. In contrast, plagioclase

feldspar is commonly dusky to very altered. Plagioclase alteration is partly

compositionally dependent, and appears to have been concentrated along

crystallographic axes (see Diagenesis). Some plagioclase grains have undergone

dissolution and replacement by calcite and sericite (see Diagenesis).

Plagioclase grains from surface exposures are also altered in the same way as

core samples, but have an additional component of surface weathering and growth of

clay minerals and hematite. Plagioclase exhibits both albite and Carlsbad twins, with

albite twinning more abundant than Carlsbad twinning. Rare combined Carlsbad-albite

twins do occur in the blue-green zone (Lithofacies BG).

Untwinned plagioclase accounts for approximately 30% of the total plagioclase

composition; however, is usually distinguishable from quartz on the basis of its cloudy

interiors and darker appearance. In fresher sodic varieties, cleavage, fracture and biaxial

optic figures help distinguish untwinned feldspars from uniaxial positive quartz.

Although rare quartz grains in C & W sandstones are altered, plagioclase grain alteration

is generally coarser, more extensive, and regularly oriented along cleavage planes.

Energy dispersive X-ray analysis (EDS) and microprobe analysis indicates that calcic

plagioclase is rarer than sodic plagioclase varieties but where present it is typically



271

partially diagenetically dissolved and exhibits corroded outlines and intragranular

porosity.

Three plagioclase grains from core sample 2416 (Plate IV) were examined for

quantitative chemical abundances using the microprobe (Table 7). On the basis of

sodium to calcium ratios (Ab72 - 82) all three grains classify as oligoclase (Phillips and

Griffen, 1981). Note that these analyses show that the sodium-rich plagioclases are

silica-rich but aluminum-poor, while the more calcium-rich types are depleted in silica

but richer in aluminum (Table 7).

C & W sandstones from both core and outcrop are typically micaceous, however

mica content is variable (trace-17%; Tables 4 through 6). In particular, Lithofacies P.

the uppermost interval in the cores (distributary channel complex sandstone) is

characterized by the highest abundances of mica (17%). Micas are aligned parallel to

subparallel with bedding (Figure 67), in places mica sheets completely line bedding

planes. Biotite (trace-13%) is much more common than muscovite (1-5%). Biotite

flakes range from very fme-grained fragments (0.10 mm long) to coarse flakes (up to

0.5 mm long) commonly containing inclusions of apatite or zircon (Figure 67b). Biotite

is recognized by its brown color, excellent cleavage, and strong reddish brown to

brown pleochroism. Biotite ranges from fresh large crystals to highly altered grains

undergoing various stages of chioritization; from partial to complete chloritization along

frayed ends (Figure 67).

Some coarse green chiontes which have been point counted as chlorite probably

represent complete diagenetic alteration of biotite to chlorite. Chlorite also occurs as rare

detrital grains which show diagnostic anomalous ultra blue birefringence colors. Many

biotite grains from outcrop samples appear opaque in transmitted light, but in reflected

light yield a dark red to brown color characteristic of partial alteration to hematite. In

contrast, muscovite grains are typically fresh and much finer grained. They range from



Table 7. C & W sandstone plagioclase compositions from well core OM 41A-10 (2416
feet) determined from electron microprobe analyses.

Sample #1S 1 2 3 Average

Weight % Concentration

Na 6.14 5.94 6.58 6.22
Mg 0.00 0.00 0.09 0.03
K 0.29 0.17 0.28 0.25
Ca 2.67 3.75 2.19 1.98
Fe 0.061 0.05 0.00 0.04
Al 11.87 12.64 11.73 12.08
Si 30.03 28.71 30.34 29.69
o 48.05 47.57 48.23 47.95
Total: 99.11 98.83 99.36 99.10

Normalized Atomic Concentration

Na 5.50 5.36 5.87 5.58
Mg 0.00 0.00 0.01 0.00
K 0.15 0.09 0.15 0.13
Ca 1.37 1.94 1.12 1.48

Fe 0.02 0.02 0.00 0.01
Al 9.06 9.72 8.92 9.23
Si 22.03 21.20 22.15 21.79
o 61.87 61.67 61.80 61.78
Total: 99.11 98.83 99.36 99.10

Plagioclase classification Ab78 Ab72 Ab82 Ab77
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Figure 67. A. Photomicrograph of highly micaceous sandstone from Lithofacies P
(distributary channel) of OM 41A-1O (2416 feet). Note alignment of large
biothe flakes (some altered to chlorite) parallel with bedding which
commonly display frayed ends intruding pore space. B. Corresponding
electron backscatter image showing tiny inclusions of apafite (A) in biotite.
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0.08 to 0.15 mm long, and are recognized by their bright blue and yellow birefringence

in polarized light, speckled "birds eye" texture, and being colorless in plane light.

Lithic framework grains in C & W sandstones includes igneous rock fragments

(volcanic and plutonic), metamorphic rock fragments, chert, and rare sedimentary clasts

(Tables 4 through 6). Although sedimentary rock fragments (SRFs) are rare, they are

locally abundant as mudstone rip-ups identifiable in hand sample and less commonly in

thin section (e.g., surface sample 772). In this sample (772) clay minerals that form

these mudstone clasts show high birefringence with blue and yellow interference colors

indicative of illite. Sedimentary clasts generally consist of large irregularly shaped to

rounded intrabasinal fragments of siltstone and dark brown to green mudstone,

commonly showing alteration to jute and hematite.

Detrital chert occurs as an accessory fragment in the C & W sandstone,

particularly in outcrop samples associated with SRFs (Table 4). The association of

sedimentary rock fragments and chert suggests that much of the chert in the C & W is

probably derived (or recycled) from a sedimentary source. On Folk's (1974) QFL

classification chart (Figure 65) chert is counted as a rock fragment, but in other

classifications (i.e., Williams, Turner, and Gilbert, 1954), chert is plotted as quartz. At

least in this case, Folk's classification scheme provides the best indication of

provenance. Acidic volcanic chert is rare in C & W sandstones and is indicated by relict

microlites and microphenocrysts visible under high magnification. Other small

fragments that resemble chert may actually consist of mudstone fragments, or as gneiss

or metaquartzite fragments; however, these would still register as lithic grains according

to Folk's 1974 classification.

Metamorphic fragments are moderately common in C & W sandstones (trace to

6%; Tables 4 through 6). These are generally micaceous and most represent low grade

well crystallized phyllitic grains or slate fragments showing aggregate extinction under
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polarized light. These low grade metamorphics are characterized by elongate detrital

fragments with strong orientation of micas parallel to the long (C) axes of these grains.

Some higher rank metamorphic fragments are present. These mainly consist of schist

fragments composed of quartz, heavy minerals, and abundant fine-grained muscovite

fragments elongated parallel to schistosity. Although polycrystalline quartz was

included in the discussion of quartz types, the nature of the strained composite quartz

indicates a metamorphic origin for many of these grains. Polyciystalline quartz grains

are composed of at least 10 or more intergrown crystals of quartz, containing straight to

slightly sutured microcrenulated contacts.

Igneous rock fragments consist of a variety of granitic and volcanic grains.

Plutonic fragments are present in minor quantities (Tables 4 through 6). In most thin

sections they occur as large (up to 2 phi) rounded detrital grains containing quartz,

feldspar, and mica. Plutonic fragments are generally difficult to distinguish from

metamorphic grains, but the variety of grain sizes and lack of preferred crystal

orientation help distinguish plutonic from metamorphic fragments.

Volcanic rock fragments occur sporadically in some C & W sandstones;

however, they are concentrated in three intervals in OM 41A-10 (i.e., blue-gren zone,

2577 feet; debris flow in marsh, 2512 feet; and "mini-blue-green zone", 2437 feet;

Figures 51 through 53, and Plate IV). VRF's include dominantly mafic types with

lathwork and random lath orientation textures, altered basalt scoriaceous grains (blue-

greeen zone) and vitric grains which are commonly devithfied to chertlike texture with

faint relicts of primary pyroclastic textures.

The blue-green marker horizon in wells OM 41A- 10, OM 12C-3 and 1W 33C-3

(Plates ifi and IV) is a significant (6.4 m interval) volcanogenic zone characterized by

large subrounded scoriaceous clasts up to 7 mm diameter in a fine quartzo-feldspathic

sandstone matrix (Figure 68). These pyroclastics consist of extensively altered,
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Figure 68. A. Photomicrograph of Lithofacies BG (blue-green zone) at 2577 feet in
OM 41A-1O. Note large subrounded scoriaceous clast (upper right) with
calcite- and chlorite-filled amygdules. Also note clay rimmed burrow
backlilled with very fine-grained sandstone (lower left). B.
Photomicrograph of sample 2577 showing large clay-altered "accidental'
clast of piota.xitic basalt attached to a scoriaceous fragment. Note green
chlorite partially filling most intergranular pores.
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vesicular, lapihi-sized, glassy fragments of scoria and possible altered glassy pumice

fragments. Only a few nonvesicular basalt lava fragments with an intersertal texture are

present along with unaltered brownish glass shards (sideromelene) with palagonitized

clay-altered rims and rare crystals of analcime. Some fragments of long-tube pumice are

present. The lapilhi-sized scoria fragments are highly vesicular, and are coated with well

crystallized chlorite, creating the blue-green color. Although vesicles in the scoria

fragments are generally spherical to oval in form (Figure 68), some flattened pumice

tubes provide evidence for compaction. The centers of the amygdules are commonly

filled with sparry calcite. Many scoria fragments contain scattered, aligned to randomly

arranged microlites of albite-twinned plagioclase set in a greenish to opaque chlorite clay

that has replaced the glassy groundmass (see Diagenesis). Some plagioclase grains also

appear to have been replaced by K-feldspar (see Diagenesis) and have picked up the

yellow K-feldspar stain.

The blue-green zone is not only important for its use as a marker horizon (Plate

HI), but is significant in that it indicates nearly contemporaneous basaltic explosive

volcanism in the depositional basin. Sedimentary structures (HCS) and bioturbation in

the blue-green zone indicate shallow-marine deposition (see Depositional Environment).

The general upward-coarsening, thickening, and amalgamation in the blue-green zone,

followed by an overall fming- and thinning-upward trend of the scoriaceous clasts

(Figure 51), may be interpreted as a prograding deltaic lobe that was reworked by

waves during abandonment on the inner shelf. Alternatively, these vertical changes of

bedding style and grain size may reflect increasing intensity and size of explosive

eruptions followed by waning of the basaltic volcanism that produced the scoriaceous

clasts. The fact that the basalt clasts are well rounded, well sorted and contain a

significant mixture of finer grained extrabasinah terrigenous debris (e.g., quartz, K-

feldspar, mica >65%: sample 2577, Table 5) indicates that the pyroclastic material was
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reworked and subsequently mixed with other continental sources. The large (lapilli)

size of these clasts suggests proximity to the volcano; however, the glassy and highly

vesiculated nature of these clasts is representative of steam blasting during phreato-

magmatic eruptions (Fisher and Schmincke, 1982). Figure 68b shows an unusual

configuration of an "accidental" clast of piotaxitic basalt attached to a scoriaceous

fragment, possibly the result of welding together when the clasts were coming out of the

volcano and hit groundwater (Fisher and Schmincke, 1982).

This volcanic center may have been a local oceanic island of Grays River or

Tillamook Volcanics. These "islands" have been shown to have partly controlled the

topography upon which the Cowlitz was deposited (see Depositional Environment).

However, the Tilamook Volcanic island(s) is interpreted to have been mostly

submerged and inactive at this time, as indicated by regional mapping and this study

which show the Tillamook Volcanics to represent economic basement in northwest

Oregon. Field relations show that deep-marine Hamlet formation overlies the Tillamook

Volcanics in the thesis area and south in the Tillamook Highlands (Rarey, 1986). In

addition, field and petrographic data from this study and Fair (1989) show no evidence

of phreato-magmatic eruptions in the Tillamook pile, although Rarey (1986) and

Olbinski (1983) interpreted rare spatter cones of Tillamook Volcanics in Clatsop

County.

However, Grays River Volcanics have been mapped in nearby southwest

Washington as interfingering with the type Cowlitz Formation (Wells, 1981). These

volcanics and younger late Eocene volcanics near the town of Goble, Oregon on 1-5 are

within 5 to 10 km of Mist. Volcanics in Champlin's Puckett well several kilometers to

the north of Mist near the Columbia River have recently been shown to have Grays

River affinities (Phillips to Niem, 1989; pers. comm.). In addition, Goble Volcanics in

the northeast Oregon Coast Range have been mapped as interfingering with the Cowlitz
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Formation (Wilkinson et al., 1946). Both scoriaceous and pumiceous clasts can be

ejected for some distances by air and also have been known to float long distances until

they become waterlogged and sink (Fisher and Schmincke, 1982). Subsurface

correlation studies show that the blue-green zone thins rapidly southward from the north

part of the Mist field (Meyer, 1988; pers. comm.), suggesting a local or a northern

source such as the Goble or Grays River volcarncs. Therefore, these volcanic units

represent possible sources for the sconaceous clasts of the blue-green zone.

Another "mini" blue-green zone is present in cores OM 41A-10 (Figure 53) and

OM 12C-3 (Farr, 1989) near the top (Lithofacies P). This 10 cm thick zone contains

lithologically similar basaltic debris as the blue-green zone; however, in this interval the

volcanics are in clast support and calcite cemented.

Rare volcanic and metamorphic rock fragments and plagioclase grains have been

squashed and chemically altered to form pseudomatrix in the C & W (Tables 4 through

6). Primary depositional matrix in the form of detrital clay and silt sized quartz and

feldspar fragments are minor and constitute less then 5% of total grain composition.

Glauconite is present in trace quantities in some C & W sandstones. Glauconite

grains appear to be more abundant in surface exposures than in core (Table 4),

especially toward the top of the section adjacent to the Keasey unconformity.

Authigenic 'glaucomte in C & W sandstones is recognized by green color in both plane

and polarized light, and typical "granular" texture. Although glauconite does not form a

significant component of C & W sandstones, it is significant in that it indicates shallow-

marine slightly reducing conditions during deposition. Glauconite near the top of the

Cowlitz in outcrop probably reflects slow sedimentation rates as a precursor to

development of the Keasey unconformity.



280

Organic matter is present in minor quantities in most C & W sandstones, ranging

from 0-6% (Tables 4 through 6). It usually occurs as carbonized deformed plant debris

parallel with bedding but also occurs as disseminated opaque blebs of organic matter.

Unidentifiable grains in surface thin sections of C & W account for

approximately 4% (0-10% range) of total sandstone composition. These are largely

illite, zeolite, or phyllosilicate alterations which are lacking in visible original textures

and may represent weathered volcanic grains.

Cements are present in C & W sandstones in minor quantities, and include

quartz and feldspar (sodic and potassic) overgrowths, calcite, siderite, pyrite, and clay

minerals (Tables 4 through 6). Feldspar cement is the most ubiquitous. These cements

are discussed in greater detail in the section: Diagenesis.

Compositional maturity

The concept of compositional maturity was introduced by Folk (1954) to

provide an indication of the degree of destruction of chemically unstable mineral or rock

constituents in a sediment. The general premise is that in a coarse clastic sequence there

is a compositional continuity through an increase in mineralogical purity (e.g.,

increasing quartz content) of the sediment.

The mineralogy of the C & W sandstone consists predominantly of quartz,

feldspar, and micas, with some accessory heavy minerals, rock fragments and chert.

Therefore these sandstones are classified as compositionally mature (Folk, 1954)

because the component minerals are moderately to highly resistant to abrasion and

chemical weathering. Most of the less stable minerals have been weathered Out and

transformed into clays, which have been removed by solution. Because quartz and clay

are the chief products of chemical weathering, the Eocene climate in the C & W source
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region must have been conducive to both chemical and mechanical weathering, resulting

in the C & W composition of quartz, feldspar and mica, with a few lithic components.

In contrast, the lithic contribution (particularly the VRF) may have been the product of

mechanical weathering from a proximal high relief area with steep stream gradients.

However, the type of provenance also strongly reflects the final mineral composition of

the sandstone.

Textural maturity

Folk (1951) conceived of the concept of textural maturity; a classification

scheme based on the textural characteristics of sediments. Textural maturity reflects

how much kinetic energy and time is expended on a sediment to winnow matrix and

change the sorting and rounding characteristics. This in turn reflects depositional

environment and the transport mechanism that operated on the sediment in the

depositional environment. C & W sandstones contain very little detrital clay matrix

(<5%), and the grains are well sorted but not well rounded. These characteristics define

a texturally mature rock. Mature textures are generally produced in a moderately high

energy environment with rapid deposition (Pettijohn, Potter, and Siever, 1973). This is

consistent with the interpreted depositional environment of a wave-dominated delta. In

delta front environments on a high energy coastline, wave action and marine currents act

to winnow clays and sort the sands; however, deltaic sediments are often deposited

rapidly during storm-related flood events. Abundant contorted or slump bedding in the

C & W attests to high rates of deposition (see Depositional Environment). Therefore,

the total input of modifying kinetic energy and time spent on C & W sandstones was

moderate to high.



Clay Mineral Identification

Although clays comprise only a minor fraction of C & W sandstones, they are

significant because they provide important clues to diagenesis. This section discusses

the identification of X-Ray diffraction analyses of the clay sized fraction (<2 microns)

of 7 Cowlitz Formation samples; five from C & W sandstones from core OM 41A- 10

(Plate IV), one from the upper Cowlitz mudstone from core 1W 33C-3, and one outcrop

sandstone sample (732) for comparison with the subsurface. The interpreted results of

these analyses are presented in Table 8, and diffractograms have also been presented for

3 of the samples analyzed. The X-Ray diffraction procedures followed have been

discussed in: Clay Mineralogy; Sweet Home Creek member ofHamlet formation.

Because each clay mineral group is characterized by a particular type of layer

structure and interlayer material, the basal (OOL) reflections are characteristic of the

minerals present in a clay sample (Brindley and Brown, 1980).

Chlorite is the most abundant clay mineral in the C & W, identified in all 7

samples analyzed. However, it is most abundant in C & W core samples and occurs as

traces in outcrop sandstones and in upper Cowlitz mudstone. Perhaps chlorite is altered

by surface weathering into smectite or mixed layer clay in outcrop (Table 8). The blue-

green zone in particular is dominated by chlorite, which comprises approximately 11%

of the sandstone composition (sample 2577; Table 5). The chemistry of the chlorite

group is complex and there is much ionic substitution (Eslinger and Pevear, 1988).

Chiorites are characterized as having a 2:1 layer with the interlayer space filled with a

positively-charged hydroxide sheet. This sheet pries the 2:1 layer apart resulting in a -

14A° 001 spacing which is stable at high temperatures. Chlorites characteristically have

four observable basal reflections (1st through 4th order) located near 14.2A°, 7.1A°,
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Table 8. X-ray diffraction clay mineralogy - Cowlitz Formation.

LEGEND:

* =1W 33C-3 upper Cowlitz mudstone
732 = Cowlitz Fm. outcrop sample
All others are C & W sandstones from core OM 41A-10

Depih(ft):
Sample #

2439 2610 2577 2644
XRD 6544 XRD 6574 XRD 6543 XRD 6561 XRD6573

2700 *2460
XRD6542 XRD6545

732

SMECTITE

ILLITE-SMECTITE

CHLORITE-SMECFITE

ILLITE

KAOLINITE

CHLORITE

OTHERS

-

X

X

X

X

-.

-

X

-

-

-

X

-

CLAYS

-

-

-
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-

X

-

-

X

-

X

-

X

-

-

X

-

X

-

X

-

X
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-

Tr

-

Tr

-

Tr

-

-

X

-

Tr
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4.75A°, and 3.53A° (Figure 69). The relative intensities of these peaks vary with

heavy element content (Fe primarily). In particular, the intensity of the (002) chlorite

peak is greater for Mg-rich chlorite than Fe-rich chlorite. The blue-green zone has a very

prominent peak at 7.2A°, suggesting that this chlorite is Mg-rich. This is consistent with

the major element composition of this chlorite determined by electron probe analysis,

which indicates approximately 10% Mg:

Chlorite reacts to heat treatment at about 550° C, resulting in a structural rearrangement

which causes an intensification of the 14A° peak, and a decrease of the high order basal

reflections (Figure 69).

illite was found to be the next most widespread clay mineral, identified in 6 out

of 7 samples analyzed (Table 8). illites are "non expansible" clays, typified by

negatively charged 2:1 layers held together by a strong ionic bond to large interlayer

cations (Brindley and Brown, 1980). Because of the interlayer cations, illite is

characterized by having a basal spacing near bA0, with higher orders near 5A° and

3.33A° (Figure 69). Discrete ihite can sometimes be confused with illite-rich mixed-

layered illite/smectite due to peak interference (Brindley and Brown, 1980). However,

treatment with ethylene glycol and heating help discriminate between these clays.

