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The Washington State
Geologic Map Program

Raymond Lasmanis, State Geologist

Washington State Department of Natural Resources
Division of Geology and Earth Resources

PO Box 47007, Olympia, WA 98504-7007

Geologic maps show the types and ages of unconsolidated
earth materials and rocks that occur at or near the Earth’s
surface and the locations of faults and folds. Geologic maps
are the most fundamental and important database for the earth
sciences. They are used for a broad range of practical applica-
tions as depicted in the figure below.

Since 1983, the Division has conducted a State Geologic
Map program to produce three types of statewide geologic
map coverage: black-and-white maps at 1:100,000 scale (1 in.
= 1.6 mi), full-color maps at 1:250,000 scale (1 in.=4 mi),
and digital geology, where 1:100,000-scale quadrangles are
converted to digital form in a geographic information system.

Reductions in state funding have slowed the release of our
geologic map products. We had expected that statewide geo-
logic map coverage would be completed by mid-1996. To
date, of the 51 1:100,000-scale quadrangles covering Wash-
ington, 34 full and 3 three partial quadrangles have been re-
leased by the Division as open-file reports. We now expect the
remainder of the quadrangles, all of which are in the northwest
part of the state, to be completed by the end of calendar 1998.
With support from the federal STATEMAP program, by June
30 of this year, 17 1:100,000 quadrangles will have been con-
verted to digital format. A similar contract will allow us to
digitally prepare about a dozen more quadrangles by July
1998. (See the article, p. 20-21, in Washington Geology, v. 24.
no. 4, Dec. 1996, for more details about program status.) How-
ever, at the present time, the method(s) of releasing or distrib-
uting these files has not been determined.

During June, the southeast 1:250,000-scale quadrant of the
state geologic map was published (see p. 14 for ordering infor-
mation). However, faced with additional budget reductions in
the 1997-1999 biennium, the Division will probably have to
delay the completion of the 1:250,000-scale geologic map of
the northwest part of the state to at least the year 2000. m
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Something Old, Something New,
Something Borrowed, Something Blue—
A New Perspective on Seismic Hazards in
Washington Using Aeromagnetic Data

Carol Finn and W. Dal Stanley
U.S. Geological Survey

MS 964, Denver Federal Center
Denver, CO 80225-0046

INTRODUCTION

The geology of the state of Washington shows the imprint of
tectonic processes related to oblique subduction, first of the
Farallon plate, then of the Juan de Fuca plate, beneath North
America. “Old” (pre-Neogene) structures, the boundaries of
terranes “borrowed” from elsewhere, and fault-bounded topo-
graphic depressions (“blue”) have been reactivated, some of
them repeatedly, so that they control the location of volcanoes
and seismicity. In addition, “new” crustal zones that localize
deformation may connect or cross these old trends. Seismicity
lineaments that follow these more recent crustal features may
present an important seismic hazard.

Both the more recent and older crustal boundaries in Wash-
ington are reflected in aeromagnetic maps. The clarity and
continuity of these crustal zones in the aeromagnetic maps
makes them useful tools for understanding the regional geo-
logic framework and tectonic evolution of Washington. The
goal of this paper is to present a new compilation of aeromag-
netic data for the state of Washington that shows the location
of important tectonic trends and to discuss the relation of some
of these trends to seismicity.

DESCRIPTION OF
AEROMAGNETIC ANOMALIES

A new aeromagnetic map of Washington (Finn and others,
1996) was compiled from 40 separate aeromagnetic surveys of
varied quality. When merged together on a common observa-
tion surface, these separate surveys provide the first relatively
high-resolution, synoptic view of anomalies associated with
regional tectonic features. In this paper, we use the new aero-
magnetic map to delineate crustal blocks and fault and dike
trends, as well as to connect tectonic features and associate
some of them with seismicity.

A shaded-relief version of the new aeromagnetic compila-
tion (Fig. 1) shows positive magnetic anomalies (light grays)
produced by normally magnetized rocks and negative anoma-
lies (dark grays) related to rocks less magnetic than adjacent
rocks or to reversely magnetized volcanic rocks. Unavoidable
problems with the compilation are evident as (1) largely north—
south or east—west linear features representing boundaries be-
tween surveys of varying resolution, (2) striping in the north-
east corner of the map due to problems between flight line lev-
els, and (3) areas of poor data quality (for example, in the
southeast corner of the map). Nevertheless, linear trends and
aeromagnetic patterns that outline a variety of geologic prov-
inces can still be distinguished.

RELATION OF AEROMAGNETIC TRENDS
TO GEOLOGY

Something Old: pre-Tertiary Rocks

The north-central and northeast parts of Washington are com-
posed of Precambrian to Mesozoic ophiolites and crystalline
terranes (for example, Hamilton, 1978) that were accreted to
the Precambrian margin by the end of the Mesozoic (for exam-
ple, Monger, 1977; Hamilton, 1978). The ophiolites produce
very high amplitude positive aeromagnetic anomalies (for ex-
ample, the Ingalls and Fidalgo ophiolites (O, Fig. 1)). Some of
the Mesozoic plutons produce small aeromagnetic highs (east
of about 118°W and north of about 47°30’N, Fig. 1). Magneti-
cally quiet areas characterize most of the crystalline terranes,
(for example, near 48°N and 121°W (Fig. 1)).

This basement was cut by Late Cretaceous—early Tertiary
dextral strike-slip faults, many of which appear as linear
anomalies on the aeromagnetic map between 118° and 121°W
and 47°30” and 49°N (for example, Darrington-Devils Moun-
tain fault, DDF, Fig. 1). Some of the faults separate Eocene
volcanic rocks from adjacent intrusions and metamorphic
rocks. The sources of the north-northwesterly-trending posi-
tive anomalies between 120° and 120°30’W just north of
48°30’ (Fig. 1) may be buried Eocene volcanic rocks aligned
along faults.

Something Borrowed: Accreted Terranes

Basement in the Coast Range of western Washington consists
of Eocene marine basaltic and mafic intrusive rocks formed in
a near-margin rift setting that were accreted to the continent in
the Eocene (Wells and others, 1984; Babcock and others,
1992). Positive aeromagnetic anomalies in the Coast Range
(Fig. 1) reflect exposed and buried normally magnetized Eo-
cene basalts. Negative anomalies in the Coast Range result
from several sources: (1) deep magnetic basement under sedi-
mentary basins (see next section), (2) reversely magnetized
Eocene basalts (for example, the magnetic low near 45°45'N
and 123°45’W), and possibly (3) overturned normally magnet-
ized basalts (near R and E in RANGE, Fig. 1).

The most intense magnetic high on the aeromagnetic map
(near the T in COAST RANGE, Fig. 1) straddles the Columbia
River and may be due to a mafic or ultramafic intrusive body
that formed in a northeast-trending zone of extension; strong
gradients bound the anomaly, suggesting faulted edges.

Gravity and magnetic data (Finn and others, 1984; Finn,
1990) indicate that the Coast Range rocks form discrete, com-
monly fault-bounded blocks. Wells and Coe (1985) suggested
that the mafic blocks are bounded by northwest- and west-
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striking thrust faults that formed in response to the north-
directed component of oblique subduction of both the Farallon
and Juan de Fuca plates. The aeromagnetic data show some of
these thrust faults as linear trends. One of these trends is asso-
ciated with the Doty fault (DF, Fig. 1). Another bounds the
southwestern edge of the Chehalis basin (low south of DF,
Fig. 1). The westerly trending Seattle fault (south of S, Fig. 1)
is visible as a linear sharp gradient truncating a magnetic high
on the south.

West of Seattle (S, Fig. 1), positive anomalies correspond
to the core of Coast Range mafic crust that forms a rim around
the Olympic Mountains. This rim encompasses thick, imbri-
cated nonmagnetic sedimentary rocks of Tertiary and Quater-
nary age (magnetically quiet area near OM, Fig. 1).