Upon heating to 550° C, the stable illite minerals and associated peaks will

Compound Concentration

Na20 0.135
MgO 10.120
Al203 15.340
Si02 22.936
K20 0.149
CaO 0.529
Ti02 0.175
MnO 0.310
FeO 21.370



Figure 69. XRD pattern of clay sized fraction from "blue-green zone" (2577 feet; OM
41A-1O). Note strong peak at 14A° which increases in intensity upon
heating, diagnostic of authigenic chlorite.
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intensify (Figures 69, 70 and 71), whereas mixed-layers clays will shift and react with

ethylene glycol treatment (discussed subsequently).

Kaolinite group minerals are part of the 1:1 group of clays, because the

individual sheets can be assembled to form a 1:1 layer (Eslinger and Peaver, 1988).

Members of this group have no layer charge and their 001 layer thickness is about 7A°.

There is very little ionic substituion in the kaolins. Kaolinite gives basal reflections at

7.2A° and 3.57A° (Figure 70). Although 7A° chlorite and kaolinite have similar basal

reflections, kaolimte can sometimes be distinguished in the presence of chlorite by

resolving the 3.53A° chlorite and 3.57A° kaolinite peaks (Figure 70). In addition, due

to its tendency to dehydroxylate, the diagnostic 7A° kaolinite peak disappears

completely upon heating to 5500 C. Both of these characteristics are observed in the

diffraction proffle of sample 2439 (Figure 70). Note the dual peaks at around 3.5 A°;

the 3.53A° chlorite peak and the 3.57 kaolinite peak, as well as the collapse of the 7A°

and 3.57A° peaks upon heating. Kaolinite was tentatively identified in only one XRD

sample from the C & W sandstone (Table 8); however, this identification is

corroborated by characteristic "wormy" kaolimte habit identified in pore space in thin

section in an adjacent zone (see Diagenesis). It should be noted that the most reliable

method for distinguishing kaolinite from chlorite is intercalation with DMSO. This

expands the kaolinite lattice to 1 1A°, while chlorite and serpentine remain at 7A°

(Eslinger and Pevear, 1988).

Smectite was found to be the primary clay component of the upper Cowlitz

mudstone (Table 8). The smectites are probably the most diverse of the 2:1 clay mineral

groups, and are the only group which is entirely confined to the fine-grained fraction

(Eslinger and Pevear, 1988). Vermiculite and smectite are complicated minerals in that

their reaction to the various pretreatments is not as simple as with the other clay

minerals. In reality, the smectite and vermiculite groups grade into each other with



Figure 70. XRD pattern of C & W sandstone from 2439 feet in OM 41A-10. This
complex diffractogram shows peaks for mixed-layer clays, chlorite, illite,
and kaolinite (?), as well as quartz and plagioclase. High peak at 29A° may
be result of instrumental artifact.
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Figure 71. XRD pattern of C & W sandstone from 2644 feet in OM 41A-1O, showing
complex diffraction peaks characteristic of multiple mixed-layer minerals. 00
Note large illite peak at 1OA° as well as the superlatnce peak at 26A°, 00

indicative of ordered illite/smectite.
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respect to layer charge and might be considered as forming part of a single series

(Eslinger and Peaver, 1988). One way to distinguish between chlorite, smectite, and

vermiculite is to use a solvation test. Generally, solvation with ethylene glycol causes

vermiculate to have a basal peak at 14.2A°, whereas smectite will have a peak closer to

17A°. In addition, heating collapses 17A° smectite to bA0. Vermiculite that is

saturated with most other ions, including Mg2+ may rehydrate after heating to

tempeatures above 550° C, where montmorillinite generally will not rehydrate. On the

basis of these discriminate characteristics, smectite rather than vermiculite is the

preferred interpretation for the clay in the upper Cowlitz mudstone sample.

Mixed-layers clays comprise an important component of clay minerals in C & W

sandstones (Table 8). These clays have been the focus of much recent work (i.e.,

Hower, 1981; Brindley and Brown, 1980; Reynolds, 1980), whose relatively new

concepts are reshaping the manner of visualizing these complex phyllosilicates (Hower,

1981). Because they are very important clay minerals from the standpoint of

diagenesis, their identification is discussed in some detail here.

Mixed layer (ML) clay minerals are phyllosiicates in which two or more layer-

types (i.e., mica, smectite, chlorite) are intermixed in a vertical stacking sequence within

a single crystal (Hower, 1981). Mixed-layering results from the fact that bonding is

strong within individual layers, but weak between layers. Although there are four basic

ways of stacking the component layers, the two most common types in nature are: 1)

regular interstratification of two components (R=1), and 2) random mixed-layering

(R=O). Random mixed-layering can be thought of as a shuffled deck of red and black

cards in which the XRD peaks are characteristic of neither of the component phases

(Hower, 1981). For illite/smectites there has been observed a dependence of the type of

ordering on the % of the component layers (Hower, 1981). Specifically, those with 0-
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60% jute tend to be randomly mixed-layered, while those with 60-85% illite layers tend

to have the ordered or R=l structure.

In the C & W sandstone, the most important mixed-layer clay mineral is

illite/smectite (uS), although chiorite/smectite is interpreted to be present in very minor

quantities (sample 2439 feet; Table 8, and Farr, 1989). The interpretation of diffraction

profiles of illite/smectite involves a recognition of the manner of interlayering followed

by a determination of one or more other characteristics of the proffle, such as positions

of the combined reflections or a measurement of their relative intensities to determine the

proportion of illite and smectite layers (Reynolds, 1980).

Two XRD patterns are presented (Figures 70 and 71) and interpretations of

mixed-layer clays and discrete clay phases are discussed. Figure 71 (2644 feet)

contains R=l iffite/smectite, chlorite and discrete lute. The mixed-layer interpretation is

based on the following diffraction characteristics. First, the presence of a superlattice

peak in the 25-30A° region (i.e., 26.33A°) is considered to be a sure indicator of

ordered interlayering (Eslinger and Pevear, 1988). This peak can be considered to be

the superlattice peak resulting from the 1OA° illite + 17A° glycol smectite "laye?'.

Furthermore, the peak at 12.5A° is also characteristic of R=l ordering in illite/smectites,

and corresponds to a "combination" of the 002 of the superlalice 27A° - phase and the

001 of the illite bA0 - phase (Eslinger and Pevear, 1988). This peak migrates toward

the 1OA° iffite 001 with increasing proportions of illite, and therefore can be designated

as 1/S 002/001 (Figure 71).

The diffraction pattern for 2439 feet (Figure 70) is slightly more enigmatic;

however, it too is interpreted to contain illite/smectite (random, R=0). Note the

presence of the peak at 17A° , which could easily be mistaken for discrete smectite.

However, the broad character of the peak at 17A° is typical of glycol illite/smectites with

random intersiratification, and results from the interference of diffraction from two
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randomly or partially randomly interstratified unit cells (Eslinger and Peaver, 1988).

The peak at 9.27A° is the "001/002" combination of the illite 1OA° and the smectite 002.

As the amount of smectite increases, this peak will migrate toward the position of the

8.5A° smectite 002 (Hower, 1981). Brindley and Brown (1980) have provided a large

number of calculated patterns for various types of ML clays and suggest that the peak

near 5A° (present on both ML samples; Figures 70 and 71) is particularly diagnostic for

I/s.

Also note the presence of discrete kaolimte in Figure 70(2439 feet), and the

hump towards 15A° on the side of the 14.2A° chlorite peak, which may indicate a

minor corrensite (ordered mixed-layer chiorite-smectite) phase (Glasmann, 1989; writ.

comm.). However, the intense peak at 3 degrees 2-theta (29A°) diagnostic of a

superlattice peak for corrensite (Hower, 1981) is questionable. This peak is so intense

that it should produce good higher order peaks for corrensite (i.e., 15.5, 7.78, 5.18,

and 3.45A°) yet none are apparent. It is possible that this is an instrumental artifact

commonly associated with the use of compensating slits in the low angle region

(Glasmann, 1989; writ. comm.). If corrensite is present, it constitutes only a minor

phase.



DIAGENESIS

Clay Mineral Occurrences in C & W Sandstone

On the basis of thin-section/scanning electron microscope, and XRD studies of

thousands of sandstones representing many ages, compositions and depositional

environments, Wilson and Pittman (1977) discovered that authigenic clays in

sandstones are far more common than previously recognized. Although clays in the C

& W sandstones consist of both allogenic (deirital) and authigenic varieities, the most

important clays in the C & w in terms of diagenesis and effects on reservoir quality are

diagenetic (formed or regenerated in situ).

Allogenic clays formed prior to deposition do occur in the C & W sandstone,

and have been discussed in the C & W lithology section. These include clay flasers and

mudstone "rip-up" clasts, composed of soft clay minerals which deform during burial to

form pseudomatrix (Figure 72a). Through reworking of sediments by organisms and

bioturbation, detrital clays may also line burrows (Figure 68a) or be irregularly

dispersed in the matrix. Biogenic clay or mud pellets (glauconite) are occasionally

found in C & W sandstones (Tables 4 through 6). Glauconite pellets generally are high

iron micas but may have small amounts of mixed-layer smectite (Eslinger and Pevear,

1988).

However, all the major varieties of clay minerals are known to form

authigenically in sandstones either as a direct precipitate from formation waters

(neoformation) or through reactions between detrital grains and the contained waters

(regeneration) (Eslinger and Pevear, 1988). Authigenic clays control petrophysical

properties relating to reservoir quality, particularly permeability and water saturation.

For example, Table 3 shows shifts in trend of the porosity-permeability relationship for
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Figure 72. a) Modes of occurrence of allogenic (dethtal) clay in sandstones. All occur
in Eocene C & W sandstones except floccules. b) Modes of occurrence of
authigenic clay in sandstones. In the C & W sandstone, pore lining clays
and pseudomorphous replacement are the most common. From Wilson and
Piuman (1977).
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the C & W sandstone in the blue-green zone which can be related to variations in

abundance of authigenic clay (Table 5; 2577 feet).

Wilson and Pittman (1977) discuss several criteria for distinguishing authigenic

clays from allogenic clays, many of which are observed in the C & W sandstone.

Authigenic clays are typically pure end members, in contrast with allogenic clays which

are generally impure due to degradation during erosion and transport. Authigenic clays

commonly exhibit crystalline habits. This is particularly true for chlorite and kaolinite,

but may also be true for illite and some forms of smectite. The general premice is that

the delicacy of the clay flakes precludes extended transport. The high degree of

crystallinity in authigenic clays typically produce sharp X-ray diffraction peaks (e.g.,

Figure 69), with the exception of mixed-layers clays. Sandstones containing authigenic

clay commonly exhibit a distinct break in their grain size distribution, and the sand mode

is generally well sorted. The silt component may be absent or present only in very small

amounts (Figure 62).

Wilson and Pitiman (1977) outline 4 primary modes of occurrence of authigenic

clay in sandstones (Figure 72b): 1) Pore linings, formed by clay coats precipitated from

pore fluids on the surfaces of framework grains except at points of grain-to-grain

contact. Clay rim cements typically exhibit either parallel or perpendicular alignment to

the detrital framework grain upon close examination. Pore lining clays may be

surrounded during a subsequent diagenetic stage by overgrowth cements. 2) Pore

filling clays which clog interstitial pore space and exhibit no apparent alignment relative

to the detrital grain surfaces. 3) Replacement clays are those that partially or completely

replace detrital grains or mill dissolution voids. 4) Rarely, clays may form as fracture

and vug fillings which transect a series of detrital grains (Figure 72b).

In the C & W sandstone, thin clay rim cements of chlorite and mixed-layer clays

can been observed predominantly on the surface of larger detrital grains. However,
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minor clay is also present within detrital grains, particularly in feldspars and volcanic

rock fragments as an alteration product. In this case, it is assumed that such relatively

unstable grains are coated and partically dissolved during a single diagenetic stage.

Many feldspars have clays present along fractures or cleavage surfaces (Figure 66).

The fact that calcite-cemented intervals are nearly devoid of clays is another indication

that these clays are authigenic.

However, clay coats in C & W sandstones are typically veiy thin, poorly

developed, and in general, pore linings do not completely coat every grain. Because of

their thin nature, the radial or crystalline habit of these clays cannot be observed in thin

section (see Figure 68), although SEM analysis reveals their delicate morphology

(Figure 73). Authigenic clays in the C & W unit rarely occur as pore fill. However,

one thin section (2416 feet) displays the characteristic vemiicular habit of kaolinite

filling intergranular pore space (Figure 74). Kaolinite has commonly been associated

with replacement of plagiolcase and K-feldspar. Although this relationship cannot be

observed in this thin section, the Si and Al canons necessarily for kaolinite precipitation

were probably derived indirectly from dissolved feldspars.

Some grains such as ductile phyllite grains and micas have squashed and altered

during compaction and resemble pore-filling clay. This pseudomatrix can sometimes be

distinguished on the basis that pseudomatrix consists of a variety of textures and matrix

types. More often, these pores appear to contain a complex assemblage of altered silt

size quartz grains and clay minerals in which the distinction between detrital,

replacement, and pure pore-filling clay types is uncertain.

In the C & W sandstone, many grains which look like mica schists or micaceous

shale fragments may in fact be illitized feldspar grains. Some feldspar grains appear to

have undergone partial alteration to high birefringence clays interpreted to be authigenic

jute. In particular, some plagioclase grains, recognizable only by remnants of feldspar
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Figure 73. SEM photograph of chlorite showing honeycomb morphology coating
grains and lining pores in blue-green zone (OM 41A-lO; 2577 feet).
Chlorite in the blue-green zone is a diagenetic feature associated with
alteration of unstable scoriaceous basalt clasts. Permeability is greatly
reduced in this volcanogenic interval due to authigenic chlorite narrowing
pore throats.
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Figure 74. Photomicrograph of core sample 2416 in OM 41A-1O showing vermicular
kaolinite (K) as a pore fill. Authigenic kaolinite in the C & W is uncommon
but has been confirmed by X-ray diffraction and probably resulted from
dissolution and alteration of plagioclase and K-feldspar. Also note altered
biotite in this sample.
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ciystals and rectangular outlines in pore spaces, appear to be completely altered to illite

and other clay minerals while potassium feldspars and quartz are less affected. This is

reflected in the points counts which invariably show less plagioclase than K-feldspar

and a high abundance of metamorphic grains (Tables 4 through 6), and in the clay

mineralogy (Table 8) which show either fflite and/or mixed-layer illite/smectite in all the

samples. As a consequence of the plagioclase alteration, some of the illite is interpreted

to be the product of deuteric alteration and/or Eocene weathering of plagioclase in the

source area and is therefore deirital (Wilson and Nttman, 1977). In addition, because

discrete illite generally forms at very high temperatures (Eslinger and Pevear, 1988), at

least some of the illite in the C & W is interpreted to be detrital.

The origin of the mixed-layer I/S is not immediately evident. Mixed-layer clay

minerals are difficult to detect except by X-ray diffraction patterns, because they

constitute only a minor phase as a clay rim cement and appear to take on the

characteristics of the participating minerals. In the C & W sandstone, these clays are not

observed in thin sections and only tentatively in SEM due to their poor crystal habit.

Many biotite grains in C & W sandstones have partially to completely altered to

chlorite, evidenced by pale bleached color and relict pleochroic halos (Figure 67). This

type of clay diagenesis is clear evidence for an origin by regeneration. Biotite is

particularly susceptible to diagenetic alteration and weathering to chlorite and

vermiculite, forming a "clay mica". In outcrop samples, iron-bearing chloritized biotites

have been oxidized by percolating fresh meteoric water and stained an opaque reddish

brown by hematite and goethite.

In the blue-green zone, the precipitation of well crystallized chlorite in pore

linings and vesicles is the result of the reaction between the detrital glassy basaltic scoria

clasts and the contained pore waters; thus the chlorite is a transformed clay. The

authigenic origin of the chlorite is evidenced by the characteristic honeycomb appearance
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in SEM (Figure 73) coating all detrital grains and occluding pore throats. In the blue-

green zone, the presence of authigemc clays can be correlated to the relative abundance

of unstable volcanic grains (Table 5; 2577 feet). Transformation reactions may not

result in a significant change in porosity, but other properties of the rock may change as

a result of the transformation (Eslinger and Pevear, 1988).

In the C & W sandstone, clays are present mostly as thin pore linings and

generally do not fill pore spaces. This results in narrowing of pore throats, while the

large interparticle pore spaces remain relatively open. Therefore, in clay-rich zones

(e.g., blue-green zone) high initial porosities (-20%) are retained, but permeabiities are

significantly reduced (from 1000 millidarcies to 1 - 10 millidarcies) (Figure 75).

Generally, in the genesis of both neomorphic and transformation (regenerative)

authigenic clays, whether the ions came from outside of the system, or from dissolution

of another component within the system may or may not be known.

Compaction

Compaction appears to have accounted for most of the porosity reduction in the C & W

sandstones. Wilson and Duncan (1978) estimated that reorientation of the grains and

closer packing may account for up to 17% porosity reduction in quartzose sandstones.

Point-count and porosity data for numerous sandstones show that effects of compaction

are to generally reduce porosity to 15 to 25% (Bjorlykke, 1988). Sandstones which are

initially well-sorted but have low mechanical grain strength deform under moderate

overburden with ductile primary grains such as micas and mudstone fragments

sometimes being compressed to effectively become part of the matrix. In a well-sorted

sandstone, the effective stress (total overburden pressure minus the pore pressure) is

transmitted to the grain contacts, which initially are very small areas.
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The greater the component of ductile lithic fragments in a rock, the greater will

be the amount of porosity loss due to compaction. However, because ductile grains

constitute only a minor component of C & W sandstones (<10%; Tables 4 through 6),

their deformation does not significantly reduce porosity. In the C & W, compaction is

evidenced by deformation of ductilly deformed micas, (Figures 66 and 67), ductile rock

fragments (i.e., micaceous phyllites, mudstone clasts, carbonaceous plant matter) and

some glauconite grains. Biotites axe generally slightly bent to squashed around brittle

subangular quartz and feldspar grains. Micas that are severely deformed typically show

frayed ends expanding into pore space, clogging pore throats thereby reducing

permeability (Figure 67).

Some fractured micas, quartz and feldspars also attest to compaction effects.

The deformed and fractured grains are evidence for both reorientation of the grains and

closer packing due to overburden pressure. Sutured and interpenetrant grain boundaries

resulting from deep burial and pressure solution are rare, although some grain

dissolution effects such as sutured quartz and feldspar grains can be observed.

Compaction effects began early and probably were a factor throughout the burial history

of the C & W sandstone.

Authigenic Minerals

Pyrite

Authigenic pyrite occurs in minor amounts in sandstones throughout the C & W

cores, most commonly as cubes in very carbonaceous zones or lignite, but also as small

framboids throughout the cores in disseminated organic blebs (Davies, 1987). Pyrite

cubes are especially abundant in the coal in well OM 41A-10 at 2628 feet (Figure 50).
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Pyrite is interpreted to have formed during deposition of the sediment, or at very

shallow depths of burial. In outcrop samples, almost all pyrite has altered to hematite as

a result of surficial weathering.

Home and others (1978) compiled data which indicate that Carboniferous coals

in the Appalachian region contain greater quantities of pyrite where they are overlain by

marine to brackish water deposits than where the coals are overlain by freshwater

deposits. According to chemical reactions suggested by Berner (1980), in a brackish to

marine setting with sufficient organic matter, reducing conditions should result in the

formation of diagenetic pyrite. As biogenic methane or organic carbon (CH2O) is

oxidized by bacteria, HCO3-, or carbonate alkalinity is produced. This shifts the

equilibria of most fluid-rock systems into the carbonate stability field and precipitates

carbonate cements and pyrite. Therefore, the presence of abundant pyrite can indicate a

marine or brackish water influence (e.g., estuary) during deposition of the host rock

(e.g., pyrite in coal). This is consistent with the interpreted brackish water environment

postulated for the coal in OM 41A-l0, and the marine transgressive facies directly

overlying it (Figure 50 and Plate IV).

Calcite Cement

Calcite occurs as a cement in both core and outcrop of C & W sandstones, as

small concretions up to 20 cm in diameter, and as thin well-cemented resistant sandstone

beds locally comprising up to 34% of some thin sections (Table 4). In concretionary

sandstones, dirty micritic calcite completely fills all interparticle pore space. In these

zones, early calcite cement provided a rigid self supporting framework and reduced the

permeability such that pore waters were further prohibited from moving through the

sandtone. Calcite cement is interpreted to have crystallized relatively early, before
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compaction, since the micas in these sandstones are relatively undeformed. Calcite also

formed before the formation of authigenic feldspar overgrowths. Calcite cemented

zones are relatively free of authigenic clay grain coats. However, biotite grains in calcite

cemented zones are altered to iron oxides, indicating that some grain alteration preceeded

calcite formation. Some calcite is seen to replace and embay plagioclase grain margins

in the uncalcite-cemented sandstones. Additionally, pyrite crystals floating in calcite

cement may indicate that calcite cementation postdated pyrite formation and replaced the

surrounding grains.