Something Blue: Pull-apart Basins

Late Cretaceous to early Tertiary dextral strike-slip faults
formed rapidly subsiding grabens that produce magnetically

quiet areas between linear positive anomalies in north-central
Washington. Forearc basins in western Washington may also
have formed as a result of these dextral strike-slip faults
(Johnson and others, 1994, 1996). Steep gravity gradients de-
fine the edges of these basins, indicating that they are fault-
bounded (Finn, 1990). The basins are not as clearly imaged in
the magnetic data, but some do appear as magnetically quiet
areas. These include the Seattle (between S and SWIF, Fig. 1),
Everett (between SWIF and DDF, Fig. 1), Grays Harbor (low
near 47°N and east of 124°W, Fig. 1), and Chehalis (near DF,
Fig. 1) basins.

Another important tectonic element in the region is
roughly bounded by Mount St. Helens, Mount Adams, and
Mount Rainier (H, A, and R, respectively, Fig. 1). This buried
element, called the southern Washington Cascades conductor
(SWCC), produces an electrical conductivity anomaly that is
interpreted to be associated with thick Upper Cretaceous to
middle Eocene marine sedimentary rocks, possibly related to
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Figure 1. Gray-shaded relief map of the merged aeromagnetic data for Washington. Letters refer to anomalies discussed in the text. A, Mount
Adams; B, Mount Baker; CB, Columbia Basin; D, dikes; DDF, Darrington-Devils Mountain fault; DF, Doty fault; G, Glacier Peak; H, Mount St.
Helens; |, intrusions; LRF, Leach River fault; OM, Olympic Mountains; O, ophiolite; OWL, Olympic—Wallowa lineament; P, Portland; R, Mount
Rainier; S, Seattle; SWIF, South Whidbey Island fault; and Y, Yakima fold belt.
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a combination of an accretionary prism/forearc basin complex
overlain by sediments deposited in a pull-apart basin (Stanley
and others, 1987). A circular magnetic low (ringing H, A and
R, Fig. 1) reflects these upwardly arched sedimentary rocks in
the SWCC (Stanley and others, 1987).

Something New: Post-accretionary Magmatism

Magmatic products from the Cascade arc have intruded and
covered the older basement east of the Coast Range since the
late Eocene. Positive magnetic anomalies are associated with
exposed and inferred buried plutons (along 121°30’W north of
47°N, Fig. 1) and volcanic rocks (H, R, A, and the intervening
area; B and G, Fig. 1) in the Cascade Range.

The geology of southeastern Washington is dominated by
the Columbia Basin (CB, Fig. 1), which is covered by basalts
erupted between 17 and 6 Ma and filled with Tertiary conti-
nental sediments. (See Reidel and others, 1989.) The Colum-
bia Basin is presumably underlain by pre-Tertiary basement
terranes. High resolution aeromagnetic data show a set of posi-
tive and negative anomalies with a trend of about N25°W (near
D, Fig. 1) that correspond to a sequence of reversed and nor-
mally magnetized dikes associated with fissures from which
basalts erupted (Swanson and others, 1979). The anomalies
caused by the dikes align with the north-northwest-trending
anomalies at the top of Fig. 1, between 120°15" and 121°W,
that are associated with graben-related faulting. This align-
ment suggests that the dikes could have formed along pre-ex-
isting faults in the pre-Tertiary basement.

Subsequent to dike formation, folds and thrusts developed
under north—south compression in the Yakima fold belt
(Reidel and others, 1989). The folds cause a fanning set of
curving positive and negative anomalies that trend from
N60°W to east-west (near Y, Fig. 1) (Swanson and others,
1979). The fold belt is cut by the Olympic—Wallowa geomor-
phic lineament (OWL) (Raisz, 1945), which is associated with
a diffuse zone of anticlines in the central part of the basin. The
OWL is similar to other lineaments mapped in the western part
of the Basin and Range Province that have been interpreted as
right-lateral megashears that accommodate extension and
other North America plate interior effects of oblique subduc-
tion between the Pacific and North American plates (Reidel
and others, 1989). The aeromagnetic data show that part of the
OWL (Fig. 1) cuts the dikes in the southeast and transects the
central part of the curving set of Yakima folds (Y, Fig. 1). In
the aeromagnetic data, the OWL (Fig. 1) continues from the
Columbia Basin (through the area marked Y, Fig. 1) until it
intersects the eastern end of the Seattle fault (south of S,
Fig. 1). There is no expression of the OWL in the aeromag-
netic data northwest of this intersection.

RELATION OF AEROMAGNETIC TRENDS
TO SEISMICITY

To highlight trends, we calculated the magnitude of the hori-
zontal gradient of the pseudogravity of the aeromagnetic data.
The local maxima of the horizontal gradient help locate the
edges of tabular bodies or the near-vertical boundaries be-
tween rocks of differing magnetizations (Cordell and Grauch,
1979; Blakely, 1995). Figure 2 shows lineaments derived from
the location of the maxima of the horizontal gradient of the
pseudogravity, and from trends observed in the original mag-
netic and the gravity data (Finn and others, 1984).

One of the goals of this paper is to examine relations be-
tween seismicity and linear trends observed in the magnetic

data that may represent individual faults or regional trends in
faults. Therefore, recorded earthquakes in Washington from
the Pacific Northwest Seismic Network for depths from the
surface to 10 km (from Stanley and others, 1997) are plotted
with the lineaments (Fig. 2).

Something Old: Reactivated Boundaries

Two prominent northwest-trending bands of seismicity can be
observed in south-central Washington. One corresponds to the
Mount St. Helens seismic zone (SHZ) (Weaver and Smith,
1983), and the other to the western Rainier seismic zone
(WRZ) (Stanley and other, 1996). These bands (Fig. 2) corre-
spond to portions of the ring-shaped magnetic low associated
with the SWCC (between H, A, and R, Fig. 1) (Stanley and
others, 1987). The SHZ seismicity occurs at the contact of
Coast Range basaltic crust on the west with the thick sedi-
mentary rocks in the SWCC on the east. The WRZ occurs in a
more continuous magnetic low over sedimentary rocks that
have been thrust upward to the near surface. Seismicity in the
SHZ terminates at the southeastern edge of a large block of the
Coast Range Province represented by a large magnetic high
(north of DF, Fig. 1). The seismicity from the SHZ steps east-
ward across the southeastern margin of this block until it
merges with the WRZ and trends north along the terrane
boundary between the Coast Range and pre-Tertiary rocks to
the east (CRE, Fig. 2).

Small lineaments observed clearly in larger scale color
aeromagnetic maps and only faintly in Figure 1 trend north-
west from Portland (P, Figs. 1 and 2) across the Columbia
River (toward W, Fig. 2) and follow thrust faults between
blocks of Coast Range crust. These thrusts developed during
major episodes of compression and rotation of the Coast
Range during Eocene to Miocene time (Wells and Coe, 1985).

In the Columbia Basin, a cluster of seismicity occurs at an
arcuate zone where northwest-trending dikes (D, Figs. 1 and
2) are truncated by the easterly trending folds of the Yakima
fold belt (Y, Figs. 1 and 2). Another knot of seismicity occurs
farther north where several northwest-trending faults and line-
aments (southeast of NC and MH, Fig. 2) intersect the margin
of the Columbia Basin.

A linear band of seismicity follows the reactivated Dar-
rington-Devils Mountain fault (Zollweg and Johnson, 1989),
as well as the South Whidbey Island fault (Johnson and others,
1996) (DDF, SWIF, respectively, Figs. 1 and 2).

Something New: Cross-cutting Boundaries

Young structures may be represented by a zone of aeromag-
netic lineaments trending northeast in the area between Port-
land and the SHZ that corresponds to a diffuse zone of north-
east-trending seismicity (Fig. 2). Northeast trends in the aero-
magnetic data and seismicity (Fig. 2) can also be observed in
the region between the SHZ and WRZ. These northeast-trend-
ing zones of seismicity have been interpreted as stepovers of
dextral slip toward the SHZ and WRZ (Stanley and others,
1996; 1997).