Most micritic calcite in the C & W is associated with organic matter and pyrite,

and has a "dirty" appearance. The dirty appearance may be due to incorporation of

insoluble organic matter and clay minerals into the calcite cement. The fact that the

calcite has not penetrated secondary porosity development of leached plagioclase grains

suggests that the calcite came before dissolution.

Sparry calcite also commonly fills in space between mica platelets, particularly in

biotites (Figure 67). Cathodeluminescence from micaceous zones indicate that

carbonate minerals are considerably more abundant than previously interpreted, as

nearly all micas from sample 2416 feet (OM 41A-l0) contained red luminscent

carbonates in the interstitial space between folia. Some of this carbonate cement

between biotite probably consists of siderite (Davies, 1987), as the biotite may have

provided the Fe cations for siderite formation. Microprobe analysis of a calcite patch in

the blue-green zone (2577 feet; OM 41A-lO) indicates that the calcite is composed of

approximately 2% Mn.

Many authors have speculated that dissolution of a fully calcite cemented

sandstone during advanced deeper burial stages of diagenesis has resulted in

development of extensive secondary porosity (i.e., Schmidt and McDonald, 1979;

Burley, 1986). Farr (1989) provides compelling evidence such as corroded and
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partially dissolved silicate grains, oversized pores, and patchy carbonate cement to

suggest that the C & W sandstone experienced similar dissolution of an early pervasive

calcite cement.

However, Bjorlykke (1988) points out that it is very difficult to estimate the

amount of leaching of initial carbonate cement. Fully cemented sandstones are not very

permeable to porewater which can dissolve carbonate cement, and usually, sandstones

with high primary porosity such as in the C & W unit exhibit most evidence of leaching.

According to Bjorlykke (1988), even small patches of carbonate cement may buffer the

porewater with respect to carbonate, thus causing corrosion of silicate grains. Complete

cementation of all the C & W sandstone by calcite would require a source for calcium

carbonate not identified in the C & W depositional environment. In addition, the

presence of leached spherical calcareous concretions in outcrop are testimony to early

calcite cement that has not dissolved but was local in origin. In summary, it appears that

calcite in core and outcrop is a local precipitate that may be associated with abundant

carbonaceous matter and pyrite in a shallow burial reducing environment beneath the

ocean.

Ouartz and Feldspar Overgrowths

The most abundant authigenic mineral in the C & W sandstone is potassium (K)

feldspar. These are usually pure potassium end members (Kastner and Siever, 1979)

readily apparent on SEM photographs and identified using the energy dispersive X-ray

(EDX) attachment. Authigenic feldspar overgrowths occur on detrital grains of K-

feldspar and plagioclase feldspar and postdated formation of clay rim cements (Figure

76). In thin section, these overgrowths generally show a different optical orientation

between the detrital cores and the rims (Figure 77), presumably due to slightly different
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Figure 76. SEM photograph of authigenic K-feldspar overgrowths on a detrital grain in
C & W sandstone (core sample 2528; OM 41A-lO). Overgrowths appear to
post-date clay rim cements and probably formed during moderate to deep
burial (1000 m). Note skeletal remain of dissolved plagioclase in upper
right.
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Figure 77. Photomicrograph of microcline (K-feldspar) from 2528 feet (OM 41A-l0)
completely surrounded by authigenic K-feldspar overgrowth, showing
slightly different optical orientation between altered detrital grain and clear
overgrowth. Also note insoluble debris of feldspar (?) resulting in
secondary porosity (P).



307

chemical compositions and/or structural state (Kastner and Siever, 1979). Most

overgrowths are in the form of small euhedral projections on the detrital host (Figure

78); however, in places the overgrowth rims are seen to completely enclose the detrital

grain (Figure 77), and/or occlude pore space (Figure 79). Some monoclinic authigenic

K-feldspars have been observed to occur as newly formed crystals with no apparent

preexisting core. In the C & W sandstone, authigenic feldspars rarely constitute more

than 1-2% of the total rock volume (Tables 4 through 6), therefore their effect on

porosity and permeability is negligible.

The third occurrence of authigemc K-feldspars is as rare pseudomorphs of

plagioclase feldspar microlites in the basaltic glassy groundmass of scoria fragments in

the blue-green zone (OM 41A- l0, 2577 feet). Replacement of plagioclase microlites by

K-feldspar has also been observed in several volcanogenic sandstones (e.g., Gretchin et

al., 1981; Schoen and White, 1965) generally as a low temperature, early diagenetic

phase.

Some altered feldspar grains have been replaced by clear K-feldspar.

Dissolution and replacement of plagioclase grains by both albite (albitization) and K-

feldspar has also been documented for arkosic sandstones of the Oligocene deltaic Frio

Formation, south Texas (Milliken, 1989). In the C & W member, partial K-feldspar

replacement of plagioclase has been documented by electron backscatter imagery (Figure

80). This consists of irregular patchy clear areas of replacement K-feldspar within

vacuolized albite. In the Frio Formation, vacuolized albite has been documented at

depths as shallow as 1,000 m, so it is not unreasonable that some of the plagioclase in

the C & W (Mist subsurface) has undergone dissolution and replacement. In this case

the occurrence of authigenic K-feldspar can be considered to form as an intragranular

cement within grains.



308

PR 605 0 INT
(=2!.?S I-i=:I. oIcI:'J :i. : c: :1. :1. C

0 0 0 I'c xr: :L0

Figure 78. A. SEM photograph of K-feldspar overgrowths from 2700 feet (OM 41A-
10) coating surface of detrital grain. B. Corresponding EDS pattern
showing diagnostic Al, Si, and K peaks characteristic of potassium
feldspar.
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Figure 79. K-feldspar and plagioclase overgrowths from 2546 feet (OM 41A-10)
intruding and occluding pore space. Such overgrowths in C & W
sandstones from core are readily apparent on SEM with energy dispersive
analyzer, but do not significantly reduce porosity and permeability.



Electron microprobe backscatter image of vacuolized albite (core sample
2416; OM 41A- 10) which has undergone dissolution and has been partially
replaced by clear K-feldspar (K-feldspar showing as irregular white patches
due to higher atomic number of potassium and greater reflectance than
sodium). This type of diagenesis is interpreted to result from moderately

Figure 80.

deep burial (1000 m).

310
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Authigenic albite occurs in the C & W sandstone much less frequently than K-

feldspar. Most commonly, secondary albite is present as small tricinic overgrowths on

detrital plagioclase grains. Kastner and Siever (1979) determined that all authigenic

plagioclase in clastic rocks is a very pure Na-form of albite, distinct from the wider

compositional range of detrital plagioclase (see Table 7).

Although authigemc feldspars are not quantitatively important as major cements

in C & W sandstones, they are significant because they provide information pertaining

to diagentic processes and composition of formation waters. Several different low-

temperature geochemical models have been proposed for authigenic feldspar formation

(Kastner and Siever, 1979). Most models depend on abundant supply of dissolved

silica, either from biogemc sources or from hydrolysis of volcanic glass, and the supply

of alkalic cations (Na, K), either from seawater or from detrital and diagenetic

aluminosilicates. Evidently, authigenisis of feldspars results from either homogeneous

precipitation from interstitial or formation waters (reservoir exchange) or from the

interaction of those waters and detrital and/or diagenetic aluminosilicates (isochemical

change). Current petrographic evidence favors a model of isochemical change, although

some feldspar occurrences must be analyzed in terms of exchange reservoir models

(Bjorlykke, 1988). It is possible that some of the source for the necessary ions in the C

& W authigenic feldspars are biotite or muscovite flakes which were subjected to

intensive leaching yielding Si, Al, K, Mg and Fe (isochemical change) by the equation:

KAl2(A1Si3)O1O(OH)2 + 2K + (H4SiO4) >> 3KA1Si3O8 + 2H20 + 2H.
(Muscovite) (K-feldspar)

Quartz occurs in the C & W as rare overgrowths on detrital quartz and feldspar

grains. Although quartz overgrowths are present in very minor amounts throughout the

core section, in some zones they are relatively abundant and constitute nearly 1% of the

total sandstone composition (i.e., 2416 feet; OM 41A-1O). Farr (1989) documented a
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moderately well quartz-cemented sandstone in core OM 12C-3. In this zone, Farr found

that the authigemc quartz is separated from the detrital hosts by "dust" rims of previous

clay rim cements. However, in OM 41A-10, some quartz overgrowths can be

differentiated from the detrital grain soley on the basis of euhedral rhombohedral and

prismatic crystal faces (Figure 66). Electron microprobe analysis (backscatter image

and corresponding digital aluminum element map) was used to identify a quartz

overgrowth on a perthite at 2416 feet in OM 41A-lO (Figure 81). The perthite was

recognized by spindle shaped exsolution lamellae of sodic and potassic feldspar,

whereas the corresponding digital element map showed no aluminum in the authigenic

overgrowth. Therefore, this is interpreted to represent a quartz overgrowth, consistent

with thin section analysis and the backscatter image (Figure 81) which show other

quartz overgrowths in this section of the core.

The sources of silica in silica-cemented sandstones has been widely debated

(Byjorlykke, 1988). Berner (1980) showed that very large volumes of porewater are

needed to cement sands from external sources, which suggests that adjacent shales and

mudstones cannot be important sources for silica cement in thicker sandstones.

Therefore, internal sources of silica such as would be derived from pressure solution

must be partially responsible for the amount of quartz precipitated in some sandstones.

According to Tillman and Almon (1979), clay coatings have been reported to promote

quartz cementation by providing microenvironments in which the pH is elevated such

that parts of quartz grains might dissolve. Alternative internal sources of silica for

quartz cement are: 1) biogenic - diatoms, radiolaria and sponge spicules; 2) silica

released by kaolinitization and dissolution of feldspar during secondary porosity

development; 3) dissolution of silt- and clay-size quartz which is more soluble than

coarser grained quartz (Byjorlykke, 1988); and 4) dissolution of more soluble

amorphous glass shards and pumice shards (e.g., blue-green zone).
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Figure 81. A) Electron microprobe backscatter image (2416 feet) showing perthite (P)

recognized by spindile shaped exsolution lamellae of K-feldspar and albite

bordered on right by clear overgrowth (0). B. Corresponding digital

element map of aluminum shows that the overgrowth is entirely absent of

aluminum, suggesting that this overgrowth is a quartz (silica) overgrowth.

Another quartz overgrowth (Q) is recognized in backscatter photo by

euhdral outline also lacking aluminum.
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Dissolution of Detrital Grains

Secondary porosity development is important in the C & W sandstone, and is

evidenced in both thin section and SEM by a variety of framework grain dissolution

processes and textures. Schmidt and McDonald (1979) established 8 petrographic

criteria used to identify secondary porosity in sandstones, most of which involve some

type of grain dissolution which can be observed in C & W sandstones. Commonly, the

process of leaching leaves behind an insoluble rind of authigenic mineral or a small

amount of insoluble debris (Figure 77).

In C & W sandstones, leached grains consist of both plagioclase and K-

feldspars; however, plagioclase feldspars appear to have been slighity more susceptible

to dissolution. In particular, calcic plagioclase grains have undergone more extensive

dissolution than albite, which has undergone greater dissolution (and alteration) than K-

feldspar as indicated by thin section analysis (Figure 66). Dissolution and alteration has

generally proceeded parallel to feldspar cleavages. These cleavage planes act as

conduits for feldspar undersaturated pore fluids, resulting in dissolution of grains and

reticulate structure (Figure 82). Feldspar dissolution undoubtedly occurred in situ,

because grains with delicate skeletal remnants could not withstand transport and

subsequent compaction (Helmond and van de Kamp,. 1984).

Some quartz and feldspar grains in the C & W exhibit corroded margins,

associated with oversized and enlarged intergranular pores. Oversized pores and

floating grains are common in the C & W sandstone, and are generally considered as

evidence for a secondary origin of porosity (Schmidt and McDonald, 1979). Remnants

of feldspar grains are commonly present in these large pores, thus the large pores cannot

314
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Figure 82. SEM photograph of resorbed plagioclase feldpsar and secondary porosity
development in core sample 2578; OM 41A- 10. Note that dissolution has
proceeded along cleavage planes which act as conduits for fluids leaving
skeletal remains. Also note overgrowths (0) growing into secondary pore
space but that authigenic clay rim cement has not penetrated dissolved
plagioclase.
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be attributed to dissolution of an early cementation phase. In addition, some pieces of

clay rim cements can be seen in pores spaces.

Generally, feldspar overgrowths are intact whereas the detrital grains are

partially dissolved. In addition, a few feldspar overgrowths are present in the

dissolution voids of partially dissolved feldspars (Figure 82). However, some feldspar

overgrowths are also partially dissolved, suggesting that some of the feldspar

dissolution postdated the main episode of overgrowth formation (Figure 83).

The presence of dissolved feldspars in the subsurface indicates that the bulk of

the dissolution occurs upon moderate burial, rather than as a surface weathering

phenomenon. In addition, pore-lining clays do not extend into secondary pores (Figure

82), suggesting that the dissolution operated after early clay rim cementation but both

before and after late cementation events.

Experimental data on Neogene strata in southern California indicates that most if

not all of the dissolved material resulting from framework grain dissolution is removed

from the vicinity by pore fluid circulation (Siebert et al., 1984). In the C & W evidence

for this is indicated because there is a lack of sufficient volumes of authigenic material

(authigenic clay and feldspar) to account for the relatively high percentage of secondary

porosity (Tables 4 through 6). Therefore, the possibility exists than much authigenic

mineral precipitation in the C & W is due to an earlier diagenetic event, perhaps

framework grain alteration rather than associated with the later dissolution event.

In a study of Cretaceous and Tertiary reservoir sandstones, Siebert et al. (1984)

suggests that partial maturation of organic matter and clays (clay diagenesis) in subjacent

shale layers produces the solvent necessary for dissolving sand grains and for

transporting much of this dissolved material out of the sandstone. The conversion of

smectite to mite lowers the chemical activity of dissolved aluminum in the shale water

and produces additional free water, which is expelled into adjacent sandstones where the
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Figure 83. SEM photograph of C & W core sample 2610 feet (OM 41A-10) showing
secondary feldspar overgrowth on clay coated deirital grain. In this case,
the overgrowth has been partially etched, suggesting that some dissolution
associated with feldspar-undersaturated pore fluids came after formation of
authigenic K-feldspar overgrowths.
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susceptible feldspar grains are dissolved. Further dewatering of the mudstones causes

the solvent with associated dissolved material to be flushed from the sandstone.

Where present, the secondary pore system appears to be well connected to the

well developed, open intergranular pore system of the C & W sandstone (Figures 82

and 83). In addition, complete grain dissolution should increase permeability because

the removal of detrital grains enlarges pore throats, so that fluid no longer has to flow

around some grains. However, the total resistance to fluid flow is still dominated by the

clays and sizes of the remaining primary pore throats, so that the gain in permeability

due to grain dissolution should not be great (Siebert et aL, 1984).

Summary of Porosity Effects and Paraenetic Sequence

The end result of sandstone diagenetic studies as they relate to the petroleum

industry should be an understanding of their effects on porosity/permeability and

reservoir quality. In order to determine the total reduction (or enhancement) of porosity

by diagenesis, it is necessary to estimate the initial porosity before burial. Beard and

Weyl (1973) investigated the relationships among porosity, permeability, and texture of

artificially mixed and packed sand to detemiine the approximate porosity and

permeability values to be expected for unconsolidated sand of different grain sizes and

sorting characteristics. The conclusions of their experimental study were that

permeability of unconsolidated sand decreases as grain size becomes fmer (see Table 3)

and as sorting becomes poorer (Beard and Weyl, 1973). In addition, sands with high

angularity of grains will have a corresponding increase in porosity and permeability.

According to their studies, a well-sorted fine-grained sandstone such as the C &

W should have initial porosity values of approximately 40%. Since most C & W

sandstones have measured porosities between 25 and 35% (average 31%; Table 3), the
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C & W has experienced diagenetic effects amounting to an average reduction in porosity

of approximately 30-45% of the initial porosity. Thus, the net effects of diagenesis has

been to moderately reduce the excellent reservoir characteristics of the C & W

sandstone.

A paragenetic sequence has been attempted for the diagenetic changes in the C &

W sandstone (Figure 84). The first stage consists of local syndepositional (or very

early) precipitation of framboidal pyrite in a reducing environment with carbonaceous

matter and coal in marine or brackish water. Mechanical compaction began immediately

upon burial and was probably a factor during most of the burial history of C & W

sandstones. Compaction effects were primarily early ductile deformation of mica,

carbonaceous plant matter and lithic rock fragments, followed by a later stage consisting

of grain rearrangement and minor fracturing. Due to the greater length of time in the

diagenetic history of the C & W, the interparticle porosity reduction by compaction is

probably slightly greater than that produced by cementation.

Local calcite cemented beds and concretions probably formed as an early

diagenetic phase. Concretionary zones are free of authigenic feldspar and quartz

overgrowths, clay rim cements and compaction effects, but do contain slightly altered

biotites. Calcite precipitated in between the sheets of mica folia was probably also

formed at this time. No evidence of a late-stage calcite cementation event was observed

in the C & W in this study.

Diagenetic pore-lining clays were also precipitated early in the C & W diagenetic

history upon shallow burial. Clay rim cements are generally produced within several

hundred meters of the surface (Helmold and van de Kamp, 1984). Authigenic clays in

the sandstones did not significantly reduce interparticle porosity and permeability except

in volcanogenic horizons, and include chlorite, illite, mixed-layer illite/smectite, and

minor kaolinite, with chlorite and mixed layer ihite/smectite generally being the
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Figure 84. Paragenetic sequence and events in cores and outcrops of upper Eocene C &
W sandstone. Time increases toward the right depth increases toward the
right until uplift. Stage and abundance of diagenetic components are
indicated by length and width of bars, respectively. Modified from
Helmond and van de Kamp (1984).
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dominant varieties. Formation of pore lining clays was accompanied or perhaps

followed closely by alteration of biotite and feldspars to iron and potassium-rich clays

(chlorite, illite/smectite and illite). Biotites have generally undergone various stages of

chlontization, whereas plagioclase and potassium feldspars appear to have undergone

both dissolution and alteration to a variety of secondary clay minerals (e.g., sericite and

kaolinite).

The next diagenetic stage (Figure 84) was formation of relatively abundant

feldspar overgrowths on detrital host grains of quartz and feldspar, as well as rare "free

crystals" of authigenic feldspar. This was probably a relatively late diagenetic stage as a

result of moderate burial. While the precipitation of pore-lining clays and quartz and

feldspar cementation do have an adverse effect on reservoir quality, methane gas is

currently being commercially produced from C & W sandstones in the Mist Gas Field

where these are the principal diagenetic products (Meyer, 1989; pers. comm.).

Late stage diagenesis consisted of porosity enhancement effects by partial

dissolution of plagioclase and K-feldspar, with rare replacement of plagioclase by K-

feldspar. This has resulted in a fairly extensive network of secondary porosity

development, which accounts for up to 25% of the total porosity in some C & W

sandstones (Tables 5 and 6). Relict clay rims and coats of detrital grains attest to the

fact that authigenic clay formed before the grains were extensively dissolved, and also

that significant amounts of additional compaction did not occur with depth.

The depth of burial of the C & W sandstone at the Mist field is not great;

presently the sandstones subcrop at 770 to 1035 m. The overlying late Eocene to

middle Miocene stratigraphic section in the nearby Astoria basin is 3225 to 4825 m

thick, which would represent the maximum burial depth of the Cowlitz sandstones prior

to uplift and erosion of overlying units at Mist. It is probably less than this since

Cowlitz sandstones at Mist occur on the Nehalem arch.
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The last stage of diagenesis (telegenesis) can be observed in outcrop samples of

the C & W, where tectonic uplift into the vadose zone has initiated surface weathering

products of iron oxide cements and staining of iron-rich smectite and chlorite clays

(Table 8) and detrital grains and appear in thin section to have significantly reduced

porosity and hence permeability of surface samples as compared with core samples.



HEAVY MINERALS

Seventeen grain mounts (3 and 4 phi size fractions) of heavy minerals of C &

W sandstones were petrographically examined. A total of 28 different heavy minerals

(silicate minerals with S.G > 2.85) and mineral varieties were identified following the

proceedure of Mimer (1962) and abundances of each were estimated for each sample

(Appendix VI). Although heavy minerals vary from less than 1% to 4% of the arkosic C

& W sandstones (Tables 4 through 6), they are significant for paleogeographic and

provenance implications.