A detailed study of the relation between seismicity and
faults in the Portland area could not conclusively link specific
earthquakes with specific faults, but general correlations could
be seen (Blakely and others, 1995). Yelin and Patton (1991)
studied seismicity in the Portland area, including a November
6, 1962, MS5.2 earthquake. Their preferred focal mechanism
indicated normal faulting on northeast- or north-northeast-
trending fault planes. Stanley and others (1997) interpret that
this mechanism is compatible with northeast-directed com-
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Figure 2. Black lines represent linear features observed in the aeromagnetic data (Fig. 1), the magnitude of the horizontal gradient of the
pseudogravity of the aeromagnetic data, and the gravity data (Finn and others, 1984). Gray dots represent epicenters shallower than 10 km depth
(Stanley and others, 1997). Abbreviations same as in Figure 1, plus: CRE, eastern boundary of Coast Range rocks; DF, Doty fault; LR, Leach
River fault; MH, Methow trough; NC, North Cascades; NE, northeast magnetic trends; RP, Republic graben; SF, Seattle fault; SHZ, St. Helens
seismic zone; VI, Vancouver Island; W, Willapa Hills; and WRZ, western Rainier seismic zone.

pression from subduction stress reflected in the seismicity
trends (and magnetic lineaments, Fig. 2) in the region between
Portland and the SHZ.

An uplifted block of the Coast Range south and southwest
of the Seattle fault (southwest of S, Fig. 1; SF, Fig. 2) is im-
aged as a magnetic high cut by a northeast-trending magnetic
low. Subtle northeast-trending lineaments can be observed in
the aeromagnetic data north of the Seattle fault in the Puget
Sound region (Figs. 1 and 2). The magnetic basement is deeper
here than to the south, accounting for the more subtle magnetic
signature. There is a northeast grain to several clusters of seis-
micity in the Puget Sound region. According to Stanley and
others (1997), this northeast seismicity trend from the Seattle
fault to the Darrington-Devils Mountain is related to strong
coupling of the plate and crust in Puget Sound and reflects the
direction of maximum compression from the subducting plate.
These northeast-trending seismicity features may represent a
serious seismic hazard because they may result neotectonic
coupling of subduction stress across a matrix of older bounda-
ries (Stanley and others, 1997). New high-resolution magnetic
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data planned in the Puget Sound region (Blakely, U.S. Geo-
logical Survey, written commun., 1997) should provide addi-
tional information on locally important features such as the
northeast trend of aeromagnetic and seismicity lineaments that
crosses the Seattle fault.

CONCLUSIONS

Aeromagnetic data for Washington State provide a complex
but coherent image of geologic features that contributes to un-
derstanding of the geology and tectonic history. For example,
the clarity with which large dikes and folds are revealed in the
Columbia Basin provide a resource for new tectonic interpre-
tations. The OWL tectonic feature is well imaged in the mag-
netic data that, when combined with geologic and other geo-
physical data, should improve understanding of this feature.
The correspondence of northeast aeromagnetic and seismicity
trends may have significant implications for understanding
seismic hazards in western Washington. The ability to map
such fundamental faults in detail in the aeromagnetic data al-



lows correlation of seismicity and neotectonics, which can as-
sist in tectonic studies and hazards assessment.
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Wright State Offers
Environmental Geophysics Course

Wright State University will present a course on the appli-
cation of geophysical methods starting September 29,
1997, and January 12, 1998. Offered through its Interactive
Remote Instructional System, the course will cover topics
such as resistivity, electromagnetics, and gravity and mag-
netics for the investigation of sites of geological, hydro-
logical, and (or) environmental interest. The course is de-
signed for geologists, engineers, environmental managers,
and geophysicists. For more information, contact: Wright
State University; Center for Ground Water Management;
3640 Colonel Glenn Hwy, 056 Library; Dayton, OH 45435-
0001. Phone: (937) 775-3648: fax: (937) 775-3649; e-mail:
IRIS@wright.edu; Internet: http://geology.wright.edu/
iris.html.
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INTRODUCTION

Simpson and Cox (1977) were the first to apply detailed paleo-
magnetic studies to the detection of local vertical-axis rota-
tions in the coast mountains of Oregon and Washington. Since
that time, there have been many similar studies of coastal ex-
posures of Tertiary rocks from southern California to British
Columbia (summarized in Beck, 1989). In general, pre-Mio-
cene rocks south of about latitude 47°N have anomalous paleo-
magnetic declinations that indicate that they have rotated
clockwise about a nearby vertical axis, perhaps as a result of
dextral shear (for example, Beck, 1976). North of 47°N, Paleo-
gene rocks are rotated clockwise (Fox and Beck, 1985), coun-
terclockwise (Symons, 1973a), or not at all (Warnock and oth-
ers, 1993). Neogene rocks are rotated sharply clockwise in
California (for example, Luyendyk and others, 1985) but else-
where tend to be more nearly concordant (unrotated).

Nearly all Cenozoic rocks of coastal Washington, Oregon,
California, and British Columbia have paleomagnetic inclina-
tions that match reference inclinations for stable North Amer-
ica fairly closely. This indicates that, whether rotated or not,
they originated close to their present location. This is in strik-
ing contrast to Cretaceous rocks from the same area, all of

British Columbia

Washington

Figure 1. The Tertiary paleomagnetic database for the Washington
Cascades. Symbols are identified in Table 1. Rotations are shown by
direction of arrows. Circles indicates studies for which no north-south
movement is indicated (that is, for which Fabs < AF). Triangles indicate
studies for which Fabs > AF. If the triangle is upright the paleomagnetic
direction suggests northward transport; if inverted, southward trans-
port. By Fabs is meant the absolute value of the flattening statistic, F.
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which have anomalously shallow inclinations suggesting
large-scale northward displacement (for example, Beck, 1980,
1989; Irving and others, 1996). A slight bias toward shallow
paleomagnetic inclinations is found in Paleogene rocks of the
Washington-Oregon Coast Range and has been interpreted to
suggest northward displacement of a few hundred kilometers
(Beck, 1996). In general, north—south relative displacements
of less than about 500 km cannot be detected with any confi-
dence by a single paleomagnetic study.

In this article, we review the Cenozoic paleomagnetism of
the Washington Cascade Range. We also describe new data
from a crucial part of the range. In a final section, we speculate
briefly on the tectonic significance of the paleomagnetic data.

CENOZOIC PALEOMAGNETISM OF THE
WASHINGTON CASCADES

General Discussion

Figure 1 shows the sampling localities of paleomagnetic stud-
ies on Cenozoic rocks from the Washington Cascades; results
of these investigations are summarized in Table 1. Included in
this compilation are data from eastern exposures of the Goble
Volcanics (Wilkinson and others, 1946), which may not be the
product of volcanism in the immediate Cascade Range. How-
ever, because these rocks are adjacent to the western edge of
the Cascades, their tectonic history is relevant to this study.
Paleomagnetic results for the western part of the Goble field
(Wells and Coe, 1985), which is spatially related more to the
Coast Range than the Cascades, are not included in this report.

All entries in Table 1 were recalculated for this publica-
tion. Differences (if any) between the directions given in Ta-
ble 1 and those in the original publication represent the use of
more stringent selection criteria or the inclusion of new data.
The statistics R and F are rotation and flattening, respectively.
As originally defined (Beck, 1980), R =Do — Dy, and F = Ix -
Io, where D and I are declination and inclination and the sub-
scripts o and x denote observed values and “expected” values,
respectively. Thus Do and I, are the values listed in Table 1.
Dx and Ix are calculated from the 20-40 Ma reference pole of
Diehl and others (1988) or the 20 Ma pole of Harrison and
Lindh (1982) and assume a geocentric axial dipole magnetic
field.