The heavy mineral assemblage of the Cowlitz is dominated by epidote group

minerals (epidote, clinozoisite, and zoisite), comprising an average of 59% of the

heavies (Figure 85). Epidote is recognized by its yellowish-green to clear color,

pleochroism, and characteristic "broken glass" habit (Figure 86). Zircon is the next

most abundant heavy mineral, comprising 20% of the total heavy mineral population.

Rounded zircons are slightly more abundant than euhedral zircons. Zircons are

relatively easy to distinguish due to their high relief, dipyramidal terminations (euhedral

varieties), or well rounded nature.

Amphibole (homblende, tremolite and actinolite) comprises approximately 13%

of the heavy minerals studied in the C & W sandstone. Green to blue-green homblende

is the dominant amphibole in the C & W, although brown hornblende is also present.

Hornblende is very distinctive and is characterized by frayed ends, moderately strong

pleochroism (N-S direction is pale, E-W direction is dark), and angle of extinction (12°

to 30°). Basaltic hornblende (lamprobolite) occurs in trace quantities, usually as

yellowish brown to deep reddish brown, strongly pleochroic grains. Tremolite also has

frayed ends but lacks color and is only faintly pleochroic.
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Figure 86. A. Heavy mineral grain mount (4 phi) from core OM 41A-1O (2639 feet),
showing assemblage dominated by epidote (F), zircon (Z) and tourmaline
(T). B. C & W sandstone from outcrop (709) showing similar assemblage
as core but containing significantly greater quantities of green and blue-
green hornblende (H).
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Tourmaline (green and brown varieties), mica, and garnet (colorless and pink),

comprise the next most abundant heavy minerals, 5%, and 6%, and 7% respectively

(Appendix VI and Figures 85 and 86). Tourmalines are generally short stubby

prismatic crystals with high relief, usually pleochroic, with parallel extinction. Garnets

are easily recognized by very high relief and isotropism. Other minerals generally

occurring in trace amounts in many of the samples are the pyroxene group minerals

(augite, diopside, enstatite, hypersthene), kyanite, sillimanite, staurolite, monazite,

rutile, apatite and sphene (Appendix VI). Opaque minerals were not estimated for

abundances, but they are abundant and include authigenic pyrite, hematite, magnetite,

ilmenite, and leucoxene.

Heavy Minerals as a Correlation Tool

If the heavy mineral assemblages in a vertical sequence of sandstone are

sufficiently different, they can be used to help correlate strata (Blatt et al., 1980).

Olbinski (1983) suggested from heavy mineral studies in the Cowlitz Formation in

Clatsop County that two distinct upper Cowlitz sandstones (his Tc5) can be

differrentiated. Olbinski found that upper C & W sandstones from the Mist subsurface

(in the Adams 24-34 well) and in outcrop near the Clatsop/Columbia County border

differ signflcantly from the (lower) upper Cowlitz sandstone in having a very high

percentage of epidote (77%). Olbinski (1983) correlated the (lower) upper Cowlitz

sandstone from the southwest portion of his thesis area with Cowlitz sandstone from a

depth of 4,980 feet in the Quintana Watzek 30-1 well based on a much lower percentage

of epidote (8%), a much higher percentage of zircons, garnet and rutile. On the basis of

his study, Olbinski suggested that heavy minerals may be used to correlate and show the

facies distribution of Cowlitz sandstones in the subsurface at Mist. One of the goals of
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this heavy mineral study was therefore to evaluate this hypothesis based on outcrop and

core distributions of heavy minerals from my area.

However, the results of my heavy mineral analysis and that of Farr (1989) are

incongruous with Olbinskits initial findings. In particular, the results of detailed core

and surface heavy mineral analysis show that there is not enough variation in heavy

mineral assemblages to differentiate upper from lower C & W sandstones. C & W

sandstones from the bottom of core OM 41A-10 (2700 feet) contained 62% epidote

minerals and 8% zircon, while the uppermost sandstone examined (2439 feet) contained

44% epidote minerals and 48% zircon (Appendix VI). In other words, the epidote

enrichment occurred near the bottom of the core, instead of near the top as Olbinski

would predict. Although zircon was relatively enriched in the lower sample, garnet and

rutile occurred in minor quantities in both samples. Furthermore, the next sample

analysis closest to the top of the C & W sandstone (at 2578 feet) also contains abundant

zircon (23%) as well as epidote (60%). In well core OM 4 lA-lU, epidote, zircon,

garnet and rutile do not seem to be particularly enriched in any stratigraphic interval.

Two core samples from 1W 33C-3 were also analyzed for heavy minerals; one from the

top of the sand (2546 feet), and one from the bottom (2698 feet). These two samples as

well as four outcrop samples from widely separated areas do not differ significantly or

show systematic variations in percentages of epidote and zircon (Appendix VI).

The preferred interpretation is that Olbinski (1983) may have incurred a

sampling bias problem due to the limited number of samples he ran (3 from subsurface

cuttings and 4 from outcrop). Random variations in heavy mineral assemblages is

known to account for much of the variability in regional fluctuations observed (Blatt et

al., 1980). Alternatively, the epidote and zircon-rich zones Olbinski (1983) correlated

may be restricted to the surface and subsurface of Clatsop County.



The Homblende 'Paradox"

The pie diagrams (Figure 85) show that hornblende (amphibole) comprises

nearly 33% of the heavy mineral assemblage from C & W sandstones in outcrop, but

only 2% of heavies from the C & W core. This dichotomy was noticed immediately

upon examination of heavy mineral grains mounts from outcrop and core (compare

Figure 86a and 86b), and was first believed to be an artifact of random or chance

variations in sampling (Blatt et al., 1980). Fluctuations in heavy mineralogy may result

if an insufficient number of grains were petrographically examined to make the

conclusions statistically meaningful. Because of this possibility, a more extensive and

rigorous sampling program was carried out involving widely separated outcrops (both

stratigraphically and areally), and different horizons in the core in order to test this

hypothesis (Appendix VI, Plate IV). However, the results of the second heavy mineral

run were essentially the same as the first. The conclusions from this study, and that of

Farr (1989) are that homblende is considerably more abundant in C & W outcrop in

Columbia County than core. The following four hypotheses have been postulated in

order to explain this enigma.

A) The surface sandstone outcrops in southwest Columbia County and

subsurface from the Mist gas field represent two distinct and unconnected sandstone

bodies (Figure 87a). However, the C & W in the north part of my field area dips north

at approximately 10° (Plate I) toward the Mist gas field (5-10 miles away) and dipmeter

analysis from the southern part of the Mist field also show gentle north dips.

Extrapolation of the surface dips show that the C & W should subcrop in the Mist field

10-15 km north of the field area at approximately 2,000 to 3,000 feet, which is precisely

where wells penetrate the gas-producing sandstone. Wells closest to the field area (6

km north) also have C & W sandstone in them, attesting to the lateral continuity of these
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hornblsnds
Figure 87. Four hypotheses proposed to explain homblende enrichment in outcrop area

(southwest Columbia County) compared with C & W sandstones from Mist
Gas Field. Hypotheses c and d are considered to be most likely. See text
for discussion.
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sheet sandstones. In addition, because virtually all other petrographic and lithologic

characteristics between core and outcrop are identical, this hypothesis can be ruled Out.

The surface outcrops occur stratigraphically lower in the C & W sandstone

than the C & W sandstone that was cored in the Mist field (Figure 87b). This is

suggested because the cored sandstone from this part of the Mist field (Figure 2) has

been shown to have onlapped a preexisting basement high of Tillamook or Grays River

Volcanics to the northwest, resulting in truncation of the C & W from the bottom up

(Plate III). In addition, the Keasey unconformity may have cut down into the C & W in

the field area, leaving only the lower C & W in outcrop. It is possible that some deeper

wells containing thicker packages of C & W in the Mist field away from the basement

high may contain intervals lower in the C & W with significantly higher percentages of

hornblende than I found in the cores. This hypothesis could be tested by examination of

well cuttings from deeper, thicker C & W sandstone intervals from wells in the Mist

field. However, because hornblende does not show a progressive increase in

abundance toward the bottom of the cores in the wells studied, I suggest that this

hypothesis is not likely.

Hydraulic selective sorting concentrated homblende in southwest Columbia

County, in preference to the vicinity of the Mist gas field (northwest Columbia County).

This type of "granular variation" (Blatt et al. 1980) may be due to differences in grain

density, size, shape, or to the degree of sorting at the site of deposition. It is possible

that an offshore barrier bar was present in this part of the depositional basin and resulted

in accumulation of the relatively lighter hornblende (specific gravity = 3.1 - 3.4) in

preference to other "heavier" (specific gravity = 3.2 - 4.4) minerals (Figure 87c1). The

"heavier" minerals may have been trapped in shoreface deposits near Mist, whereas

"lighter" homblende selectively bypassed the inner shelf and was transported in bottom

currents offshore in southwest Columbia County. Evidently, the west part of the Mist
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field contains more homblende and rutile than the central portion (Jackson, 1989; pers.

comm.), possibly due to some sort of selective offshore sorting.

Selective sorting may be accomplished in other ways as well. Clemens and

Komar (1988) showed from factor analysis of heavy mineral compositions of the

modern Oregon coast that along-coast sand mixing of mineralogies from the north

(Columbia River selli'nents) and south (Klamath Mountains) was blocked by headlands

during high stands of sea level. In particular, there is an abrupt compositional and

textural change at Tillamook Head, where contributions from the Columbia River to the

north are dominated by angular hypersthene, hornblende, augite, and garnet, whereas

south of Tillamook Head the assemblage is characterized by rounded metamorphic

minerals from the Klamath Mountains such as garnet and glaucophane. This model may

be applied to the Eocene Cowlitz Fomation, in that a southern homblende source may

have been blocked during a rising sea level from mixing with other heavy minerals from

a northern source (Columbia River) due to the presence of a volcanic headland between

Mist and my field area (Figure 87C2), resulting in segmentation of the shoreface, and

signficant dilution of hornblende at the Mist paleocoastline. An island of Tillamook

Volcanics (e.g., Green Mountain ?) in close proximity to the Mist field might also act as

a barrier to sand movement, restricting and isolating sediment disperal.

D) Mineral variations due to different source areas and different dispersal

patterns over the petrologic province. This hypothesis calls upondirect sediment

dispersal from different heavy mineral source regions (Figure 87d). According to Blatt

et al. (198J) a sedimentary petrologic province is characterized by a mineral association,

an association of heavy minerals by which a set of strata are characterized over a

particular area within a province. Because different tributaries have distinct drainage

basins, it is possible that a tributary or different river system drained a particular source

region with abundant hornblende phenocrysts and fed the Cowlitz Formation in
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southern Columbia County directly, bypassing Mist and thereby concentrating

hornblende in the field area. Possible sources for the hornblende are discussed in the

following section.

Provenance

Petrography, heavy mineral analysis, and field studies of C & W sandstones

indicate a mixed extrabasinal granitic-metamorphic provenance with a minor basaltic

intrabasinal source for the Cowlitz Formation. Petrographically, C & W arkosic

sandstones are characterized by predominantly monocrystalline unstrained quartz,

potassium feldspar, oligoclase, and coarse-grained flakes of biotite and muscovite.

Although these minerals do not provide unequivocal provenance information, their

presence together with rare granitic rock fragments is indicative of granitic source rocks.

The presence of strained quartz, abundant biotite and muscovite, untwinned plagioclase,

and phyllitic to schistose rock fragments also indicates a significant contribution from

low to medium-high grade metamorphic source rocks.

In addition, the heavy mineral assemblage of the Cowlitz is consistent with

derivation from acidic igneous plutonism and low to high grades of metamorphism

(Appendix VI). Heavy minerals in the C & W characteristic of acid igneous rocks are

zircon, monazite, apatite, blue-green hornblende and sphene (Milner, 1962). Due to the

tendency for some chemically and abrasionally resistant minerals to be recycled, certain

heavy minerals are more diagnostic of provenance than others. In particular, apatite is

generally unstable and is therefore a useful provenance indicator (acid igneous). The

abundance of dipyramidal zircons in the C & W sandstone (Appendix VI), is also

characteristic of an acid igneous plutonic source (i.e., granite).
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Possible sources for the acidic igneous assemblage are the Cretaceous and

Tertiary intrusive rocks of south-central Idaho, in particular the Idaho batholith and

numerous Eocene intrusive rocks exposed in stocks near the Atlanta lobe of the batholith

(Johnson et al., 1988). The Cretaceous Idaho batholith was exposed at the surface by

early Eocene time and lower extrusive units of the Eocene Challis Volcanic Group were

deposited directly on the batholith (Johnson et al., 1988). The Idaho batholith is a likely

source because the Atlanta lobe of the batholith extends for nearly 272 km long and 128

km wide and consists of 6 major rock types; varying from tonalite on the northwestern

margin, to hornblende-biotite granodiorite, muscovite-biotite granite, and leucocratic

granite on the south. Any one of these rock types could be a significant contributor of

the abundant potassic feldspar, oligoclase, mica (especially biotite) and accessory heavy

minerals in the C & W arkosic sandstone (Appendix VI). The abundance of more

chemically stable minerals such as quartz, micas, tourmaline and garnet in the C & W

sandstones is also consistent with the interpretation of derivation from the Idaho

batholith and metamorphic sources because these minerals are able to survive long

transport distances from acid plutonic and metamorphic source areas.

Van Atta (1971) considered the Jurassic to Cretaceous Wallowa batholith to have

also contributed to C & W arkosic detritus during the middle to late Eocene. Although

not as regionally extensive as the Cretaceous Idaho batholith, the heavy and framework

mineral assemblage of arkosic C & W sandstones is also consistent with derivation from

the Wallowa granitic batholith (Fleming, 1988).

The abundant homblende in the C & W outcrop area may have come from a few

different sources. Blue-green homblende is abundant in intermediate igneous rocks,

both extrusive and intrusive, but also occurs in metamorphic rocks. Homblende is

common in the Idaho batholith in the Atlanta lobe, particularly in the granodiorite facies,

and also occurs in the Bitterroot lobe in metamorphic rocks (Lewis et al., 1987).
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Although some of the blue-green homblende in the C & W member was probably

derived from the batholith, the increased homblende abundance in outcrop (compared

with core) in preference to other heavy minerals suggests an additional primary source.

The Challis Volcanics and the conelative Clarno Formation in central Oregon

had voluminous volcanism and plutomsm between the interval from 51 to 45 m.y., with

minor silicic intrusive activity persisting until 40 m.y. (Moye et al., 1988; Oles and

Enlows, 1971). The Challis Volcanic field in central Idaho has been divided into a

northern and a southern field. The northern Challis volcanics consist of predominantly

intermediate rocks, rhyodacite flows and domes. The southern Challis field is similar to

the Clarno Formation, in that it consists of andesite lava flows and tuff breccias, dacite

to rhyodacite ash flows and lava flows, and dacite and rhyolite domes. Phenocrysts in

andesite lavas in the Challis Volcanics are predominantly olivine and clinopyroxene,

with minor plagioclase, hornblende and orthopyroxene in more felsic rocks (Moye et

al., 1988). The ash-flow tuffs contain abundant phenocrysts of plagioclase, biotite,

homblende, and pyroxene. Petrography of Clarno flows yields similar compositions,

with up to 30% phenocrysts of plagioclase, hypersthene, hornblende and magnetite

(Oles and Enlows, 1971). Because hornblende is generally unstable (metastable) and

the Clarno Formation is more proximal to C & W sandstones than the Challis Volcanics

and Idaho batholith, the Clarno Formation was probably a major contributor of

hornblende to outcrop exposures of C & W sandstone. It is possible that a large

tributary drained Clarno Formation rocks, fed a major river system and deltaic lobe

leading to deposition of C & W sandstones in southwest Columbia County (Figure

87d). Many of these Clarno sources are now buried under Miocene Columbia River

basalts beneath the Columbia River Plateau in eastern Oregon and Washington.

The metamorphic contribution to C & W sandstones is fairly significant as

indicated by heavy minerals, untwinned plagioclase, and metamorphic rock fragments.
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Low grade metamorphic minerals and rock fragments in the C & W consist of epidote,

chlorite, homblende, and slate and phyllite fragments. High grade metamorphic

minerals in the C & W consist of kyanite (this study and Vance, 1989), sihimanite,

staurolite, garnet, muscovite, and biotite (Appendix VI). Both low and high grade

metamorphic rocks crop out in a belt of metasedimentary units bordering the Idaho

batholith on the northwest, correlative with formations of the Precambrian Belt

Supergroup in the Coeur d' Alene area, to the north. The metamorphic grade of the

rocks of the Belt Supergroup in this area ranges from greenschist facies in the north to

silhimanite grade of amphibohite facies near the Idaho batholith (Bitterroot lobe) in the

south (Hietanen, 1982).

The abundance of epidote in the C & W sandstone is somewhat enigmatic

(average of 59% of heavies). The common epidote minerals are formed largely under

conditions of low- to medium-grade metamorphism in association with Ca-poor

plagioclase. At higher grades, epidote combines with albite to form a Ca-rich

plagioclase (Phillips and Griffen, 1981). Epidote has been considered a metamorphic

stress mineral, although its formation by hydrothermal processes is also well known.

Because plagioclase in the C & W unit is generally Ca-poor (Table 7), the association of

abundant epidote, low grade metamorphics (phyllite) and Ca-poor plagioclase in the C

& W and Sunset Highway member sandstones is not too surprising. Some of the

epidote in these units probably came from the north part of the Belt Supergroup, where

it appears with chlorite and tremolite in greenschist facies, but could also have occurred

with albite and homblende in the albite-epidote-amphibolite facies in higher grades

further to the south (Hietanen, 1982). Other potential sources for the epidote are the

pre-Tertiary rocks of central and northeastern Oregon, where they are locally

metamorphosed to greenschist to amphibolite facies (Mumford, 1988). Epidote is

generally moderately stable, and therefore, could be preferentially enriched in preference
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to the less abrasionally resistant and less abundant heavy minerals such as kyanite, and

silhimanite.

In north Idaho, the Belt Supergroup ranges in thickness from 2700 m to 7000 m

and contains three groups (the Wallace Formation, the Ravalli Group, and the Prichard

Formation). All these groups contain subunits bearing metamorphic minerals found in

the C & W sandstone. These formations of the Belt Supergroup become coarsely

crystalline with increasing metamorphism to the south (Hietanen, 1982). Tourmalines

in the C & W sandstone are both green and brown to yellow brown. However, the ca-

rich euhedral brown tourmalines found in the C & W are common only in low rank

metamorphic rocks (Mimer, 1962), and thus probably came from the north part of the

metamorphic zone of the Belt Supergroup.

In contrast, the schist of the Prichard Formation (Belt Supergroup) consists of a

coarse-to medium-grained muscovite-biotite-garnet schist, with fine- to medium-grained

interlayers rich in quartz and plagioclase. Minerals such as actinolite, hornblende, and

diopside crystallized in the quartzitic layers, whereas garnet, staurolite, and kyanite

appeared in the alumium-rich schist layers (Hietanen, 1982). All these minerals occur in

C & W sandstones in minor amounts (Appendix VI), and are soft (except garnet), not

highly resistant to prolonged abrasion, and therefore, generally diagnostic of a high

grade metamorphic provenance.

The Belt Supergroup rocks are underlain by schist of the Boehis Butte

Formation, located on the west margin of the Precambrian continent. The Boehis Butte

Formation crops out in north-central Idaho along the northwest border zone of the Idaho

Batholith (Hietanen, 1982). The Boehis Butte Formation contains kyanite, sihimanite,

and staurolite, and thus could also have contributed to these high grade metamorphic

minerals in the C & W sandstone.
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The predominance of heavy minerals typical of the granitic Idaho batholith and

adjacent metamorphic border region may record the unroofing of the Idaho batholith in

Eocene time as well as the onset of Challis or Clarno volcanism.

Other sources of metamorphic minerals may have also contributed to the heavy

mineral detritus found in C & W sandstones. The Precambrian metamorphic rocks of

the Okanogan highlands in north-central Washington, and the North Cascades of

northwest Washington comprise a significant medium to high-grade terrane which may

have contributed to the C & W heavy mineral assemblage. The North Cascades are

divided into 3 belts of Paleozoic to Tertiary age rocks by major high-angle strike faults

of Late Cretaceous and Early Tertiary age (Misch, 1977).

Rocks units west of the Straight Creek fault are dominated by the Shuksan

Metamorphic Suite, the Darnngton Phyffite, and the Yellow Aster Complex (Yeats,

1977). The metamorphic grade in these rocks ranges from greenschist facies to upper

amphibolite facies. Most of the metamorphic minerals represented in the C & W

including epidote could besourced from this terrane (Vance, 1989).

Rock units east of the Straight Creek fault are dominated by the Skagit

crystalline core. They also range from chlorite to siffimanite rank metamorphism

(Misch, 1977). Phyllites, mica schists, and calc-siicate rocks are common in the

chlorite grade rocks, whereas on the east margin of the belt, rocks of staurolite-kyanite

grade are comon.

The third belt of rocks on the west flank of the North Cascades is dominated by

post-metamorphic plutonic rocks, in particular the Chiffiwack Composite Batholith. The

batholith comprises minor gabbro and diorite, major quartz diorite and granodiorite, and

some quartz monzonite, all are chiefly early Tertiary.



Plate Tectonics and Sandstone composition

In 1979, Dickinson' and Suczek published an influential paper relating sandstone

composition to plate tectonic setting. According to Dickinson and Suczek (1979) the

framework composition of a sandstone is determined by: a) composition of the

provenance; b) types of processes operating in the depositional basin; and c) kind of

dispersal paths that link provenance to basin. The basic relationship between

provenance and basin is governed by plate tectonics. Dickinson and Suczek (1979)

outline 3 broad categories of sandstone which can be correlated to different plate tectonic

settings. Quartz-rich rocks are from passive continental margins, quartz-poor rocks are

from volcanogenic origins or from magmatic island arcs, and rocks with intermediate

quartz content are from active continental margins or recycled orogenic provinces.

The QFL and QmFLt ternary diagrams of Dickinson and Suczek (1979) were

found to be most helpful in determining plate tectonic provenances of C & W (and

Sunset Highway member) sandstones. The diagrams (Figure 88) show that nearly all of

the Cowlitz sandstones plot in the field for continental block provenances. However,

note that they are grouped in the area denoted as decreasing maturity or stability, found

to be representative of uplifted or faulted basement terrane (Dickinson and Suczek,

1979). This is due to the relatively high percentage of feldspar in the samples. High

relief and rapid erosion of uplifted source terrane typically give rise to quartzo-

feldspathic sands such as the C & W. Dissection by streams flowing through this type

of terrane may produce extensive exposures of granitic batholiths and surrounding

metamorphic basement rocks or sedimentary cover. This is consistent with the

interpretation of the Idaho batholith and surrounding metamorphic terrane and the North

Cascades granitic and metamorphic rocks as the primary geologic provenance.
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The variety of feldspar that is most abundant in a sandstone also depends to an

important degree on the tectonic setting in which the sandstone forms. Plagioclase

dominates when erosion and burial are rapid, and the granitoid rocks exposed are

granodiorites and quartz diorites, as along convergent plate margins (Blatt, 1982).

Potassic feldspars dominate the feldspar suite of sandstones formed in cratonic settings.

Because C & W sandstones contain both types may indicate a transitional regional

sedimentary source between the margin of the Precambrian continent and the active plate

margin of the Eocene coastline.

Figure 88 also shows that a few Cowlitz sandstones fall in the field defmed for

magmatic arc provenances, and that the Sunset Highway member sandstones plot in the

merger of fields for plutonic basement and arc rocks. In the C & W and Sunset

Highway member sandstones, these lithics are predominantly volcanic lithic fragments.

Volcanic lithic fragments are derived from undissected arc segments where there is still

extensive volcanic cover. However, note that they plot toward to the field for plutonic

fragments (Figure 88b), characteristic of dissected arcs such as the Sierra Nevada

batholith. Dickinson and Suczek (1979) allow for the fact that these diagrams do not

account for special circumstances of geologic history where sediment dispersal patterns

reflect unusual circumstances of sediment source rocks. This is probably the case for the

volcanogemc-rich zones in the C & W, which probably reflect mixing of two different

source terrances; 1) a volcanic forearc provenance, and 2) a predominantly acid

plutonic-metamorphic source area (Idaho batholith). Similarly, these diagrams also

illustrate the fact that the Sunset Highway member of the Hamlet formation is

transitional in provenance between a local Tillamook Volcanic source and an

exirabasinal source contributing the abundant quartz and feldspar.



STRUCTURAL GEOLOGY

The Rock Creek-Rocky Point area in Columbia County is located on the east

flank of the northern Oregon Coast Range structural high. The axis of the northward-

plunging basement uplift (Nehalem arch) lies approximately along the border of Clatsop

and Columbia counties (Wells and Peck, 1961) at the western edge of the study area

(Figure 89). The core of this basement uplift in the central and northern Oregon Coast

Range consists of 4900 m to 6500 m of lower to middle Eocene Siletz River Volcanics

and overlying middle to upper Eocene Tillamook Volcanics (Snavely and Wagner,

1964) (see Figure 7). This high separates the Astoria basin to the west from the upper

Nehalem or upper Willamette basin (Tualatin basin of Bruer et al., 1984) to the east

(Figure 89) (Armenirout and Suek, 1985; Meyer, 1988; pers. comm.). Younger

Tertiary strata homoclinally dip away from this "regional anticlinorium" (Snavely and

Wagner, 1964).

In the field area, strata dip gently north and south at 100 to 20° away from the

basement high composed of Tillamook Volcanics (Plates I and II). Some steeper dips

are usually associated with local landslides or drag along fault planes. Although these

rocks are only gently folded, the middle to upper Eocene section is cut by numerous

high-angle normal and oblique-slip faults that has created more chaotic sets of strikes

and dips (Plate I) (Niem and Niem, 1985). To the west of the thesis area in Clatsop

County, two dominant trends of faulting have been mappeth 1) major east-trending

high-angle faults, and 2) a younger less prominent conjugate set of northeast-trending

left-lateral and northwest-trending right-lateral oblique-slip faults (Mumford, 1988;

Rarey, 1986; Safley, 1989; Olbinkski, 1983; Peterson, 1984; Nelson, 1985).

Field mapping of this study generally substantiates the regional structural grain

observed to the west (Plate I). East-trending faults have been mapped and appear to be

primarily dip-slip based on siratigraphic offset of sedimentary and volcanic units.
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However, the conjugate set of northwest- and northeast-trending structures are not well

developed in the field area. Although northwest-trending faults are veiy common, only

one northeast-trending fault of very limited extent and displacement has been mapped

(Plate 1). Furthermore, northwest-trending faults in the thesis area appear to document

both dip-slip and left-lateral oblique-separation. Less prominent structures mapped in

the thesis area (Figure 90 and Plate I) are east- northeast-trending thrust faults, and

northeast-trending high-angle faults (Figure 24).

It is possible that the scarcity of mapped northeast-trending faults in the thesis

area may be a function of inadequate exposure. Faults in northwestern Oregon are

largely concealed by lush vegetation and extensive weathering. Other obstacles to

delineating structure include the paucity of suitable stratigraphic markers, such as

bedding planes in massive mudstones, and anomalous structural attitudes caused by

ms wasting. In addition, offset of vertical basalt dikes which were used as piercing

planes by other workers to determine relative motion (Olbinski, 1983; Peterson, 1984;

Nelson, 1985) were not present within the field area. Although several major faults

were identified, the author suspects that numerous smaller faults went undetected.

Therefore, faults in the study area were mapped on the basis of 1) direct

observation of stratigraphic offset, slickensides on shear surfaces, and gouge zones; 2)

stratigraphic and lithologic discontinuity of map units; and 3) anomalous dip directions

and angles. However, faults can also be traced as lineations on low altitude aerial

photographs, topographic maps, and on photographs taken by the author on a

reconnaissance flight over the field area during late afternoon light. Lineations were

plotted on the map and field checked for possible structural significance. Slickensides

on shear surfaces and fault gouge were the most obvious evidence for faulting and most

commonly observed in quarries of Tillamook Volcanics.
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Within the thesis area there are two major fault patterns: 1) a subordinate set of

east-trending high-angle normal faults, and 2) a younger set of northwest-trending

shears with oblique-slip motion.

East-Trending Faults

Only one east-trending fault was recognized within the field area. Major east-

trending faults have been mapped to the west of the field area (Safley, 1989; Mumford,

1988; Olbinski, 1983; Rarey, 1986; Nelson, 1985) and to the north (Kadri, 1982),

where they display oblique-slip motion and have been interpreted as the main

throughgoing faults in a wrench system (Safley, 1989; Niem and Niem, 1985).

The east-trending fault in the field area juxtaposes Tillamook Volcanics against

the overlying Hamlet formation. The location of this fault is constrained because

Hamlet strata strike into the fault zone in Rock Creek. The Hamlet transgressive

sequence depositionally onlaps the Tilamook pile on the north, thus, this fault repeats

the late Eocene Hamlet section on the south side of the fault and results in a breached

structural high (Plate II). This unnamed fault parallels a logging road and also appears

to control the course of Rock Creek in this area. The fault has topographic expression;

north of the fault Rock Creek is entrenched in a steep walled scarp formed by the

erosionally resistant Tillamook Volcanics, whereas south of the fault the easily eroded

Hamlet mudstones form subdued topography. Because the Hamlet mudstones are

faulted against middle Eocene Tillamook Volcanics, a minimum of approximately 100 m

of vertical separation with the north side up is inferred on this east-trending structure.

This fault appears to be offset by a northwest-trending oblique left-lateral fault

in Sec. 6, SE 1/4, T5N, R5W (Plate I). A possible extension continues on-trend to the
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east, as Tillamook Volcanics are juxtaposed against Sweet Home Creek mudstone of the

Hamlet formation. This extension is observable on aerial photographs and SLAR

imagery until its truncation against the Rock Creek fault, a major northwest-trending

fault that traverses the field area.

Northwest trendin.g Faults

Three major northwest-trending faults are interpreted to transect the field area,

all with a down-to-the-north sense of motion (Plate I; Figure 90). In addition, one

northwest-trending fault with well-developed fault gouge and subhorizontal

slickensides is present in the field area. The average trend on these northwest-trending

faults is N5OW. The larger of these faults have been given names to facilitate their

discussion.

The Rocky Point fault is a regional feature which has been previously named

and mapped by Newton and Van Atta (1976), and probably can be correlated with

basement offset observed on seismic reflection records (Jackson, 1988; pers. comm.).

Rocky Point forms a prominent ridgeline and escarpment in southwest Columbia

County, interpreted to be the result of basement uplift associated with the Rocky Point

fault. The erosionally resistant Tillamook Volcanics form steep cliff faces adjacent to

less resistant Hamlet mudstones due to differential weathering along the fault plane.

The escarpment of the Rocky Point fault is pronounced on aerial phtographs,

topographic maps and SLAR imagery (Figure 91). In the study area, the Rocky Point

fault attains stratigraphic offset of approximately 200 m as determined by juxtaposition

of Tillamook Volcanics and Sweet Home Creek member mudstone. Farr (1989) has

mapped the continuation of this fault to the east whereTilamook Volcanics are



igure 1. Aerial photograph looking south toward eroded Rocky Point fault scarp
caused by differential weathering of resistant Tillamook Volcanics (cliff
former) on south block and softer Hamlet mudstones on north block (clear
cut and logging road area in foreground). T4N, R5W, Sec. 8 NW 1/4.
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juxtaposed against C & W sandstone, documenting at least 300 m of stratigraphic offset

in that area.

The Rock Creek fault is also interpreted to be a major northwest-trending

structure in the field area, named for its structural expression in Rock Creek. The fault

is mapped in the western part of the study area at the County line based on continuation

from Safley's (1989) mapping in Clatsop County, but is also expressed in Columbia

County (the field area) as a lineation observed on high altitude enlarged (1: 1800) aerial

photographs. To the west, the displacement on the Rock Creek fault is probably not

large, because only Hamlet mudstones are faulted at the surface.

At 180 m in the Rock Creek measured section (Figure 26), C & W sandstones

are interpreted to be in fault contact with the Roy Creek conglomerate member (Hamlet

formation). The entire Sunset Highway member and Sweet Home Creek members of

the Hamlet formation axe absent, documenting approximately 250 m of stratigraphic

offset, down to the north.

Continuing to the southeast, the Rock Creek fault bends southward and parallels

Fall Creek, which shows up on low-angle aerial photographs and topographic maps as a

remarkably linear feature. Farther to the southeast, the amount of displacement

probably decreases, because C & W sandstones are faulted against Keasey mudstones at

the surface. However, the fault is well exposed at this locality (T4N, R5W Sec. 15 SW

1/4), allowing for measurement of the attitude of the fault plane. Here (off the map) the

fault dips approximately 60° southwest, and trends approximately N4OW.

In the extreme southern part of the thesis area, a large-scale northwest-trending

fault has been extended into the field area from Jackson's (1983) mapping to the south

and Safley's (1989) mapping to the west. Hamlet mudstones dip steeply northward

approximatlely 43 degrees into the fault, suggesting considerable drag associated with

movement on the fault. This is consistent with the apparent large amount of throw on
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this fault, which places Refugian Keasey mudstones against Narizian Hamlet mudstones

with no intervening C & W sandstone. Although mapping suggests that the C & W

sandstone may have depositionally thinned in this area, the amount of stratigraphic

displacement on this northwest-trending fault is probably significant. Unfortunately,

structural constraints are severely hampered in this area because of very poor exposure

and lack of biostratigraphic data.

Locality 47 exposes a northwest-trending fault in a high quarry of Tilamook

Volcanics adjacent to Rock Creek. This relatively new quarry contains spectacular

subhorizontal slickensides indicating oblique-slip motion. "Steps" on the slickensides

suggest latest left-lateral motion. Rake and dip determined from slickensides on the fault

plane are 28° and 60° NW, respectively. In addition, this quarry exposes a fault gouge

approximately 30 m thick. The fault gouge consists of highly chioritized and sheared

basalt, resembling a greenstone. In places this zone has been mineralized with quartz,

calcite, and rare euhedral fluorite crystals. The mineralization suggests that this fault

extends to considerable depth and has acted as a conduit for hydrothermal fluids. Map

relations indicate that this quarry is near the intersection of two faults, therefore some of

the gouge may be associated with the older east-trending structure. However,

continuation of the northwest-trending fault to the northwest is necessary because the

fault trace was observed in sheared basalt in the bed of Rock Creek further to the west,

and Tillamook Volcanics with slickensides are present along the Rock Creek mainline

on trend with the fault exposed in the quarry.

Two kilometers north of the Rock Creek fault, the northernmost northwest

trending fault observed in the field area (Selder Creek fault; Figure 90) is manifested by

juxtaposition of micaceous Hamlet strata against lower Keasey glauconitic mudstones in

Rock Creek (Plate I). The Selder Creek fault has been extended into the thesis area

from Safley's (1989) map partly on the basis of a topographic saddle and stream
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drainage that is on trend with the fault as mapped to the west. The Selder Creek fault

also has topographic expression, partly controls the NW - SE course of Selder Creek,

and appears as a lineation on air photographs. Vertical separation of Hamlet and Cowlitz

formation map units on the Selder Creek fault is on the order of only 10 to 20 m with no

evidence for strike-slip motion. This fault has been displayed in the geologic cross

section (Plate II) as a high-angle normal fault because no evidence for dip on the fault

plane can be observed in the thesis area.

The Selder Creek fault continues to the southeast where it has been recognized

by other workers in the Rock Creek area (e.g., Deacon, 1953; Shaw, 1986) rendering

the Rock Creek measured section (Figure 26) without stratigraphic controL Attitudes of

the rock units are generally low throughout the Rock Creek section, however, there is a

slight change from northeast to east dips across the fault to the north (Plate I).

Deacon (1953) considered the structure along Rock Creek to be moderately

complex, consisting of anticlines and syndines which are broken by high-angle reverse

faults. Other investigations in the Rock Creek area have also interpreted moderate

structure (e.g., Timmons, 1981, Newton and Van Atta, 1983; Shaw, 1986), although

the significance of the structure along Rock Creek in particular is poorly understood.

Mapping in this study shows the structure to be significantly different to that mapped by

Deacon (1953). The numerous syndines, anticines, and faults mapped by Deacon may

be more simply explained by two throughgoing northwest-trending faults (Rock Creek

and Selder Creek faults), possibly associated with a broad open fold. Although this

fold is only tentatively identified, a gradual change in dips from south to north in Rock

Creek (T4N, R5W, Sec. 5) suggests the presence of a gentle anticlinal fold within the

Rock Creek section. This broad open fold is interpreted to have a northwesterly trend

based on the grain of faults and attitude of rock units in the vicinity.
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Deacon added an additional fault within the middle of the Rock Creek section not

present on my map (see Deacon, Plate 8, 1953). Perhaps he did not consider the

lithologic variability present within the Hamlet formation. The Sweet Home Creek

member of the Hamlet formation in this part of Rock Creek is lithologically unique in

that it consists of well-bedded turbidites (Figure 31). Deacon informally introduced the

term Nehalem formation, for those rhythmically bedded turbidites which I interpret to be

in depositional contact with the underlying structureless mudstones of the Sweet Home

Creek member.

Although Deacon (1953) interpreted all faults along Rock Creek to be high-angle

reverse faults, I interpret the Rock Creek fault to be a normal fault rather than a high-

angle reverse fault due to its continuation to the southeast where normal separation can

be directly observed. However, the northernmost fault in Rock Creek may be either a

normal or a reverse fault. The broad folding observed in Rock Creek suggests that this

fault is a reverse fault associated with a compressional event. NNE-SSW has been

determined to be the direction of maximum horizontal compression on the basis of

borehole breakout analysis in northwest Oregon (Werner et aL, 1989).

Mist Field Structure

Although most of the faults in the field area have been depicted as vertical due to

lack of structural constraints, subsurface deformation in the Mist field approximately 10

km to the north is largely accommodated by normal faults which dip at approximately

60-75° (Figure 92). However, some high-angle reverse and strike-slip faulting are also

present (Alger, 1985; Figure 92). The structure of Mist is dominated by a complicated

mosaic of small fault blocks bounded by northwest-trending oblique-slip faults, with

subordinate east- and northeast-trending faults. According to Alger (1985) vertical
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offset on these faults may change drastically over very short distances. This complex

pattern of faulting is very similar to that observed in this study area and in the Astoria

Basin (Niem and Niem, 1985), which locally mimics a wrench-fault system.

Most major faults at Mist truncate at the late Eocene Cowlitz-Keasey

unconformity with little or no surface expression (Alger, 1985). The C & W sandstone

remains largely unfaulted internally (Jackson, 1989; pers. comm.) suggesting that it was

deposited prior to the late Eocene faulting. This is consistent with the fault cut by well

1W 33C-3 (Plate Ill). This fault occurs at the contact between C & W sandstone and

upper Cowlitz mudstone, resulting in truncation of approximnately 47 m of upper

Cowlitz mudstone and 23 m of C & W sandstone. A very large northwest-trending

down to the north normal fault observable on seismic reflection profiles may control

much of the faulting and hence gas accumulation in the Mist area (Jackson, 1989; pers.

comm.). However, this fault appears to control the course of the Nehalem River at Mist

and recent field mapping by Niem (1989; pers. comm.) suggests that this fault and

numerous other subparallel faults in the southern part of the Mist Gas Field have surface

expression.

Structural Synthesis and Regional Structure

On the basis of relating established stratigraphy spanning middle to upper

Eocene time to observed stratigraphic offset, it appears that the field area experienced at

least 2 episodes of deformation. However, detailed structural analysis in northwest

Oregon is complicated by post middle Eocene clockwise rotation, lack of adequate

structural control and is beyond the scope of this study.

East-trending faults appear to be the oldest set of structures in the field area. The

east-trending fault in the field area offsets only upper Narizian volcanic and sedimentary
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rocks (Tillamook Volcanics, Hamlet and Cowlitz formations) and does not cut the

Refugian Keasey Formation. Furthermore, it is truncated and cut by northwest-trending

faults (Plate 1). Niem and Niem (1985) suggest that east-trending faults may have

initiated in the late Eocene with dip-slip motion and were reactivated in post-middle

Miocene time with left-lateral oblique-slip motion.

In contrast, some of the northwest-trending faults appear to offset the Keasey

Formation and have cross-cutting relationships with the east-trending fault. In those

cases, these faults and minor associated folds evidently post-dated initial deformation

associated with the east-west trending faults.

Regionally, faults in northwestern Oregon are generally compatible with that of a

major zone of distributed dextral shear and associated small block clockwise rotation

(Wells et al., 1984). Wells and Coe (1985) also attributed clockwise tectonic rotations

in southwestern Washington to a model of simple shear along transcurrent faults

(wrench tectonism), and suggested that tectonic rotations in the Oregon Coast Range

might be caused by the same mechanism. According to field studies and clay model

laboratory studies wrench faulting typically produces complex structural relationships

(Wilcox et al., 1973). In an area dominated by wrench tectonism, the geometry of

simple shear is explained either by a simple card deck shear in which shear pervades the

deformed body completely or by plastic flow and rotation within a domain bounded by

shear planes (Sylvester, 1978).