The statistics R and F are designed to measure relative dis-
placement of potentially allochthonous crustal blocks (Beck,
1980). Values Dy and Ix are calculated for each individual
sampling locality as described above. If a particular sampling
locality has remained firmly attached to North America (has
not been displaced north-south or rotated about a vertical
axis), then the observed direction of remanent magnetization
ought to be close to the expected direction. If R or F are large,



Table 1. Paleomagnetic studies of Cenozoic rocks from the Washington Cascades. Symbols keyed to Figure 1. Dec./Inc., declination and incli-
nation of remanent magnetization after magnetic cleaning. N, number of sites used to compute average directions (number in parentheses is
number of specimens in single site); ags, radius of circle of 95% confidence; R+AR, clockwise rotation and 95% confidence limit; F£AF, inclination
flattening and 95% confidence limit. For R, F, and their confidence limits, see text. All directions and displacement statistics recalculated by the
authors. For most entries the reference pole is taken to be the 20-40 Ma pole of Diehl and others (1988), 81.5N, 147.3E, ays (confidence circle
on pole) = 2.4°. For younger rocks (marked with an *), the reference pole used is the 20 Ma pole of Harrison and Lindh (1982), 85.9N, 151.1E,

Ogs = 3.60

Symbol  Unit Dec./Inc. N Cgs R+AR F+AF Reference

GV Goble Volcanics 17:5° 58.4° 38 4.3° 29.6+7.4 5.3#3.9 Beck and Burr (1979)
ov Ohanapecosh Formation 28.8°  63.9° 28 4.3° 40.948.3 -0.2+3.8 Bates and others (1981)
FP* Fifes Peak Formation 351.0° 54.1° 31 8.0° -5.6£14.0 12.4£7.8 This paper

GS* Snoqualmie and Grotto batholiths 356.5° 68.3° 7 3.2° 2.618.2 -2,7+3.4 Beske and others (1973)
GF Granite Falls stock 181.6° -67.9° 1(5) 6.3° 14.2+13.8 -2.7£5.3 Beske and others (1973)
Ccw Chilliwack batholith 2.8° 65.0° 1(34) 1:5° 15.5+4.0 0.6+2.2 Beck and others (1982)
MB* Mount Barr pluton 22.0% 7507 5 9.8° 28.3+33.2 -8.348.2 Symons (1973b)

HO Hope pluton 358.2° 68.2° 5 4.4° 11,1£10.0 -2.1£3.8 Symons (1973b)

and especially if they exceed their confidence limits, then
some displacement (measured with respect to stable North
America) may have taken place. Positive R suggests that the
sampling locality has rotated clockwise about a nearby verti-
cal axis. Positive F suggests that the sampling locality has
been transported relatively northward. Purely longitudinal dis-
placements cannot be detected paleomagnetically.

Factors other than tectonic disturbance can affect R and F;
these include undetected tilt, failure to average the geomag-
netic secular variation, and failure to properly “clean” the
rocks magnetically. An incorrect reference pole also will af-
fect values of R and F. For a discussion of these and other
factors affecting the use of paleomagnetic measurements to
determine relative block displacements, see Beck (1991).

Discussion of Individual Studies

In this section, we discuss each entry in Table 1. Because it is
unpublished, entry FP (Fifes Peak Formation) will be de-
scribed at greater length in the next section.

GV Goble Volcanics (Burr, 1978; Beck and Burr, 1979). Age
cited in Beck and Burr (1979) is late Eocene to early Oli-
gocene, based on fossils and K/Ar whole-rock dates.
Wells and Coe (1985) date the Goble rocks in their field
area at about 39 Ma. Mean directions from the western
(Wells and Coe, 1985) and eastern (Beck and Burr, 1979)
segments of Goble outcrops agree well. Both polarities
are found in the eastern area; N and R mean directions
agree at 99 percent probability. A fold test proved incon-
clusive; scatter decreased upon unfolding, but not enough
to be significant statistically. Scatter characteristics are
compatible with a proper averaging of nonaxial elements
of the dipole field. The eastern Goble field area appears
to be rotated nearly 30° with respect to stable North
America. This agrees well with the results of Magill and
Cox (1980) for roughly contemporary volcanic rocks
from the central Oregon Cascades. The Goble Volcanics
also show significant (at 95% probability) inclination
flattening.

Ohanapecosh Formation (Bates, 1980; Bates and others,
1981). Calc-alkaline flows and volcaniclastic rocks were
sampled. Age probably middle Oligocene (31-37 Ma).
Both polarities are present; mean directions are antiparal-
lel at 95 percent confidence. A positive fold test was ob-
tained (Bates and others, 1981), indicating that the rocks
were magnetized before folding. The mean declination
for these rocks is rotated sharply clockwise with respect

ov

to the expected declination. The observed and expected
inclinations are essentially identical.
Fifes Peak Formation (Furlong, 1982; this paper). This
will be discussed in the next section.

Grotto and Snoqualmie batholiths (Beske, 1972; Beske
and others, 1973). These two plutons differ slightly in age
(Snoqualmie, 15-18 Ma; Grotto, 25-26 Ma), but the dif-
ference is small enough so that averaging the two to-
gether is acceptable. Of many sites sampled, only seven
proved to be magnetically stable, but these include both
magnetic polarities and are well grouped. Compared to

FP
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British Columbia

Washington

Enumclaw

Greenwater

o . e e e

= Mt. Rainier
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Figure 2. Location of sampling areas for FP. X indicates Fifes Peak
Formation sites; Circle indicates Columbia Plateau basalts. For more
exact locations, see Table 2.
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Table 2. Mean directions of remanent magnetization for sites in the
Fifes Peak Formation near Mount Rainier, Washington. Site no., site
number; Lat./Long., |latitude and longitude of site location; N, number
of independently oriented samples used to calculate mean direction at
each site; Dec/Inc., declination and inclination give site-mean direction
after tectonic correction; ays, radius of circle of 95% confidence; *, in-
dicates sites not used to calculate overall mean direction. Sites 34
through 40 are from Columbia Basin basalts

Site no. Lat./Long. N Dec./Inc. Ogs
BIFP-1* 46°41'N  121°04'W 8 165.6° -19.3° 3.0°
2% 46°41'N  121°04'W 8 164.9° -12.9° 3.6°
1,2¢ 16 165.2° -16.1° 2.6°
3* 46°41'N  121°04'W 6 145.8° -38.6° 3.1°
4% 46°41'N  121°04'W 7 147.8° -41.2° 5.6°
3.4¢ 13 146.0° -40.0° 11.9°
5 46°%41'N  121°04'W 8 157.1° -10.3° 5.0°
6 46°42'N  121°02'W 9 313.0° 2.7 3.1
7 46°43'N  121°02'W 8 313.0° 38.1° 6.7°
8 46°41'N  121°04'W 7 147.7° -19.6° 2.2°
9 46°40'N  121°04'W 6 147.9° -32.1° 2.6°
R1FP-10*  46°41'N  121°03'W 7 48.4° -89.1° 21.4°
11 46°41'N  121°03'W 7 171.9° -60.9° 4.4°
12 46°41'N  120°57'W 7 122.9° -12.9° 7.4°
13+ 46°41'N  121°03'W 7 359.7° -59.2° 21.0°
14 46°41'N  121°03'W 7 302.2°  77.4° 13.3°
15 46°41'N  121°03'W 5 84.1° -65.8° 8.0°
16 46°41'N  121°03'W 7 336.8° 55.1° 6.0°
17 46°41'N  120°57'W 6 130.2° -31.2° 5.3°
18 46°41'N  121°00'W 6 195.8° -30.2° 3.4°
19 47°11I'N  121°46'W 7 344.3°  54.0° 5.9°
81FP-20*  47°11I'N  121°46'W 6 201.5° -14.7° 15.6°
21 47°10'N  121°44'W 5 182.9° -42.7° 8.2°
22 47°10'N  121°44'W 5 196.0° -65.5° 31°
23 47°10'N  121°40'W 7 213.* -51.2° 8.9°
4% 47°10'N  121°40'W 6 117.9°  66.2° 37.6°
25 46°55'N  121°03'W 7 7.0°  61.1° 2.5°
26* 46°55'N  121°03'W 7 59.8°  50.9° 1.3°
27* 46°55'N  121°03'W 6 52.8° 48.9° 3.8°
26,27¢ 14 56.5° 50.0° 11.7°
28 46°55'N  121°03'W 7 350.3°  40.0° 2.3°
29 46°55'N  121°03'W 5 352.7°  50.6° 10.0°
81FP-30 47°00'N  121°12'W 7 20.4° 56.8° 2.6°
31 46°55'N  121°03'W 7 16.5° 55.7° 2.8°
32 46°55'N  121°03'W 7 349.7°  75.1° 13.0°
33% 46°55'N  121°03'W 7 2.2°  57.9° 3.7°
34+ 46°55'N  122°03'W 7 2.4° 57.4° 2.6°
33, 34c 14 2.3°  57.6° 2.0°
35 46 43N 120 51'W 6 330.2°  60.1° 5.9°
36 46 43'N 120 53'W 7 355.0° 37.5° 10.6°
37 46°42'N  120°54'W 6 175.4° -71.9° 5.5°
38 46°42'N  120°55'W 7 192.5° -64.5° 2:.1°
39 46°42'N  120°55'W 5 185.3° -56.8° 8.2°
40 46°42'N  120°55'W 6 164.2° -47.9° 14.7°
41* 46°41'N  121°03'W 7 316.8° 23.1° 70.0°

the 20 Ma reference pole of Harrison and Lindh (1982)
these rocks are concordant; that is, there is no paleomag-
netic evidence that they have been displaced relative to
cratonal North America.