In a wrench fault system there are discrete areas associated with convergence,

divergence, and rotation along strike-slip faults (Sylvester, 1978). Uplifts, reverse

faults and pressure ridges develop at restraining bends where convergence occurs

(Wilcox et al., 1973). Basins, pull aparts, and normal faults develop at releasing bends

where divergence occurs. Uplifted blocks are bounded by high-angle faults which
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flatten upward to low-angle thrusts. En echelon folds and shears develop over oblique-

slip faults.

Although most or all of these structures are present in the Nehalem River valley,

application of the idealized homogeneous clay model to the observed fault pattern is

complicated by inadequate constraints on timing of faulting, inhomogeneous volcanic

and sedimentary strata and incomplete development or exposure of those structures in

the field area. Generally, wrench faults require analysis in three dimensions (Sylvester,

1978), because distinguishing between slip and separation is essential. Furthermore,

reactivation of preexisting weaknesses in the basement with changing stress fields may

influence development of later structures.

Although the conjugate fault block pattern in northwest Oregon is generally

compatible with wrench faulting, much of the earlier vertical offset and normal faulting

observed in the Coast Range may be related to Tillamook Volcanic basement uplift

during a quiescence of subduction and period of extension in the late Eocene (Niem and

Niem, 1985). Long-term oblique subduction of the Farallon and Juan De Fuca plates

beneath the Coast Range could have been the driving force for the shear rotations and

might explain some of the structural and stratigraphic problems associated with models

invovling rotation of large, rigid plates (Wells and Coe, 1985). Oblique-slip motion

documented by subhorizontal slickensides in fault zones and offset of middle Miocene

dikes (Nelson, 1985; Niem and Niem, 1985) may be more easily related to the late

middle Miocene uplift of the Oregon Coast Range and oblique underthrusting of the

Juan De Fuca Plate beneath the North American Plate (Snavely, 1987).



SOURCE ROCK POTENTIAL

Seventeen samples from the upper Eocene sedimentary section of Columbia

County, Oregon were analyzed for source rock and maturation by ARCO Oil and Gas

Company Research and Development group. The rocks selected for analysis were

sampled from fresh stream-cut, mad-cut, and core by the author and by Farr (1989).

The saiuples comprised 8 from outcrop, and 9 core samples of Cowlitz strata (2 from

OM 41A-1O, 6 from OM 12C-3, and 1 of 1W 33C-3 upper Cowlitz mudstone). Source

rock analyses included outcrop samples of Hamlet and Keasey mudstones, coal from

the Cowlitz Formation (both core and outcrop), core and outcrop samples of upper

Cowlitz mudstone, and core samples of C & W silty mudstone interbeds (Table 9). The

results of these analyses are interpreted in terms of source rock potential and compared

with petroleum source rock evaluations determined by other workers for Tertiary strata

from western Oregon and Washington.

The quality of a source rock is defined in terms of amount and type of organic

matter (kerogen and bitumen) and its stage of maturity. Differences in types of organic

matter arise from variations in chemical structure. Oil and gas are produced from the

kerogen of the source rocks through a succession of organic chemical reactions and are

therefore dependent on temperature and time (Tissot and Welte, 1978).

The type and quality of kerogen can be differentiated by a) optical and b)

physicochemical methods (e.g., Rock-Eval pyrolysis). These methods, which describe

both the source rock potential and the thermal maturity of a source rock, are best utilized

in conjunction with one another (Tissot and Welte, 1978). Visual peirographic kerogen

data includes vitrinite reflectance, analysis of organic macerals, fluorescing amorphinite,

and hebAmorphinite. Rock-Eva! pyrolysis from this study (Table 9) includes

evaluations of the total organic carbon (TOC), genetic potential (GP), organic matter
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S2HI
TOC

01= S3
TOC

PR
Si

- Si+S2
GP= S1+S2

UNIT

Hamlet formation mudstone (outcrop) -
Keasey Formation mudstone (outcrop)-
Cowlitz Fm. coal (outcrop)
C & W member coal (core)
Upper Cowlitz mudstone (outcrop)
Upper Cowlitz mudstone (core)
C & W member siltstone interbeds (core)

Si
HC

SAMPLE #'S

743, 746, VR87-42, VR87-23
774
VR88-39, VR88-54
2628
780
2396
2682, VR2462, VR2764,
VR2845, VR2920, VR2940,
VR3004

Table 9. Rock-Eva! and vitrinite reflectance data of outcrop and core samples from
study area (Mist Gas Field and southwest Columbia County). Analyses
provided by ARCO Oil and Gas Co., 1989.

MIST PRC
Sample # LAB # TOC Si S2 $3 HI 01 TMAX Ro TR GP HC

743
746

89 A 05 75
89R0576

0.31
0.60

- -

0.02
- - -

0.31
-

0.19
- - -
51.7

- -
31.7

- - -

434
0.37
0.44

- - -
0.06 0.33 3.33

774
780

2396
2628
2682

VA2462
VR2764
VR2845
VR2920
VR2940
VR3004

VR87-42
VRB8-23
VR88-39
VR8B-54

89R0577
89 A 0578
89R 0579
89R0580
89R0581
89 R08 82
89R0883
89R 0884
89R0885
89R0886
89 A08 87
89R0888
89R 0889
89R0890
89R0891

0.37
1.11
1.59
9.53
1.11
1.16
0.94
1.30
4.26
1.37
0.50
0.73
0.72
43.25
40.67

- -

0.11
0.24
1.06
0.09
0.11
0.10
0.23
0.17
0.14
0.07
0.04
0.03
4.58
4.53

- - .

1.47
2.12
12.60
1.13
0.67
0.43
0.92
1.50
0.44
0.25
0.07
0.23
82.75
61.64

. - -
0.27
0.83
0.57
0.56
0.75
0.19
0.14
0.45
0.17
0.04
0.70
0.54
14.03
23.09

- . -
132.4
133.3
132.2
101.8
57.8
45.7
70.8
35.2
32.1
50
9.6

31.9
191.3
151.6

- -
24.3
52.2

6

50.4
64.7
20.2
10.8
10.6
12.4

8
95.9
75

32.4
56.8

- - -

421
429
422
438
426
424
434
412
429
430
419
423
419
415

0.37
0.41
0.40
0.49
0.47
0.39
0.35
0.38
0.42
0.42
0.53
0.47
0.34
0.36
0.37

- -

0.07
0.10
0.08
0.07
0.14
0.19
0.20
0.10
0.24
0.22
0.36
0.12
0.05
0.07

.58
2.36
13.66
1.22
0.78
0.53
1.15
1.67
0.58
0.32
0.11
0.26
87.33
66.17

9.91
15.09
11.12
8.11
9.48
10.64
17.69
3.99
10.22
14.00
5.48
4.17
10.59
11.14
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type (hydrogen index versus oxygen index), thermal maturity (T max.) and

transformation ratio (TR).

The genetic potential (GP) of the samples, which is the sum of Si and S2 (Table

9), describes the amount of hydrocarbons (expressed in kilograms hydrocarbon per

metric ton - kg/t), the kerogen is capable of generating. Si represents the quantity of

volatile hydrocarbons (HC) expelled from rocks held at 250°C for 5 minutes. S2

measures the quantity of hydrocarbons (HC) released from the rock upon pyrolysis of

the kerogen at 250° to 550°C, programmed at 25°C per minute. S3 is a measure of the

amount of pyrolitic carbon dioxide evolved during the heating interval from 250° to

3900 C.

According to Tissot and Welte (1978) OP values less than 2 kg/t have low

hydrocarbon potential, samples from 2 to 6 kg/ton have moderate source rock potential,

and samples with more than 6 kg/t have good source rock potential. Based on this

classification, the majority of the samples from the study area show a low genetic

potential (Table 9). However samples 2628, VR88-39, and VR88-54 have vely high

GP values. These rocks are coals from the Cowlitz Formation.

The abundance of organic matter is measured by total organic carbon (TOC).

Although the TOC of the sample group is variable, the more organic-rich samples are

the coals and carbonaceous shales and mudstones. For example, carbonaceous

mudstone sample VR2920 (from core OM 12C-3) has a TOC value of 4.26 (Table 9).

Organic matter occurs in most C & W sandstone samples only as disseminated

carbonaceous flakes and plant fragments (see Petrographic Analysis). However,

Cowlitz Formation coal samples (2628, VR 88-39, and YR 88-54) have significantly

higher TOC values (9.53-43.25) than the Hamlet and Keasey mudstone samples (743,

746, 774, VR87-42 and VR88-23; Table 9) which yield generally low to moderate TOC
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values (0.31 to 0.73; Table 9). Most samples contain less than 1.0 weight percent TOC

(Table 9); average TOC, excluding coal, is 1.15 weight percent.

This value is considerably higher than the 0.65% average TOC content of

"Cowlitz Formation" marine shales reported by Amientrout and Suek (1985) in the

vicinity of the Mist field. According to Dickey and Hunt (1972), a rock must have a

minimum organic carbon content of 0.50 weight percent to be an effective hydrocarbon

source rock. Nearly all of the samples from this study have TOC values well in excess

of this minimum. Armentrout and Suek (1985) sampled coals from the Centralia

coalfield Skookumchuck Formation which had comparable TOC values (29.09 to

55. 19%) with coals from this study. They concluded that if similar coals occur in the

Cowlitz Formation fades east of the Mist area (north Willamette basin; Figure 89), they

may be a signflciant potential hydrocarbon source rock, especially if subjected to high

levels of thermal exposure. Preliminary results from this study indicate these facies

have been identified in the vicinity of the Mist area within the Cowlitz Formation.

Type of organic matter is another essential measurement of source rock

potential. This is usually expressed as the ratio of the hydrogen index (HI) to oxygen

index (01), also known as the van Krevelen diagram. The hydrogen index (HI) is

expressed as [S/organic carbon], while the oxygen index (01) is calculated,

[S3/organic carbon] (Table 9).

Hydrogen and oxygen indices from Rock-Eval pyrolysis are plotted in Figure

93. The figure shows that the organic matter in the Mist area samples is predominantly

Type ifi kerogen (vitrinite) with lesser amounts of Type II kerogen (exinite). The

samples that are in proximity to the merged Types I and II evolutionary paths are coal

and coaly mudstone from the Cowlitz Formation. In general Type I or II kerogen is

derived from associations of flora and fauna- mixed and homogenized by sedimentation

and biological activity (Tissot and Welte, 1978). The progressive evolution of this type
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Figure 93. Classification of source rock types by using hydrogen and oxygen indices,
similar to van Krevelen diagram plotted from elemental analysis of kerogen.
Note how most samples plot along Type ffi trend for terrestrially derived
kerogens (vitrinite). These are gas source rocks.
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of organic matter during diagenesis and catagenesis may result in both oil and gas

generation, depending on thermal history (Figure 94a). In shallow buried sediments,

only "dry" gas is produced (methane), whereas from one to several kilometers, "wet"

gas is produced (e.g., methane, ethane, propane) with or without oil. At great depths,

fry" gas (methane) is once again produced (Figure 94a).

Type ifi kerogen is produced along a "low" evolutionary path usually in

intracontinental lowlands or basins bordering continents which receive organic plant

matter (Tissot and Welte, 1978). Type III kerogens are made up of aromatic cycles with

short carbon chains, and produce "thy" gas, similar to gases from coal mines. In

summary, it can be stated that while some kinds of organic matter are capable of

generaxng oil in commercial amounts, almost any organic matter may generate gas,

provided it is buried deep enough during a long time interval.

The van Krevelen diagram (Figure 93) indicates that all samples contain

terrestrially-derived Type Ill kerogens. According to this classification, nearly all of the

samples from this study are gas source rocks with little potential for oil. However,

sample #2628, as well as coal samples VR88-39, and VR88-54 might contain some

potential for liquid hydrocarbons (C. Roberts, 1990; ARCO internal correspondence).

Once again these values are more promising than those reported by Armenirout and

Suek (1985) for samples in the vicinity of the Mist Gas Field. These workers noted

mainly Type IV kerogen (inertinite), which is considered to have low yield potential for

gas if any.

Visual petrographic kerogen data from this study corroborates data from the van

krevelen diagram, and indicates predominantly vitrinite (--40%), lesser exinite (-5%),

with little to no inertinite in any of the samples examined (Roberts, 1989; ARCO internal

correspondence).
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Thermal maturity of source rocks is commonly measured by vitrinite reflectance

(R°) a measure of the reflectance of coal macerals (and kerogen) in reflected light.

Vitirinite reflectance values may be plotted as histograms showing the frequency

distribution of reflectance corresponding to the various kerogen constituents. According

to Tissot and Welte (1978) based on correlation of vitrinite reflectance with other

parameters of source rock maturation and the occurrence of oil and gas fields, the

following stages can be distinguished. The top of the "oil window" is betweeen R°

values of 0.5 and 0.7 percent. Below these values the source rock is immature

(diagenesis stage). The bottom of the "oil window" is 1.3 percent. Between these

values is the catagenesis stage, or the main zone of oil generation. From 1.3 to 2.0%,

wet gas and condensate gas can be produced. R° values above 2% are in the

metagenesis stage, where methane remains as the only hydrocarbon ("dry" gas zone).

Less is known about the generation of thermogenic gas from Type III kerogen,

but it is known that significant gas generation begins at a slightly higher level of organic

maturation than in Types I and II kerogens (Tissot and Welte, 1978). For example,

source rock studies of Type ifi kerogens from Cretaceous and Tertiary rocks in the

"greater" Green River Basin of Wyoming, Colorado, and Utah indicate that the

generation of thermogenic gas begins at a R° value of about 0.80 percent (Law et al.,

1984). All samples from this data set (Table 9) are thermally immature (R° values less

than 0.5%), with the exception of VR3004 (R° = 0.53). However, analysis of spores

indicate a slightly higher maturity than the vitrinite results (Robinson-Lewis, 1989;

ARCO internal correspondence).

Two pyrolysis indices are particularly useful for characterizing the rank of

maturation: the transformation ratio (TR) - the ratio Si: (S i+S2)I1, and T max., the

temperature (Figure 94b). Temperature maximum (T max.) data are in excellent
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agreement with vitrinite reflectance data (Table 9), and reinforce the fact that the Mist

samples are thermally immature. According to Espitalie and others (1977), temperature

maximums in the range of 40)° to 435° C correspond to immature source rocks, and

temperatures between 435° and 460° C correspond to mature source rocks (Figure

94b). All samples (except sample 2682; Table 9) are characterized by T max. values

veen 4000 C and 435° C and are therefore immature source rocks by this indice.

The continuous increase of the transformation ratio (TR) as a function of depth

makes it a valuable index of maturation (Figure 94b) (Tissot and Welte, 1978). The

transformation ratio generally increases with increasing thermal maturity. TR values in

the range of 0.1 to 0.4 axe considered to be in the oil generation zone (Tissot and Welte,

1978). The samples from Mist area range in TR values from 0.05 to 0.36; average,

0.12 (Table 9). Although many of the Mist samples fall in the oil generation zone,

Tissot and Welte (1984) point Out that there are no sharp boundaries between these

zones, as different types of organic matter have different composition and different rate

of transformation in response to an increase in ternperature The effect is stronger in

lower than in higher levels of maturation, and most of the core and outcrop samples are

thermally immature.

Discussion

The gas at Mist has been shown to be very dry and isotopically light

(Armentrout and Suek, 1985). Although dry gas can be formed by either biogenic or

metagenic (thermogenic) origin, carbon isotope data indicates that the gas has a strong

thermogenic signature (Armentrout and Suek, 1985; Roberts, 1989; ARCO Internal

correspondence; writt. comm.). In addition, Armeñtrout and Suek note that the

hydrocarbon fractions of the Mist gases have ethane values of 0.020%, 0.018%, and



365

0.0 15%, typical of thermally generated hydrocarbons. This has led Armentrout and

Suek (1985) and Bruer (1980) to attribute the gas to thermal generation.

Armentrout and Suek (1985) modeled the probable time-temperature histoiy of

the north Willamtte basin (Tualatin basin of Bruer, 1980) depocenter using the Lopatin

method described by Waples (1980). The Lopatin method assumes a temperature

gradient and plots time versus depth for a specific point in a basin. These points are

then used to calculate the probable conditions under which hydrocarbons may be

generated. According to this method, Armentrout and Suek (1985) determined that the

Cowlitz Formation and older rocks (e.g., Yarohill Formation of Mist field) have been

buried deep and long enough to have generated hydrocarbons, provided the rocks had

hydrocarbon source rock potentiaL

The level of thermal maturity at which thermal generation of hydrocarbons starts

is variable, and somewhat dependent on the quality of organic matter (Tissot and Welte,

1978). Source rock evaluation of core and outcrop samples collected in this study (from

Mist and southwestern Columbia County, Oregon) indicates that organic matter is

predominantly type ifi kerogen and therefore has the potential of generating gas and

little to no oil. Vitrinite reflectance (R°), the transformation ratio (TR), and temperature

(T max.) all suggest that these samples are thermally immature to marginally mature and

not likely to be an in situ source of the hydrocarbons in the Mist Gas Field.

Marine mudstones (i.e., Hamlet and Keasey formations) surrounding the

Cowlitz Formation are generally organically lean, containing less than 1.0 weight

percent total organic carbon (TOC) (Table 9). Mumford (1988) and Safley (1989)

reported slightly higher TOC values (- 1.0%) for Keasey and Hamlet mudstones from

their field areas. However, significantly higher TOC (up to 43.25%) and genetic

potential (GP) values (up to 87.33%) from coals in the C & W member (this study)
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indicate that these coals could be source rocks if thermally matured in the "oil window"

provided they were buried deep enough for long periods of time.

This study, RUT (1989), and Jackson (1989; peTs. comm.) have demonstrated

that coals in outcrop and core are laterally continuous and therefore are significant

components of the Cowlitz Formation in Oregon. Other workers (i.e., Yett, 1979;

Armenirout and Suck, 1985; Buckovic, 1979) have measured or described thick

bituminous coal deposits in the type Cowlitz in southwest Washington which also

contain high TOC values and a moderate hydrocarbon-yield potential for the Type II

kerogen of these coals. This suggests that if these coals were subjected to high levels of

thermal exposure, there could be a significant coal gas contribution for the methane at

Mist.

According to the Lopatin time-temperature index model calculated by assuming a

geothermal gradient of 2.73°C/lOOm, Armentrout and Suek (1985) predicted onset of

thermal generation of hydrocarbons from lower Cowlitz Formation shales (i.e., Yamhil

or Hamlet formations) at burial depths greater than 3,000 m. The Lopatin plot predicts

that the Cowlitz Formation was placed into the hydrocarbon generation window at

approximately 33 Ma when lower Cowlitz rocks were buried to depths of about 3,350

m. If pre-Cowlitz rocks with hydrocarbon source rock potential occur within the north

Willamette basin, gas generation would have begun even earlier than 33 Ma.

Although the subsurface distribution of the Cowlitz Formation away from the

Mist field is poorly known, both the north Willamette basin to the east and the Astoria

basin to the west are known to contain thick sequences of sedimentary strata. Both of

these basins contain at least 3,350 m of sediment fill, including middle to upper Eocene

Cowlitz or Cowlitz equivalent strata (Niem and Niem, 1985; Bruer, 1980).

Popowski (1990; pers. comm.) has modelled gravity data for the northern

Tualatin basin (north Willamette basin) downdip from the Mist Gas Field and has
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estimated approximately 4,000 m - 5,000 mof sedimentary basin fill. The northern

Willamette basin has been interpreted to have been a pull-apart basin and sediment trap

during Eocene time (Popowski, 1990; pers. comm.). Deep burial of coal-bearing

Cowlitz or equivalent Eocene strata in this basin would provide the heat necessary for

thermal maturation and hydrocarbon generation. Furthermore, higher geothermal

gradients have probably occurred at times along the east side of this basin, associated

with proximity to the volcanic front of the ancestral western Cascade calcalkaline arc

(e.g., Goble Volcanics). These factors provide compelling arguments for thermal gas

generation in the northern Willamette basin with subsequent updip migration into the

reservoir.

Mnmford (1988) and Niem and Niem (1985) suggest that intrusions of Miocene

and Eocene basalt dikes and sills into thermally immature mudstones could potentially

be responsible for some of the gas generation at Mist through a "quick flash" thermal

mechanism. Niem and Niem (1985) showed that thick gabbroic sills in the vicinity of

Jewell member mudstones (Keasey Formation) in Clatsop County significantly elevated

vitrinite reflectance values and placed the mudstones within the "oil window". If similar

intrusions of late Eocene Cole Mountain basalt or Goble Volcanics exist in the

subsurface downdip from the Mist field and in strata of middle to late Eocene age

underlying or interfingering with the C & W sandstone, then they may have the potential

to generate small quantities of thermogenic gas that may have migrated up into the Mist

Gas Field.



RELATIONSHIP OF DEPOSITIONAL CYCLES TO
GEOLOGIC HISTORY

The middle to upper Eocene sedimentary section in southwest Columbia County

comprises a thick succession that records at least 2 transgressive - regressive cycles.

Variations in rates of sediment accumulation, eustasy, and tectonic movement are

imprinted on the depositional record. The purpose of this section is to locally discern

these effects on the geologic record by comparing established relative sea level curves to

the inferred paleobathymetry of the middle to upper Eocene sequences in the thesis area

as determined by fossil control, lithology, sedimentary structures, contact relations and

textural character.

The Mesozoic-Cenozoic cycle chart of Haq et al. (1987) represents a current

version of sequence chronostratigraphy, incorporating recent magnetostratigraphic,

standard chronostratigraphic, and biochronostratigraphic data correlated with sequence

stratigraphy. The upper Eocene part of the sea level cycle chart has been considerably

refmed since the original relative sea level curves (coastal onlap curves) were introduced

(i.e., Vail et al., 1977) providing greater resolution and hence, more realistic

comparison.

A key element in the comparison is age control. The top of the upper Tillamook

Volcanics have been radiometrically (K-Ar) dated by Kris McElwee at approximately 39

Ma for basalt samples from the Tillamook highlands in adjacent Clatsop County (Safley,

1989; Mumford, 1988; Rarey, 1986); however, recent Ar/Ar dates (McElwee, 1989;

pers. comm.) suggests that this age may be too young by 2-3 million years (see

Tillamook Volcanics; age). Coccolith age determinations from well cuttings of the

Sweet Home Creek mudstones of the overlying Hamlet formation are assigned to

subzone CP14b or CP15a (Rarey, 1986), correlated to approximately 40 Ma. based

upon the worldwide time scale of Berggren et al. (1985).

368
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Biostratigraphic data is extremely sparse in the overlying C & W sandstone

member of the Cowlitz Formation, but Foraminifera recovered from the upper Cowlitz

mudstone belong in the upper NariZian (Upper Eocene) foraniiniferal stage (McKeel,

1987; writ. comm) Coccoliths from the ICeasey Formation (overlying the Cowlitz

Formation) are assigned to either sub-zone CP14 or CP15 (Bukry, 1988; writ. comm.)

Greater resolution provided from foran,iniferal data (this study) indicates that the

Keasey Formation is predominantly Refugian (uppermost Eocene, possibly Oligocene)

(McKeel, 1988; writ. comm.), although the lowest part may extend down into the

Narizian (McDougall, 1980). With this available age data, the curves can be correlated

approximately by visual inspection (Figure 95). On this basis, estimates of

paleobathymetry from this study are in most cases remarkably close to the coastal onlap

curves represented on the sea level chart of Haq and others (1987).

Many workers (e.g., Miall, 1984; Kendall and Lerche, 1988) argue that it would

be rash to empower eustatic Vail-type curves to interpret all transgressions and

regressions of sedimentary sequences in a sedimentary basin Sequence stratigraphic

principles are usually applied to seismic sections, where recognition of facies

architectures and bounding surfaces are more easily recognized (i.e., Vail et al., 1977).

Clifton et al. (1988) point out that shifts in the position of a shoreline are dependent on a

combination of three factors: eustatic sea-level change, tectonism, and rate of sediment

supply at the shoreUne. Kendall and Lerche (1988) suggest that at the very least, two of

these three processes (eustasy, sediment accumulation, and tectonic subsidence) must be

specified in order to determine the third, and on this basis suggest that a eustatic sea-

level chart cannot be made.

However, using relative sea-level charts (combining tectonic and eustatic effects)

tied to well data, Kendall and Lerche (1988) admit that it is possible to project

sedimentary sequences related to relative sea-level events across a basin. The ultimate
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objective of this exercise is to recognize tectonic events and to formulate a model which

facilitates the understanding of facies trends in the subsurface.

Application to Thesis Am

Mafic volcanism in the developing late middle Eocene forearc produced a large

volcanic island complex represented by the tholeiitic Tillamook Volcanics, which are the

oldest rocks exposed in the thesis area (Figure 6). These subaerially erupted volcanics

form the economic basement in the northern Oregon Coast Range. The unusual

circumstances of volcanic islands seaward of the continent in a forearc region are a

variable not accounted for in sequence stratigraphic principles (see Vail and Mitchum,

1979). This becomes evident when trying to correlate the sea level curves of Haq et al.

(1987) to the inferred paleobathymetry for the field area in the late middle Eocene

(Figure 95).

Volcanic activity in northwestern Oregon rapidly decreased in the late middle

Eocene, resulting in rapid cooling and postulated thermal subsidence and transgression

(Rarey, 1986). The deepening, transgresisve trend following cessation of Tillamook

volcanism is marked by the following sequence of Narizian Hamlet formation informal

members: 1) basal basaltic conglomerates and sandstones (Roy Creek member)

deposited around rocky headlands of the Tillamook Volcanics in a high energy,

nearshore environment; 2) micaceous, arkosic and lithic arkosic parallel and cross-

bedded sandstones (Sunset Highway member) deposited on the inner to middle shelf;

and 3) bioturbated, structureless to thin-bedded mudstones and thin turbidite sandstones

(Sweet Home Creek member) deposited at outer shelf to bathyal depths basedon

Foraminifera (see Hamlet formation).
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Rarey (1986) interpreted the Hamlet formation to have been deposited during

cycle TE 2.2 of Vail and Mitchum (1979). Safley (1989), using the same sea level chart

(Vail and Mitchum, 1979), interpreted the transgressive Hamlet sequence to have been

deposited in cycle TE3 of supercycle Tc in the late Eocene. The discrepancy in the

interpretations highlights the inadequacies of the original sea level curves when applied

to upper Eocene strata of northwest Oregon. Due to greater resolution afforded by the

recent sea level chart of Haq et al. (1987), the author reinterpretes the Hamlet

transgressive sequence as being partly the result of deepening asssociated with third

order cycle 41 of the TA4 supercycle (Figure 95).

In order for shelf sediments of the Hamlet formation to accumulate, there must

be "space" available (accommodation) below base level, usually the level of erosion

(Jervey, 1988). This space is a function of both sea-level fluctuations and subsidence.

Jervey (1988) pointed out that organic-rich shales in the geological record often indicate

periods of rapid "accommodation" increase due to rapid eustatic sea-level rise (i.e., third

order cycle). The Hamlet formation deepening-upward sequence is a likely candidate

for this type of rapid transgression and "highstand" deposition (Vail and Mitchum,

1979). Rapid transgression in the Hamlet formation is indicated because clastic

sediment delivered to the coast was deposited in shoreline and shelf deposits of the Roy

Creek, Sunset Highway and Sweet Home Creek members, rather than transported

across the shelf and carried down-slope by submarine fans and canyons.

However, Van Wagoner et al. (1988) point out that relatively rapid changes of

sea level may still be affected more by episodes of uplift and subsidence than by eustatic

changes in convergent continental-margin settings. Indeed, the Upper Eocene plate

tectonic setting in the Pacific Northwest was characterized by periods of oblique

convergence between the Farallon and North American plates (Snavely, 1987). In

addition, a major change in provenance away from a local source (Roy Creek member)
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to a more distal extrabasinal source (Sunset Highway and Sweet Home Creek members)

is known to occur within the sequenc, which may have been accompanied by a change

in sedimentation rate. In any case, although Hamlet deposition records the complicated

interplay between tectonism, eustasy and sedimentation rate, there is a some correlation

between the sea level Curves of Haq et al. (1987) with the observed deepening-upward

sequence (Figure 95).

On the basis of the lithology, sedimentary structures and paleogeography of the

overlying sandstone, the C & W unit is interpreted as shoreface deposits laid down

during sea-level "lowstand" when the shoreface abruptly shifted several kilometers

seaward of the "highstand" shoreline position during Sweet Home Creek mudstone

deposition (Figure 27). Sharp-based shoreface deposits such as the C & W sandstone

resting on deeper water mudstones (e.g., Hamlet formation) have been predicted to

result from falling sea level (see Cant, 1984), but may also be the product of increased

sediment supply due to sudden unroofmg in the source area (i.e., Idaho batholith).

The stacked succession of coarsening-upward packages in the C & W are

interpreted in terms of repeated progradation of the shoreface (see Figure 60). In the

context of sequence stratigraphy, these sequences defme a parasequence set. A

parasequence set is a succesion of genetically related sequences of beds which form a

distinctive stacking pattern that is bounded by surfaces which separate younger from

older strata, across which there is evidence of an abrupt increase in water depth (Van

Wagoner et al., 1988). The C & W sandstone, bounded by subtle unconformities and

containing stacked progradational packages, can be considered to represent a

parasequence set deposited during rising sea level and third order cycle 4.2 (Figure 95).

However, eustatic sea level change is not known to exceed 100-200 m over an

interval of tens of millions of years (Pitman, 1978). Therefore a succession of shallow-

marine deposits thicker than 100-200 m deposited in such an interval of time or less
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must be partly attributable to vertical motion (i.e., tectonic subsidence or compaction).

According to Pitman (1978), unless accompanied by subsidence, sedimentation is more

likely to result in progradation than vertical accretion. C & W sandstone thicknesses in

the Mist Gas Field average approximately 260 m (Meyer, 1988; pers. comm.). Age

constraints, based on biostratigraphic data from surrounding units, indicate Cowlitz

Formation deposition lasted no longer than 3 or 4 million years (Figures 5 and 95). C

& W sandstones were deposited in only slightly deeper water through time (Plate IV).

This indicates that over the long term, the rate of sedimentation nearly kept up with the

rate of subsidence (and sea level rise). The upper Cowlitz mudstone in the Mist Gas

Field is inteipreted to reflect a period of sudden, presumably tectonic deepening of

hundreds of meters (Plate lv), which resulted in deposition of bathyal mudstones over

delta-front sandstones.

In the Mist Gas Field the upper bathyal Keasey Formation unconformably

overlies the Cowlitz Formation (upper Cowlitz mudstone). This time interval appears to

coincide with a regression present on the coastal onlap curves (Figure 95), although the

required age precision is tenuous for this correlation. However, in the Mist Gas Field

the Keasey-Cowlitz contact is unconformable possibly due to uplift of the Nehalem arch

(Figure 89) (Emer et al., 1984). This structural high of Tillamook Volcanics probably

resulted in some erosion of upper Cowlitz mudstone before Keasey deposition. In the

field area the CowlitzlKeasey contact may merely reflect a submarine diastem or

"paraconformity" (see Keasey Formation; contact relations). Although the lateral

magnitude and timing of the Nehalem arch uplift event and correlative unconformity is

debatable (see Farr, 1989), the relatively local nature of the Keasey unconformity in the

Mist Gas Field indicates that it has been created by tectonism rather than by a low stand

of sea level. In addition, the calcalkaline Cole Mountain basalt locally intrudes the
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CowlitzlKeasey contact, indicating a change from an extensional to a compressional

stress regime associated with onset of the western Cascade volcanic alt.

Following the rnconformity, transgression of the bathyal "Keasey sea"

inundated much of Columbia County (Bruer, 1984). This transgression appears to be

somewhat controlled by rising sea level, as it parallels a transgression indicated by the

coastal onlap curve of Haq et al. (1987) as third order cycle 4.3 of TA4 (Figure 95).



CONCLUSIONS

Although several aspects of the middle to upper Eocene geology of northwest

Oregon were examined in this study, some main conclusions can be deduced. These are:

Geochemical and petrographic evidence indicate that there were two periods of

volcanism during the middle to late Eocene in northwest Oregon; the Tillamook

Volcanics and the slightly younger Cole Mountain basalt, which were generated and

extruded in significantly different tectonic regimes;

The Hamlet fonnation documents a marine transgression over subsiding basaltic

islands composed of Tillamook Volcanics basement;

Abrupt sea level regression combined with increased sedimentation rates resulting

from tectonic unroofing of the source area (i.e., Idaho batholith) resulted in rapid

shallowing of sedimentation before C & W sandstone deposition;

The C & W sandstone was supplied from a granitic and metamorphic source during a

transgression in a delta front complex ranging from brackish-water swamps to

storm-wave-dominated lower shoreface environments of deposition;

Although diagenesis has resulted in a slight net decrease in both porosity and

permeability, the reduction has not had a large impact on the reservoir potential of the

C & W sandstone;

The are major northwest-trending high-angle oblique-slip faults in the study area

with significant offset which cut the middle to late Eocene rock units and which

locally mimic the structure identified in the Mist Gas Field;

Source rock evaluation from this study suggests that thermogenic "dry" gas at Mist

migrated updip from more deeply buried Cowlitz shales and coals or equivalent

Eocene strata in the adjacent Tualatin and Astoria basins;

Sandstone petrography and paleogeographic reconstructions suggest that exploration

potential exists outside the boundaries of the Mist Gas Field.
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APPENDIX I

SAMPLE DISThTEGRATION BY THE
QUATERNARY "0" TECHNIQUE*

Immerse chunks of Quaternary "0" into a container of of denatured or ethyl alcohol

and shake. Continue shaking until supersaturated (almost black in color). This

procedure produces a stock solution.

Dilute the stock solution (1 part) with 4 parts of water. Pour the mixture directly

onto broken down, wet field sample.

The solution should be left on the sample for two to three days. Shake the container

occasionally. (Boiling the mixture will hasten the process if a time factor is

involved.)

Wash the sample thoroughly through a screen until all of the suds have disappeared;

otherwise, a residue will form on the microfossils in the form of a whitish Crust.

*This technique has been used for microfossil recovery at the U.S. Geological Survey,

Washington, D.C., (McKeel, 1987; writ. comm.).
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APPENDIX II
Checklist of Macrofossils from Study Area

Moll0000u f0001. idoo*fiod by 1k. EIloo Moow. Omgou Slob Uiovom Comoy Pmfomo of Goolo8y, 1988

Kemey Fm.

Somple 0 Mot*foosil

Ilomlet Im.
Roy Creek mbr.
SomptH Me*ufmoil

hamlet Fm.
Soaset hwy. mbr.
Somplo 0 MgoI000d

Hamlet fm.
Sw.et Urn Ck mbr.
S.mplo 0 Meeofouod

Cowlito Fm.
C & W u.
Somplo 0 Mogu'000il

Cowlitz Fm.
upper Cowlito mudot.
Sumpho 0 Meeof0000h
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R Rare
U Uncommon 2-4
C Common 5-15
M Moderately abundant 16-25
A Abundaz* 26-100
V Vesyabundasi 101-1000
F Flood

APPENDIX Ill
Checklist of Microfossils from Study Area

Legend:
Hamlet formation sample Vs: Analyst: Dan R. McKeel, consultant for ARCO
776, 734, 752, 742, 743, 746 Oil and Gas Company Geological Resources

Cowlitz Formation sample 4's
792, 790, 791, 740, 780

Keaacy Formation sample #s
774, 751, 724
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SampleR TiE 734 752 742743 746 792790 791 740 780 774 751 724
ANOMAUNA CALDOKN11SIS C).
ANOI4ALINA CRASSISEPFA
BOLDIA HOIXI
CASSIDULINA OLOBOSA
CASSIDUIJNAMARGARETA U

C

C

R
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A
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R
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M
M
C
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U
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Legend:
RRare 1

U tJncommcn 2-4
C Common 5-15
M Moderately abundant 16-25
A Abundant 26-100
V Very abundant 101-1000
F Flood

APPENDIX IV
Checklist of Microfossils from Core Plugs of OM 41A-1O,

Mist Gas Field, Columbia County, Oregon

Operaton Oregon Natural Gas Dcvelopmont Corporatacre
Source Company: ARCO
Analyat: Dan Il. MeKeel

a : : $ 1: 7' iry 7 7 7 $: 7:' A$ 7 7,
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APPENDIX V
Outcrop and Sample Localities Discussed in Text
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LOCALITY # LOCATION SAMPLE # - ROCK UNIT

809 T4N, R5W, Sec. 15, SW SW 1/4 Tillamook Volcanics
142 T4N, R5W, Sec. 17, NW NW 1/4 Tillamook Volcanics
188 T4N, R5W, Sec. 7, NE NW 1/4 Tillamook Volcanics
22 T4N, R5W, Sec. 8, SE SE 1/4 803 Tillamook Volcanics
21 T4N, R5W, Sec. 16, NW NW 1/4 764 Tillamook Volcanics
24 T4N, R5W, Sec. 8, SW SW 1/4 Tillamook Volcanics

905 T4N, R5W, Sec. 15, SE SW 1/4 Tillamook Volcanics

80 T4N, R5W, Sec. 8, SW NW 1/4 Tillamook Volcanics
23 T4N, R5W, Sec. 18, NE NE 1/4 Tillamook Volcanics
47 T4N, R5W, Sec. 6, SE SE 1/4 Tillamook Volcanics

159 T4N, R5W, Sec. 6, SE SE 1/4 902 Tillamook Volcanics
19 T4N, R5W, Sec. 17, SE NE 1/4 706 Tillamook Volcanics
45 T4N, R5W, Sec. 6, NE SW 1/4 753 Tillamook Volcanics
11 T4N, R5W, Sec. 28, SE NW 1/4 702 Cole Mountain basalt
17 T4N, R5W, Sec. 20, NW SW 1/4 901, 785 Cole Mountain basalt

16.1 T4N, R5W, Sec. 7, NW NW 1/4 755 Roy Ck mbr. - Hamlet
105 T4N, R5W, Sec. 18, NW SW 1/4 Roy Ck mbr. - Hamlet
106 T4N, R5W, Sec. 18, NW SE 1/4 Roy Ck mbr. - Hamlet

45* T4N, R5W, Sec. 6, NE SW 1/4 Roy Ck mbr. - Hamlet
130 T4N, R5W, Sec. 6, NW SE 1/4 Roy Ck mbr. - Hamlet

Rock ck. section T4N, RSW, Sec. 5, NW SW 1/4 749 Roy Ck mbr. - Hamlet
Rock ck. section T4N, R5W, Sec. 5, NW SW 1/4 750 Roy Ck mbr. - Hamlet

50 T4N, R5W, Sec. 6, NE SW 1/4 752 Sunset Hwy. mbr. - Hamlet
128 T4N, R5W, Sec. 6, NE SW 1/4 Sunset Hwy. mbr. - Hamlet
129 T4N, R5W, Sec. 6, NE SE 1/4 Sunset Hwy. mbr. - Hamlet
103 T4N, R5W, Sec. 9, SW SW 1/4 Sunset Hwy. mbr. - Hamlet
77 T4N, R5W, Sec. 9, NW SW 1/4 799 Sunset Hwy. mbr. - Hamlet

115 T4N, R5W, Sec. 7, SE SW 1/4 766 Sunset Hwy. mbr. - Hamlet
809* T4N, R5W, Sec. 15, SW SW 1/4 800 Sunset Hwy. mbr. - Hamlet

161 T4N, R5W, Sec. 7, NW NE 1/4 Sunset Hwy. mbr. - Hamlet
107 T4N, R5W, Sec. 17, NW SW 1/4 Sunset Hwy. mbr. - Hamlet
108 T4N, R5W, Sec. 17, SE NW 1/4 Sunset Hwy. mbr. - Hamlet
87 T4N, R5W, Sec. 21, NE NE 1/4 Sunset Hwy. mbr. - Hamlet
88 T4N, R5W, Sec. 21, SE NE 1/4 762 Sunset Hwy. mbr. - Hamlet
27 T4N, R5W, Sec. 15, SW NW 1/4 Sunset Hwy. mbr. - Hamlet

140 T4N, R5W, Sec. 17, NE SW 1/4 777 Sunset Hwy. mbr. - Hamlet
25 T4N, R5W, Sec. 16, NW NE 1/4 Swt Hm Ck mbr. - Hamlet
26 T4N, R5W, Sec. 16, NW NE 1/4 Swt Hm Ck mbr. - Hamlet

1 T4N, R5W, Sec. 20, NE SE 1/4 Swt Hm Ck mbr. - Hamlet
139 T4N, R5W, Sec. 20, NE SW 1/4 Swt Hm Ck mbr. - Hamlet
112 T4N, R5W, Sec. 8, SW NW 1/4 Swt Hm Ck mbr. . Hamlet
113 T4N, R5W, Sec. 8, SW NE 1/4 Swt Hm Ck mbr. . Hamlet
66 T5N, R5W, Sec. 19, SW SE 1/4 Swt Hm Ck mbr. - Hamlet
64 T5N, R5W, Sec. 30, NW NW 1/4 734 Swt Hm Ck mbr. - Hamlet
56 T5N, R5W, Sec. 31, NE NE 1/4 776 Swt Hm Ck mbr. - Hamlet



* = contact where 2 units are exposed

APPENDIX V Cont.