Because GS sites are located in plutons, it is not possi-
ble to correct for post-magnetization tilt. (There are no
indicators of paleohorizontal, such as bedding.) Because
the mean direction is concordant, it probably follows that
any post-early-Miocene tilt in this area was of very small
magnitude.
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GF Granite Falls stock (Beske and others, 1973). Age cited
as upper Eocene by Beske and others (1973). This study
consists of a single site (5 specimens collected over a
small outcrop area). It has a single polarity (reverse) and
very little scatter (k = 141.2). There is therefore little rea-
son to believe that this study has averaged the geomag-
netic secular variation. Postmagnetization tilting also
could have occurred and be undetected. R and F values
for this body should be regarded with suspicion.

CW Chilliwack batholith (Beck and others, 1982). Like the
previous entry, this also consists of results from only one
site, although, in this instance, 34 samples were collected
over a distance of about 2 km. Nevertheless, very low
scatter (k = 284) suggests that secular variation may not
have been averaged. All samples have reversed polarity.
The rocks are Oligocene in age (Misch, 1979). As with
GF, R and F values for this study may be unreliable.

MB Mount Barr plutonic complex (Symons, 1973b). Radio-
metric ages cited in Symons (1973b) are middle Miocene.
Both polarities are present; that, plus reasonably high
scatter, suggest that the geomagnetic secular variation
has been averaged properly. Because this unit is a pluton
with no paleohorizontal indicators, uncorrected post-
magnetization tilting may affect the mean direction. Sy-
mons (1973b) regarded results from this pluton as unreli-
able because they gave a discordant mean direction, but
in view of the dozens of discordant directions obtained in
the western Cordillera subsequently, we prefer to retain
this study, although it is difficult to interpret.

HO Hope pluton (Symons, 1973b). Symons (1973b) gives the
age of this body as late Eocene to early Oligocene. Both
polarities are present. Between-site scatter for the five
Hope sites is low (k = 299.2). We take this to mean that
slow cooling has averaged the secular variation within
each site. It probably does not indicate that the result is
unreliable because of failure to average nonaxial-dipole
elements of the field. Again, this is a pluton, so no cor-
rection could be made for postmagnetization tilt, if any.

PALEOMAGNETISM OF THE
FIFES PEAK FORMATION

Samples were collected at 41 sites in volcanic rocks east and
north of Mount Rainier (Fig. 2). Included in this study are
seven sites from nearby exposures of basalts belonging to the
Columbia River Basalt Group (sites 81FP34—-40; Table 2).
Five or more samples per site were drilled in the field with a
portable diamond drill and oriented using sun and magnetic
compasses. Most sites were single lava flows exposed in road-
cuts. All samples were batch-cleaned in alternating fields
ranging from 20 to 60 mT; the demagnetization level for each
site was selected after progressive alternating field demagneti-
zation of several representative specimens. Strike and dip
were estimated at each site to permit correction for tilt. Site-
mean directions, corrected for tilt, are given in Table 2.

It should be pointed out that this study originated as an
M.S. thesis performed more than 15 years ago. Accordingly,
the laboratory techniques used do not conform to the standards
in use today (1997). However, nearly all samples we included
in this study had simple, univectorial directions of remanent
magnetization, with at most a small present-field overprint.
For such rocks, the laboratory methods used are entirely ade-
quate.



Figure 3. Distribution of site-mean directions for the Fifes Peak For-
mation (seven sites in Columbia Basin basalts are included). A, normal
polarity sites; B, reverse polarity sites. Equal-area projection; open
symbols indicate upper hemisphere. Sites combined in Table 2 are
plotted separately.

We employed several arbitrary data-processing procedures
to enhance the tectonic significance of the final mean direc-
tion. First, in five cases (sites 1,2; 3,4; 12,13; 26,27; 31,32)
contiguous flows yielded nearly identical directions. These
were combined (for example, 1, 2c, Table 1). Next, all sites
with poorly defined site-mean directions (0lgs>15°) were
eliminated. Finally, site 12 diverged from the group mean by
more than two standard deviations (50.2°) and was also re-
jected. Ten sites were eliminated using these criteria. The re-
maining sites consist of nearly equal numbers of reverse and
normal directions; these two subsets (Fig. 3) are antiparallel at
95 percent confidence. Combining these two subsets yields the
overall mean direction given in Table 1. A modified fold test
(comparing between-site scatter before and after making the
tilt correction) gives an inconclusive result; scatter decreases
when the tilt correction is made, but not by an amount that is
significant at 95 percent confidence. However, there is little
doubt that the rocks retain a stable, prefolding magnetization.
This is argued by the amount and pattern of between-site scat-
ter (commensurate with proper sampling of the geomagnetic
field), and the fact that the normal and reverse subgroups are
antiparallel. The paleomagnetic pole corresponding to the
mean direction of these rocks is located at 82.0°N, 160.7°E
(5p95, 7.?0; 8“‘195, 1 I.lo).

Rotation and flattening statistics for the Fifes Peak Forma-
tion are interesting. From Table 1, rotation is small and coun-
terclockwise. All other Cascade Tertiary results show clock-
wise rotations, although for entry GS (Grotto and Snoqualmie
plutons), the rotation is small and not significant at 95 percent
confidence. Even more surprising is the shallow mean inclina-
tion recorded by Fifes Peak samples; as shown in Table 1, the
statistic F is positive and highly “significant” at 95 percent
probability. One way to interpret this result would be to pro-
pose that the sampling area has been displaced 1,200 km or so
northward, measured with respect to stable North America.
This is hardly feasible, however, in view of results from other
nearby units. Other explanations need to be considered.

One possible, although unlikely, explanation for the anom-
alously low inclinations found in the Fifes Peak Formation in-
volves magnetic anisotropy. It is well known that strongly
magnetized, sheetlike rock bodies may acquire a direction of
thermoremanent magnetization that is slightly different from
the direction of the ambient magnetic field. In such cases, the
direction is deflected toward the sheet—for example, in the
case of a flat-lying lava flow, toward the horizontal. However,

Table 3. Comparison of Tieton and non-Tieton sites. Tieton sites
were sampled along U.S. Highway 12, in the southern part of the field
area. See Table 1 for explanation of column heads

Group N s Dec./Inc. R+AR F+AF
Non-Tieton 15 7.2 71° 578° 13.2£14.1 7.9+7
Tieton 16 12.5 333.8° 46.4° -19.3%x17.2  19.3%11.0

experiment and theory both indicate that the amount of deflec-
tion would exceed 1 or 2 degrees only in the case of very
strongly magnetized rock bodies. Mineral foliation (planar
alignment of inequant magnetic mineral grains) can also pro-
duce inclination-shallowing due to anisotropy. However,
since the magnetization of the Fifes Peak Formation is not par-
ticularly strong,.and the rocks themselves are almost entirely
unfoliated, we conclude that this explanation is unlikely.

A more likely cause for this anomalously shallow inclina-
tion is original dip. Approximately half the sites included in
this study (16; referred to hereafter as Tieton sites) were along
U.S. Highway 12, where dips tend to be steep and directed
toward the north. According to Swanson (1966), U.S. 12
traverses the northern flank of a volcano (his “older volcano™)
where original dips might be expected to be generally north-
ward. In calculating the mean direction for our sampling sites,
we first corrected the mean directions of all sites to the hori-
zontal. This process will yield an incorrect result if systematic
original dip is present. In particular, it would produce an erro-
neously shallow mean inclination if original dips were to the
north. In studying the paleomagnetism of a volcanic field, the
usual practice is to spread the sampling localities over as large
an area as possible, in the hope that by so doing, original dip
will average to zero. This must not always be the case, how-
ever.