402

LOCALITY # - LOCATION SAMPLE # ROCK UNIT
Rock Ck. section
Rock Ck. section
Rock CL section

T4N, R5W, Sec. 5, NE NE 1/4
T4N, R5W, Sec. 5, SW NE 1/4
T4N, R5W, Sec. 5, NW NE 1/4

742
746
743

Swt Hm Ck mbr. - Hamlet
Swt Hm Ck mbr. - Hamlet
Swt Hm Ck mbr. - Hamlet

T4N, R5W, Sec. 15, SE SE 1/4 VR87-42 Swt Hm Ck mbr. - Hamlet
T4N, R5W, Sec. 25, SE NW 1/4 VR88-23 Swt Hm Ck mbr. - Hamlet

44 T5N, R5W, Sec. 32, NW SE 1/4 720 Keasey Formation
125 TSN, R5W, Sec. 32, NW SE 1/4 724 Keasey Formation
174 T5N, R5W, Sec. 20, SE SE 1/4 774 Keasey Formation
906 T5N, R5W, Sec. 32, SE SE 1/4 Keasey Formation
156 T4N, R5W, Sec. 5, NE SW 1/4 Keasey Formation
162 T4N, R5W, Sec. 9, SW NW 1/4 Keasey Formation
163 T4N, R5W, Sec. 4, SE SE 1/4 769 Keasey Formation
156 T4N, R5W, Sec. 4, NE SW 1/4 751 Keasey Formation

41* T4N, R5W, Sec. 9, NW NE 1/4 767 Keasey Formation
172 T5N, R5W, Sec. 9, NW NE 1/4 781, 782 Ivy Creek formation
151 T5N, R5W, Sec. 20, SW NW 1/4 Cowlitz Fm. sandstone
67 T5N, R5W, Sec. 30, SW NE 1/4 792 Cowlitz Fm. sandstone

146 T5N, R5W, Sec. 19, NE SW 1/4 Cowlitz Fm. sandstone
57 T5N, R5W, Sec. 31, NW NE 1/4 714, 791 Cowlitz Fm. sandstone

145 T5N, R5W, Sec. 19 SW NE 1/4 Cowlitz Fm. sandstone
152 T5N, R5W, Sec. 19, SW NE 1/4 Cowlitz Fm. sandstone
138 T5N, R5W, Sec. 29, SW SW 1/4 732 Cowlitz Fm. sandstone
132 T5N, R5W, Sec. 31, SW NE 1/4 775 Cowlitz Fm. sandstone
32 T4N, R5W, Sec. 9, SE NE 1/4 Cowlitz Fm. sandstone
35 T4N, R5W, Sec. 4, SW SW 1/4 Cowlitz Fm. sandstone

187 T5N, R6W, Sec. 1, SE SE 1/4 Cowlitz Fm. sandstone
118 T4N, R5W, Sec. 21, SE SW 1/4 Cowlitz Fm. sandstone
37 T4N, R5W, Sec. 4, SW SW 1/4 Cowlitz Fm. sandstone
40 T4N, R5W, Sec. 10, SW SW 1/4 760, cml 6 Cowlitz Fm. sandstone
10 T4N, R5W, Sec. 29, NE NW 1/4 Cowlitz Fm. sandstone

41* T4N, R5W, Sec. 9, NW NE 1/4 768 Cowlitz Fm. sandstone
84 T5N, R5W, Sec. 20, NW NE 1/4 772 Cowlitz Fm. sandstone

100 T4N, R5W, Sec. 5, SE NE 1/4 719 Cowlitz Fm. sandstone
31 T4N, R5W, Sec. 9, SW SW 1/4 709 Cowlitz Fm. sandstone

144 T5N, R5W, Sec. 19, SE SW 1/4 735 Cowlitz Fm. sandstone
148 T5N, R5W, Sec. 18, SE SW 1/4 737 Cowlitz Fm. sandstone
168 T5N, R5W, Sec. 20, SW SW 1/4 771 Cowlitz Fm. sandstone

Rock Ck. section T4N, R5W, Sec. 5, SW SW 1/4 747 Cowlitz Fm. sandstone
Rock CL section T4N, R5W, Sec. 5, SW SW 1/4 748 Cowlitz Fm. sandstone

T4N, R5W, Sec. 23, NW SW 1/4 VR88-39 Cowlitz Fm. sandstone
T4N, R5W, Sec. 22, NW NE 1/4 VR88-54 Cowlitz Fm. sandstone

11 T4N, R5W, Sec. 28, SE NW 1/4 780 Upper Cowlitz mudstone
12 T4N, R5W, Sec. 28, NE SW 1/4 Upper Cowlitz mudstone

149 T5N, R5W, Sec. 19, NE NW 1/4 Upper Cowlitz mudstone
153 T5N, R5W, Sec. 19, NW NE 1/4 740 Upper Cowlitz mudstone



APPENDIX VI
Heavy Mineral Percentages from Sandstones of Study Areas

Heavy Minerals of Selected Sandstones
from the Mist Gas Field and the Rock Creek - Rocky Point Area

Mineral Sunset Highway
Species mbr. - Hamlet fm.
(% of total)

799 762 803 735

Cowlitz Fm.
(Outcrop)

812 714 709 2439'

C & W sandstone
(OM 41A-10 core)

2578' 2610' 2644'

C

2726'

(1W
& W sandstone

33 C-3 core)

2546' 2698'

Ivy Creek fm.

773

Amphiboles
Green-
homblende 25 15 12 30 38 13 18 Tr Tr 2 3 5 3 Tr 4
Brown-
hornblendel 2 1 3 4 2 4
Basaltic-
homblende 3 - Tr -
Tremolite 2 2 3 3 Tr Tr Tr
Actinolite - 2

Pyroxene
Augite 5 2 Tr Tr
Diopside - Tr Tr - - Tr
Enslatite - Tr - - Tr Tr Tr Tr
Hypersthene - Tr Tr

Biotite 1 6 Tr 2 10 3 2 4 5 7 5 4 6 2
Muscovite - Tr Tr 2 Tr - I Tr 1 Tr
Chlorite - 3 2 - 3 7 2

Epidote
Groun

Epidote 15 43 46 31 21 34 47 40 55 57 41 58 47 49 8
Clinozoisite 2 4 5 4 - 2 7 4 5 4 6 4 8 6
Zoisite 1 - Tr 2 Tr Tr Tr Tr Tr Tr I Tr Tr 3



APPENDIX VI Cont.

Mineral
Species
(% of total)

Sunset Highway
mbr. - Hamletfm.

799 762 803 735

Cowlitz Fm.
Outcrop

812 714 709 2439

C & W sandstone
(OM4IA-l0)

2578 2610 2644 2726

C & W sandstone
(1W 33 C-3)

2546 2698

Ivy Creek fm.

773

Zircon
5 6 2 5 4 5 5 9 7 6 10 3 6 6 3euhedral

rounded 30 14 18 7 6 16 9 39 16 8 16 5 20 13 7

Tourmaline
- 1 2 Tr Tr 2 1 2green

brown 2 4 4 7 9 3 3 2 4 4 4 5 4 8

Garnet
2 Tr 3 5 6 2 Tr 7 6 10 3 6 19colorless

pink 2 2 5 3 Tr 2 3 3 1 1 5

Kyanite - 3 4
Sillimanite - Tr 3 Tr Tr Tr Tr
Staurolite Tr - - - - - Tr Tr
Monazite Tr Tr 1 Tr Tr - Tr Tr Tr
Rutile
Apatite

Tr
-

1

-
Tr - -

Tr
Tr
-

-
Tr Tr

Sphene Tr Tr Tr
Opaques



Sample #s

Sunset Highway mbr.
799

800

Cowlitz Fm (Core)
OM41A-10 2439

2529

2578

2610

2644

2700

*2546

*2698

Cowlitz Fm (Outcrop)
735

714

709

719

775

Fail Ck. 60

ivy Creek F
773

* = 1W 33C-3

APPENDIX VII
Textural Analysis Statistical Parameters

Median Mean mci. Gra. Skew. Simp. Skew. Kurtosia Std. Dcv. Simp. sort. Coarsest
(Md: (Ma) (SKi) (Kg) (a!) (Sos) I %

2.28 2.45 0.465 1.62 1.15 0.785 0.855 1.4

2.03 2.16 0.458 1.39 1.6 0.848 0.772 1.25

2.8 2.86 0.178 0.599 1.275 0.774 0.848 0.8

2.2 2.4 0.0508 1.63 1.26 0.769 0.839 1.4

2.8 2.88 0.156 0.28 1.45 0.688 0.752 1.4

2.8 2.9 0.229 0.7 1.23 0.784 0.818 1.5

3.3 3.4 0.122 0.099 0.785 0.723 0.697 1.1

2.45 2.63 0.36 1.3 1.147 0.836 0.848 1.45

3.1 3.08 0.037 0.1 1.05 0.821 0.818 1.55

2.57 2.58 0.16 0.74 1.129 0.708 0.751 1.4

2.85 2.88 0.175 0.55 1.32 0.581 0.663 1.7

2.92 2.89 0.052 0.409 0.955 0.879 0.833 1.55

2.7 2.63 0.03 0.5 1.34 0.65 0.7 1.5

2.6 2.6 0.11 0.6 1.52 0.74 0.79 1.4

2.7 2.6 0.044 0.3 0.96 0.64 0.64 1.5

2.25 2.26 0.197 0.67 1.296 0.555 0.585 1.3

-0.45 -0.183 0.208 1.35 1.043 1.947 2.045 -3.15



APPENDIX VIII
Checklist of Trace Fossils from Outcrop and Core

Trace fossils identified by Dr. C. Kent Chamberlain, Dept. of Geology, University of Wisconsin-Eau Claire, 1989

Unit:

Sample locality

Roy Creek member Cowlitz Fm (outcrop) C & W sandstone
Core
Core depths (feet)

TRACE FOSSIL TRACE FOSSIL

161 Th1asinQi4ks OM 41A-10 2437 rootlets, skolithos
132 Rosselia OM 41A-10 2445 Subaubcylindrichnus
84 ThaIasinoides OM 41A-10 2448 Ikalassinoides

151 ThalassinoiLks OM 41A-1O 2450 chaj'hcy1indrichnns
Qpliiomorpha (grain lined)

138 Razor clam burrow OM 41A-10 2452 Thalassinoides
67 Skolithos with OM 41A-10 2648 Pellet lined

Thalassinoirlesferruginized linings
57 escape burrow of clam OM41A-10 2660 grain lined

or snail, unlined OM 41A-10 2661 Schauhcylindrichnua
(Siphonites or
Terehellina)

OM 12C-3 2764 Thalassinoides
1W 33C-3 2705 Grain lined backfilled

burrows - Ophiomorpha



APPENDIX IX
Checklist of Palynomorphs from Outcrop and Core

Samples analyzed by Ray Christopher of ARCO Oil and Gas Company Research and Development Group

Sample 781 - Ivy Creek Formation OM 41A-1O at 2454.5 ft. (C & W sandstone) OM 41A-1O at 2512 ft. 0M 41A-1O at 2628 ft.

Laevigatosporites ovatus
Gramimdites sp.
Cedrus sp.
Sigmopollis hispidus
Sigmopolis psilatus
Pachysandra sp.
Triporate type A of Piel (1971)
Polypodium spp. (coarse ornamentation)
Tsuga spp.
Arecipites sp.
Tricolpate A of Hopkins (1969)
Lycopodiumsporites sp.
Taxodiaceaepollenites hiatus
Chenopodiaceae
Alnus verus
Tilia crassipites
Tasmanites sp.

Cicatricosisporites spp.
Fungal spores
Tilia sp.
Bombacacidites nacimientoensis
Carya (<29 micrometers)
Osmundacidites wellmanii
Laevigatosporites sp.
Questionable dmoflagellate cysts (3 observed)
Pediastrum?
Alnus verus
Ulmus sp.
Momipites spp. (including M. coryloides)

Bisaccate gymnosperm pollen
Pteridophyte spores,
Fungal spores
Angiosperm pollen
Plant cuticle
Wood fibers
Opaque organics

Momipites
(Angiosperm)
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APPENDIX X

Fall Creek C & W Sandstone Section

T4N, R5W, Sees. 9, 10,15

Unconformable contact with micro- and
megafossiliferous, grey silty mudstone of.
Keasey Formation

Inclinedunidirectional foresets of starved
ripple-bedding overlain by planar-laminated
fine- to medium-gsained sandstone. Rip-ups?,
load structures, microfaults present.

Laminated, very fine-grained sandstone with
scour and fill, load structures, and minor
bioturbation.

Hummocky-bedded (7) interval overlain by
cross-beds with low-angle truncations and
bioturbation.

Clean, friable, fine-grained, arkosic, micaceous,
structureless to faintly laminated sandstone.

408

Interlayered sitstone to very fine-grained sandstone,
mostly massive to faintly laminated.

Moss covered, liesegang banded, carbonaceous
structureless fine-grinned sandstone overlain by
ripple laminated muddy layer. Loading of sand
into mud. Some mud drapes over ripple crests.

Clean, arkosic, burnt-orange faintly laminated
sandstone, with subordinate minor ripple
laminations in-phase (wave ripples?).

Hummocky to microhummocky? cross-bedded
sandstone, grading into low angle foresets of
ripple bedding above. Sandstone is light grey.

Carbonaceous siltstone to very fine-grained
sandstone, with abundant sand-infilled branching
burrows perpendicular to bedding.

Stratigraphic
level (in feet)

Meters
210

64

62
190

60

54

52
160

50

48 150

46

140

44

42 130

40

120
38

36
110

34

32 100

90
28

26 80
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siistone

interbedded claystone & sandstone

bedded sandstone

massive sandstone

foraminifera

load cast

rip-up

fossil

APPENDIX X Cont.
Fall Creek Measured Section

hummocky cross-bedding

Micmfaulted, planar laminated siltstone, and arkosic,
hioturbated fine-grained sandstone, hematite cemented.

Ripple and starved ripple laminations, scour and fill, flaser (?)
bedding, with mud drapes, slump folded, minor faults.
Subordinate homogenized-bedding due to bioturbation.

Inierbedded sandstone and claystone

Cross-bedded sandstone (hummocky?), with flame & dish
stnictures, soft-sediment deformation. Scoured fair-weather base.

Calcite-cemented sandstone with calcareous concretions.

Siltstone to laminated very fine-grained sandstone, moderately
sorted, clayey interbeds. Rosseia burrows.

Micaceous, friable, well-sorted, laminated to cross-laminated
fine-grained sandstone, with iron staining.

409

Legend

-3 mudstone-daystone infliled burrow

convolute bedding

inclined foreset laminae

ripple bedding

festooned cross-bedding

slump fold

calcareous concretion

4 leaf fragment - carbonaceous matter

cut and fill

bioturbation

772?

q fault
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APPENDIX XI
Selder Creek Measured Section

SELDER CREEK C & W SANDSTONE
MEASURED SECTION

Meters feet T5N R5W Sec. 32 NW1I4

Massive to faintly laminated, weathered tan micaceous,
arkosic sandstone.
Thickening and coarsening-upward arkosic sandstone.

Sandstone here has mud "stringers" 4" long,
clayey lenses, ripple bedding, and some micro- scour
and fill structures.

Friable, very micaceous, arkosic very fme-grained sandstone
with some thin siltstone interbeds, resembling flaser type bedding.

Massive to planar laminated carbonaceous Ime to medium
-grained sandstone, with load cast of sand into underlying claystone.

Grey interbedded silty claystone/ sandstone beds, stained by iron
oxides, and ripple bedded. Ripple type may be of wave origin,
and are both in-phase and also "starved"or incompletely formed ripples.

Well laminated arkosic, micaceous sandstone bed with trough
cross-stratification and erosional bases.

Arkosic, buff-colored sandstone, organic layers present along with
mud stringers up to 2" long, parallel to bedding. Mudstone interbeds
with sandstone may have sharp or gradational contacts.

Escape burrow of claim or snail.

Micaceous, arkosic, fme-grained sandstone, faintly laminated, in places
cemented by hematite.

See Appendix X for key to sedimentological symbols.
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APPENDIX XII
1W 33C-3 Core Log

1W33C-3 2520-2600
Moasured Section (Core) Peg. of _L V I 6i89

T.Beticmen
Locelity Mist Gas Field M.esur.d By

D.positionil
Enviroenents

end
Comments

Mellumto dart grey, concretionery
structureless send. Concretions vs
ceicereous end ovoid, appx. 2" in diem.

Medium-greymrcaceous send is steeply
dippinget 25895 whichmaybe pert ole
lvgerzone or' contorted bedding &lor
slumping.

411

Dart bro.nto dart grey, structureless micro-
mlceceous, falntlylamlneted mudstone.
Upper bethysi brims found (McKe&)

Sandy, medium greymicromicaceous
mudat on a

Abrupt contact of fractured mudstone '.ith
hiable,llght grey, micsceousrtoslc send.

Nerbedded medium greylsn*reted send
and dart greysubordlnetemudstone. Send
eppeersto beinshvpcontactth undett.ing
mudstone beds.

Planer, mediuw-dlpping laminated organic-
rich micaceous, inable send.

Sharp contact of moderilelywefi sorted
sendh biotwbuted,iltysendstone beneath
Bioturbeted interval is shining upwd
sequence from 2575.5 to 2572.
Sand is ripple laminated end contains, very
micaceous layers along bedding planes.

Well delinedconvoluted bedding in friable,
micaceous, orgeriicnch sandstone.



APPENDIX XII Cont.

Measured Section (Core)
1W 33 C-3 2600-2680 2 3 Dat. 2116189

Locaht,p Mist Gas Field Measured BV
T. Betkman

412

4i
!
',_ .-
(AD

.s
(AU)

a

Depositional
Environments

comments

2600 Steeply dipping beds of micaceous, carbon-
aceous sandstone ovet$ing (latter beds of- the ,amekthology which mayrepresent the

ii ,)(._,.- lowerbowidingsetotahutnmocJcvcross-

-2610
hedwiit

Steeplytomoderately dipping carbonaceous
micaceous medium-greysand may be patt
ala hummocky unit, oraslump fold.

2620
Comiceceous,wellcemented
medium greysendstone

Low an do truncations defined by alternating
2630 hghtandsubordinateds1clayers mayrep.'e

- sentconcentraZuons of heavyminemis

Structureless (nable medium greysandstone-
C 2640 - 'I'

BIue-greenzoneof verytulfeceous,Iemin-
eked to thinly bedded chiontic sandstone

________ Beds are defined bylayers of pebble size
clasts of weathered oflhde subrounded
volcwiics and by different shades of blue end
green Some o(these layers appearto be- gradedtoinverselygtded

2650

:5ET
@ 2649 J,ashvpcontect olmediumsend
'with carbonaceous, lerninated, liner greined
sand. This undedwig unit maybe burrowed

2660

andior hummocky bedded.

Feintlylatninated friable medium-greysend

Coersenin upward sequence from 2667.5- - toshvp contact with over1.ing send @ 2666.

H 2670 - Sdtuerfacies is bioturbaked and carbonaceous

- - - Ripplelemineledintervelappx 12 thrck4
- feint foresets 'visible and some carbonaceous

debris layers separating sand packages.

2680



APPENDIX XII Cont.

Dat. 2117189

Locality Mist Gas Flold M.asr.d B
Be&men

1W33C-3 2880-2760
Measured Section (Core) Page .J..of..L

See Plate IV for key to sedimentological symbols.

413

l
U

U. I
! . g Depositlonal

5 5 . 1
. . e

(fl 0 :
Comments

2680 Dipping,Vas-itlyleminstedmedium grey tneble
wkosic micsceous sandstone, g,*ding dovn-
ward mto gnitic beds of orgeniciich, wavy

B - - - to convoluted bedded stitysand @2684 5

2690 22(. Plnvto troughcross-lamineted miceous

I

ecUmgreycvbonaceoUs3&id
MenyIeminaLi one are trwicated at top, ten-
gentlsat base, gmdlng deeperin coreto-::::: ml'o-,tppl.'osssndst.,vednppl.lemms-
bons.ithsomeflaser4ypebeddingnsIty

2700 I Isyen@2699

Send Vines up.ird and contains subhonzon-
tel butrows of either ophiomorpha orlheiass-

des,'*,thminorclay &lorncanms

2710 - Fne,npp1elmnatedsandconteinsocca
sIonelcerboneeous debitslayers end Is In
faidyabrupt contact withtiner greined saltstone
to fine gmined bioturbeted send.

2720 -