We attempted to make allowance for northerly original
dip, with little success. The amount of original dip (if any)
present in the Tieton section is problematical, and original
dips elsewhere in the field area are unknown. If we assume an
average northerly original dip of 10 degrees for the Tieton
sites, the overall mean becomes D, 349.9; I, 58.5. Displace-
ment statistics for this direction, using the Harrison and Lindh
(1982) pole, are: R =-4.0£12.2; F = 7.2+6.3. With these new
numbers, rotation is still small and counterclockwise, but F
remains fairly large and statistically significant, although it is
less than for the earlier calculation.

Another way to attack the problem of original dip is to
compare the Tieton sites with all other sites in the study. This
is done in Table 3. The two directions are quite different (the
difference is significant at 95 percent confidence). The mean
direction for non-Tieton sites shows a clockwise rotation that
is not quite significant at 95 percent confidence. In this re-
spect, it resembles directions for other Tertiary rocks in the
Cascades. However, it still retains the anomalous positive in-
clination-flattening (F). If the non-Tieton sites represent the
true mean Fifes Peak direction, then the average initial dip for
the Tieton sites averages nearly 30 degrees to the west. This
appears unlikely and suggests that the non-Tieton sites also
have significant original dip.

From this discussion, it is clear that we do not know why
the Fifes Peak Formation yields such an anomalously shallow
mean inclination. Probably a combination of original dip, un-
even sampling, anisotropy, and a small amount of northward
displacement is responsible. Details of this study can be found
in Furlong (1982).
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TECTONIC INTERPRETATION OF
PALEOMAGNETIC RESULTS

Tectonic interpretation of an individual paleomagnetic study

in an orogenic belt can be fraught with danger and uncertainty

(as exemplified by the probably spurious inclination-flatten-

ing found in our Fifes Peak result). The danger and uncertainty

arise because most of the problems that may beset a paleomag-
netic study—remagnetization, undetected tilting, anisotropy,
etc.—are at their most virulent in orogenic zones. However,
patterns of anomalous paleomagnetic directions found in
groups of studies are far safer to interpret. In the case of the

Washington Cascades, there are several patterns:

(1) All studies except those for Miocene rocks in the Mount
Rainier-Snoqualmie Pass area have large, positive values
of R, and all but one are significant at the 95 percent prob-
ability level.

(2) There is no clear pattern of inclination-flattening. Five of
the eight studies have negative values of F and three have
positive values. Of the three values of F that are “signifi-
cant” at 95 percent probability, two are positive and one is
negative.

Note that five of the eight studies are of plutons for which
no correction for post-magnetization tilt (if any) could be
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Figure 4. A geometrical buttress prevents northward relative dis-
placement. Oblique subduction provides traction tending to push an
outboard sliver of the western edge of the continent relatively north-
ward. However, the leading edge of the sliver impinges on the British
Columbia Coast Range which, being opposite a transform, does not
move. Northward relative displacement is impeded but in situ clockwise
rotations can still occur.
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made, and two of these are single sites that may not have av-
eraged the nondipole elements of the geomagnetic field. With
these patterns and caveats in mind, we suggest the following
interpretations:

(1) The Washington Cascades have experienced pervasive
clockwise block rotations throughout much of Tertiary
time. Rotation seems to have been greater in the south than
in the north. Rotation was probably driven by north-
oblique subduction (Engebretson and others, 1985). Rota-
tion apparently varied from place to place; the entire range
did not rotate as a single rigid block.

(2) By Miocene time, rotation had ceased in the Snoqualmie
Pass area, and perhaps near Mount Rainier as well, al-
though it remained active to the north (MB) as well as in
Oregon.

(3) The region has not moved significantly northward (or
southward) relative to stable North America since the Eo-
cene. “Significantly” in this case means more than a few
hundred kilometers. Northward displacement was prob-
ably impeded by the buttressing effect of the change in
trend of the continental margin from north—south to north-
west—southeast (Fig. 4). Because of this change, north-
oblique subduction was unable to produce northward dis-
placement (Beck and others, 1993)

(4) Tertiary plutons in the northern Cascades have apparently
experienced little if any differential tilt. This is argued by
the close agreement between paleomagnetic poles for three
Eocene-Oligocene plutons (CW, GF, HO). Even though
results for two of these are suspect (see above), the three
poles agree to within 5 degrees, and the angular standard
deviation of the group is only 2.3 degrees. This strongly
indicates that there has been no differential tilting of the
northern Cascades since middle Tertiary time. An alterna-
tive interpretation—that the three plutons have been tilted
differentially, then remagnetized parallel to the present di-
pole field direction—is far less tenable.

The Mount Barr Dilemma

As stated earlier, the direction obtained by Symons (1973b)
for the Miocene Mount Barr pluton is hard to interpret. Mount
Barr rocks are located only about 30 km southwest of Symons’
sampling sites from the older (Oligocene-late Eocene) Hope
plutonic complex. Both Mount Barr (MB) and Hope (HO)
rocks appear to be rotated clockwise, but the MB rotation is
more than twice that obtained for the older Hope plutonic com-
plex (28° vs. 11°). Moreover, although both units have nega-
tive values of the statistic F (inclination flattening), the value
for HO is essentially negligible, whereas that for MB is large
and statistically significant (at 95 percent confidence). It
would be difficult to concoct a tectonic history that would per-
mit the Miocene Mount Barr pluton to rotate nearly 30 de-
grees—and move 800-900 km southward!—while leaving the
older Hope rocks comparatively unaffected. However, one
possible explanation involves tilt (rotation around a quasi-
horizontal axis). Both MB and HO are plutons, so the amount
of post-magnetization tilt they may have experienced is un-
known. As argued earlier, agreement between the paleomag-
netic poles for HO, CW and GF suggests that little differential
tilting of these widely separated localities has taken place.
If, nevertheless, the Mount Barr pluton has been tilted about
10 degrees to the northwest, its direction of remanent magneti-
zation would be similar to that of the Hope pluton. If this ex-



planation is correct, there must be a major structure separating
the MB and HO sampling areas.

CONCLUDING REMARKS

Enough paleomagnetic work has been done on Tertiary rocks
in the Washington Cascades to demonstrate that the method is
useful, but not enough has been done to make a true first-order
contribution to tectonic studies. Paleomagnetic studies are
able to detect vertical-axis block rotations that conventional
geological studies have completely overlooked. Block rota-
tions are common in the Washington Cascades, but the size of
the rotating blocks and the timing of rotation are not known.
Paleomagnetic studies in the Cascades show that there have
been no large-scale (>500 km) northward displacements since
the Eocene, although such large-scale displacements were
common in the late Mesozoic. The time at which northward
displacements ceased is also not known precisely. Uncertainty
remains as to the relationship between the Coast Range, which
has probably been displaced northward a few hundred kilome-
ters, and the Cascade Range, which probably has not. The east-
ward extension of Tertiary rotation also is unknown. These are
important questions to be answered. The Western Cordillera is
favorably configured to provide a natural laboratory for exam-
ining tectonic processes active in zones of oblique subduction.
After 25 years of study, the outline of such processes is appar-
ent. Now it is time to concentrate on the details.
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Review of the New Disaster Movie “VOLCANO”

Vo]cano is a typical disaster movie where the good guy

OEM (Office of Emergency Management) director
(Tommy Lee Jones) and the lovely geologist (Anne Heche)
save Los Angeles from a lava flow. A few minor bad guys get
melted (??) by the lava, and there are cutsie side stories of the

" hero’s daughter getting lost, the cool-dude assistant OEM guy
really running the show, and race relations in LA getting
cooled by fighting hot lava together and all being covered in
the same color ash. Actually, some of the lines make the movie
almost watchable.

Now for the geotechnical dirt. What's a volcano doing in
central LA? OK, suspend disbelief for this. How can the whole
thing from start to finish take place in less than a day? OK, so
everything goes ultrafast in film. There were still so many
other minor to major technical mix-ups, exaggerations, and
outright goofs that it is not worth mentioning more than a few
that stand out. There are so many explosion-type things (many
with back-sucking of fire, steam, and smoke) emanating from
ponds, fountains, manhole covers, basements, subway tunnels,
and cracks that one should consult an exorcist rather than a
geologist. The cause of the volcano here is explained by the
lovely geologist as *haven’t you heard of plate tectonics” and
“there are oceans of molten lava down there and sometimes a
crack just opens”.

The ridiculous political message is that the building of sub-
way tunnels in LA is the bad and dangerous thing to do be-
cause they can cause earthquakes and/or volcanoes, or at least
can channel the lava underground from different parts of the
city to pop up just where you don’t want it. There are gobs of
runny red stuff, which never seems to cool, and plenty of vol-
canic bombs, which pop up individually now and then, whistle
as they sail for blocks, explode like an artillery shell, but then
sit there glowing red. While some of the scenes of flowing lava
look almost real (probably filmed in Hawaii), it usually
doesn’t act like lava—doesn’t cool after traveling for blocks,
but then is conveniently tamed by a row of portable concrete
freeway barriers and some squirts of water from a fire truck.

Bur enough of this complaining. The OEM dudes are great.
Jones does all sorts of hero things, has some good lines, and
even gets a ride at the end from the geologist. But the real hero
is Emmett (Don Cheadle), the cool-talking assistant OEM di-
rector who runs the show from the EOC (Emergency Opera-
tions Center). He is the envy of any emergency manager; able
to mobilize huge armies of emergency equipment through
gridlocked streets to build barricades, dig canals, and topple
buildings in only 20 minutes...and tell a few jokes now and
then while doing it. The promos bill the lovely geologist as a
seismologist. While she doesn’t display much seismologic or
geologic knowledge, she can run all sorts of fancy and cool,
beeping and flashing lava-o-meters, or what ever, and the
movie gives her credit for helping to save the city.
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Ratings? Overall: “C”. While the story and lines are more
entertaining than Dante’s Peak, the geological bizarreness,
often silly special effects, and ridiculous rescues should down-
grade it for the geoaudience. In comparison, I rated Dante’s

Peak a “B”.
Steve Malone

University of Washington Geophysics Program
Box 351650, Seattle, WA 98195

The Southeast Quadrant of the
Geologic Map of Washington
Is Finished!

The map of the southeast quadrant of Washington, the third
in our series of 1:250,000-scale full-color geologic maps of
the state is hot off the press. GM-45 consists of a map sheet
(61 in. x 38 in.), a sheet of explanatory information that
includes a 1:625,000 bedrock geologic and tectonic map
and a list of named units, and a pamphlet that provides maps
showing sources of compilation data and cited references.
The envelope features an aerial oblique photo of Palouse
Falls. A topographic map at the same scale (our TM-3) is
available as well.

The authors, Eric Schuster, Chuck Gulick (of the De-
partment’s Northeast Region office), Steve Reidel and Karl
Fecht (with Pacific Northwest National Laboratory and
Bechtel Hanford Co., respectively) and Stephanie Zurenko
(of the Southwest Region office), also prepared the
1:100,000-scale open-file reports on which this map is
based. As with the previous quadrant maps, the geologic
units are age-lithologic units. Formations are shown only
for the Miocene volcanic rocks of the Columbia River Ba-
salt Group, which cover extensive areas in southeastern
Washington. The maps and accompanying graphics were
prepared by Carl Harris and Keith Ikerd, with assistance
early in the process by Nancy Eberle.

The folded map set costs $7.36 + .64 (tax for Washing-
ton residents only) = $8, and the flat set (mailed in a tube)
costs $9.20 + .80 tax = $10. The topographic map costs
$1.85 + .15 = $2 folded, $3.24 + .26 = $3.50 flat. Please
remember to add $1 to each order for postage and handling.

The companion quadrants we have released are GM-34
(southwest) and GM-39 (northeast). Folded versions are
available for $6 and $8 respectively, flat versions for $8 and
$10, respectively. Topographic maps TM-1 (southwest) and
TM-2 (northeast), are the same prices as TM-3.

When the northwest quadrant geologic map is prepared
it will likely be done by digital methods, largely because the
industry is phasing out materials for producing maps by
manual methods. We will publish status reports for the
northwest quadrant from time to time in this journal.




The Macaulay Creek Thrust, the 1990 5.2-magnitude
Deming Earthquake, and Quaternary Geologic Anomalies
in the Deming Area, Western Whatcom County,
Washington—Cause and Effects?

Joe D. Dragovich', James E. Zollweg?, Anthony |. Qamar®, and David K. Norman'

"Washington Department of Natural Resources
Division of Geology and Earth Resources
PO Box 47007, Olympia, WA 98504-7007

INTRODUCTION

The Deming earthquake of April 14, 1990, was the largest
earthquake in the Puget Lowland between 1965 and 1996 and
was unusually shallow (3-4 km). This 5.2-magnitude earth-
quake (maximum intensity of VI on the modified Mercalli
scale) is the largest shallow crustal quake to occur north of
Seattle since 1920. The main Deming shock probably occurred
at the base of the Chuckanut Formation (Chuckanut herein) at
a depth of about 3 km; aftershocks occurred along conjugate
faults at depths less than 3.2 km, many less than 2.5 km
(Qamar and Zollweg, 1990; Zollweg and others, unpub. data).
Because of their shallow depth, aftershocks smaller than M2.0
were felt in Deming and Van Zandt. Prior to this study, no
surface fault mapped near the epicentral region could be cor-
related with the observed hypocentral pattern (Zollweg and
others, unpub. data).

Recent geologic mapping of the Deming 7.5-minute quad-
rangle (Dragovich and others, 1997a) has revealed that a gen-
tly dipping fault directly northwest of the epicenters separates
the Chuckanut from the underlying semischist of Mount Jo-
sephine on southern Sumas Mountain. Although no surface
rupture was observed, we hypothesize that the Macaulay
Creek thrust (MCT) is the causative structure of the earth-
quake sequence. We base our conjecture on the apparent cor-
respondence of the surface expression of the MCT, and asso-
ciated thrust culmination (highest point on the crown of a
nappe), with the seismically defined subsurface shallow struc-
ture that reveals a south-southwest dipping thrust (ramp)
plane. We suggest that the MCT was active during the Quater-
nary (and possibly before), which may explain the anomalous-
ly high incidence of deep-seated landsliding, locally high alti-
tudes of the Everson Interstade glaciomarine drift on geomor-
phically unusual (structurally uplifted) bedrock terraces, and
the occurrences of fluvial sands in the glaciomarine drift.

DEMING QUADRANGLE GEOLOGY,
MACAULAY CREEK THRUST,
AND SEISMIC DATA

Geologic mapping of the Deming quadrangle, partially shown
in Figure 1A, provides new insights into the structure and
stratigraphy of the epicentral area of the Deming quake. The
MCT separates hanging wall Chuckanut from footwall semi-
schist of Mount Josephine. Miller and Misch (1963) specu-
lated that a west-dipping thrust fault separates Chuckanut from
underlying pre-Tertiary bedrock. Johnson (1982) proposed
high-angle faults to juxtapose sparse outcroppings of the “Dar-
rington Phyllite” with the Chuckanut on southern Sumas
Mountain. A thrust fault contact is suggested by (1) the

’Department of Geosciences
Boise State University
Boise, ID 83725

3Getaphysics Program, Box 351650
University of Washington.
Seattle, WA 98195-1650

jointed, weathered, and cataclastic to locally mylonitic aspect
of rocks along the contact, (2) the orientation of subsidiary
slickenlines (striations) and slickensided planes as well as
fractures, (3) the anomalous folding and refolding of the
Chuckanut Formation and possibly pre-Tertiary basement ad-
jacent to the thrust (discussed below), and (4) the horizontal
to slightly south dip of the contact determined from outcrop
pattern. Chuckanut outcrops east and south of the MCT
(Loc. I, Figs. 1A, 5A) constrain thrust geometry. (Note the
distribution of the semischist of Mount Josephine and Chuck-
anut and the inferred geometry of the concealed thrust in Fig.
1A, locs. H, J.) Geometrical constraints and Deming after-
shock hypocenters suggest a south- to southwest-dipping
thrust ramp perpendicular to an eroded east-plunging thrust
ramp culmination producing a window into the underlying
Shuksan rocks. (See Fig. 5A, loc. K.) Windows may form by
simple differential erosion into undisturbed planar faults, but
usually they form by erosion through a culmination (for exam-
ple, ramps or ramp anticline topographic highs; Boyer and El-
liot, 1982). The Nooksack River west of Deming has appar-
ently eroded this window.

Maple Falls and Padden Members of the Chuckanut con-
sists of Eocene fluvial to locally alluvial fan deposits (John-
son, 1982, 1984; Dragovich and others, 1997a). The Jurassic
semischist of Mount Josephine consists of phyllite with lo-
cally abundant serpentinite and is probably a sandy facies of
the Darrington Phyllite and is thus part of the Shuksan thrust
plate. (See Tabor and others, 1994; Brown and others, 1987.)
Displacement between the Chuckanut and semischist of
Mount Josephine was probably accommodated by the distinct
rock strength discontinuity afforded by the unconformable na-
ture of the contact between the units, as well as by interleaved
weak serpentinite in the semischist of Mount Josephine di-
rectly below the thrust. (See McKenzie, 1969; Logan, 1979;
Logan and Rauenzahn, 1987 for a discussion of rock strength
and faulting.)

About 1,800 aftershocks of various magnitudes were asso-.
ciated with the Deming quake. The day after a magnitude 4.8
foreshock on April 2, 1990, three temporary seismic stations
were installed and operated for four days. Following the April
14 main shock, a temporary 10-station seismic network was
installed within 15 km of the epicenter (for example, Fig. 1A,
triangles). This network provided well-constrained hypocen-
ter locations and the most comprehensive thrust-earthquake
aftershock data set obtained to date in the Pacific Northwest.
Amadi (1992) and Qamar and Zollweg (1990) indicate that the
main shock and associated foreshocks and aftershocks prob-
ably occurred near the base of the Chuckanut as well as in the
underlying Shuksan Metamorphic Suite. Low-angle conjugate
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Figure 1A. Simplified geologic map of a portion of the Deming 7.5-minute quadrangle (Dragovich and others, 1997a). Explanation and Figure
1B on facing page. Local map sources for Dragovich and others (1997a) include Miller and Misch (1963), Johnson (1982), Kovenan (1996), Moen
(1962), and Easterbrook (1976, directly west of the quadrangle). Point E is the computed location of the main shock on April 14, 1990. SCF, Smith
Creek fault. MCT, Macaulay Creek thrust. Circled letters are locations cited in the text. Complete location of cross sections B'-B” and A-A’ shown
on Figure 4;. A-A’ on Figure 2; B-B’ and B'-B” on Figure 5A and 5B, respectively.
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EXPLANATION
Rocks and Deposits

Qa Alluvium (Quaternary)
Qoa Older alluvium and undivided glacial drift (Quaternary)
Qp Peat (Quaternary)
Qvly, Middle Fork Nooksack River lahar (Quaternary)
Qls, Debris avalanche (Quaternary)
Qisy Deep-seated landslide (Quaternary)
Qls,, Mas_s-_wastagc deposits (may include local glacial drift),
undivided (Quaternary)
Qaf Alluvial fan deposit (Quaternary)
Qgog Sumas Stade (Fraser glaciation) outwash (Pleistocene)
Qgt, Vashon Stade (Fraser glaciation) till (Pleistocene)
Geologic Symbols
Contact

—h A . A LA

%I____ .......

Anticline

High-angle fault—Dashed where inferred;
dotted where concealed

Thrust fault—Dotted where concealed;
sawteeth on upper plate

Upright fold axis in the Chuckanut
Formation—Dashed where inferred;
dotted where concealed; arrow shows
direction of plunge

Overturned fold axes in the semischist of
Mount Josephine—Dotted where concealed;
arrow shows direction of plunge

Bedding, inclined (no top indicated)

Bedding, inclined (sedimentary structures
indicate bedding upright)
73
—a—  Tectonic foliation
A

Temporary seismometer location

Figure 1B. Deduced from A, showing the location of the faults, major
fold axes, and distribution of the best-located aftershock epicenters
within the map area. April 14 through 18, most of the quakes occurred
to the northwest; after April 18, the majority of events nucleated in the
south-southeastern portion of the aftershock zone (Zollweg and others,
unpub. data). Furthermore, the foreshocks and main shock occurred in
the northwest two-thirds of the epicentral region, as did the regionally
recorded aftershocks during the first 9 hr after the main shock (Zollweg
and others, unpub. data).

Qgdm

Qduy

OEch

Everson Interstade (Fraser glaciation) glaciomarine drift,
undivided (Pleistocene)

Units Qgt, and/or Qgdm, undivided (Pleistocene)

Huntingdon Formation (Oligocene—Eocene)

Chuckanut Formation (Eocene)

Maple Falls Member

Padden Member

Slide Member

Bellingham Bay Member

Semischist of Mount Josephine

rPDmvg,| Chilliwack Group metavolcanic rocks (Permian—Devonian)
Fvvvvww
122°15/ B”12’ 307 107
48° 527 30" yas | L
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Figure 2. Cross section A-A’ (see Figs. 1 and 4A). Thrust A between 1.5 and 3.5 km depth, the
hypocenters (circles; size proportional to magnitude), and backthrust (S) from Amadi (1992). Hy-
pocenters shown are the best located aftershocks. Bedding (Q) inferred at depth. Qs, undivided
Quaternary sediments; Jphd, Darrington Phyllite; Jum, diagrammatically shown locally abundant
serpentinite bodies in the semischist of Mount Josephine (inferred to reduce frictional resistance

along the MCT); other geologic unit symbols defined in Figure 1. The nu

on features (A and S) is biased in favor of the plane dipping to the northwest because the tem-

porary network installation was not completed until April 19, 1990, five da

(J. Zollweg in Amadi, 1990, p. 75). The northwest-dipping plane (S) is regarded as the auxiliary
plane because most events occurred on this fault after April 18. The intersection of the conjugate
planes at location P trends N70°E (Amadi, 1992). Amadi reports a 150-m hypocentral error for

the best located events.

fault features were interpreted (Zollweg and others, unpub.
data) to explain the spatial distribution of the aftershocks
(Fig. 2, loc. P). Inferred stress directions were obtained from
fault-plane solutions using first-motions of P-waves. The ori-
entations of the conjugate thrust faults are defined by the dis-
tribution of earthquake hypocenters in three dimensions. Hy-
pocenter cross-section analysis by Amadi (1992)(Fig. 2) sug-
gests a N20°W compression direction, consistent with the fo-
cal mechanism solution. This result is slightly different from
the N55°W compression direction and N25°E strike, 46°SW
dip for the principal thrust failure-plane orientation obtained
by Amadi (1992) and Zollweg and others (unpub. data) using
focal mechanism analyses of the main shock. These data are
generally consistent with the north—-south shallowly plunging
slickenlines and roughly perpendicular small (amplitude and
wavelength of tens of meters) fold axes near Macaulay Creek
that record older MCT compressional movements (Fig. 3). Af-
tershock focal mechanisms generally agree with that of the
main shock and indicate nearly pure thrust faulting in all areas
of the aftershock zone (Zollweg and others, unpub. data).
Zollweg (unpub. data) obtained a vertical axis of least
compressive stress (trend N33°E, plunge 82°) and a conjugate
“backthrust plane” (strike N40°E, dip 45°NW) using April 14
main event focal mechanism data. Amadi (1992), using mod-
els of Mandl (1988) and following Zollweg and others (unpub.
data), illustrated how conjugate thrust faults might develop
from back thrusting in a main thrust ramp or as a thrust rides

18 Washington Geology, vol. 25, no. 2, June 1997

R), whereas seismicity on a conjugate
northwest-dipping backthrust did not
develop until about the fourth day after
the main shock (Zollweg and others,
unpub. data; Qamar and Zollweg,
1990). (The hypocenter cross-section
data are biased, however, toward the
conjugate backthrust plane due to the
earlier development of main thrust hy-
pocenters, later development of back-
thrust hypocenters, and the delay in
temporary seismometer set-up.)

North—south contraction along the
MCT is suggested by striations on generally flat slickensided
and gouged surfaces near the thrust, the orientation of anoma-
lous folds in the adjacent units (Fig. 3, structural elements A
and B), and the general outcrop pattern (Figs. 1A, 2). Stria-
tions in the adjacent Chuckanut and semischist of Mount Jo-
sephine record the last movements on these planes. (See Rutter
and others, 1986, Jaeger, 1959, and Engelder, 1974, for the
significance of slickenside striae to seismicity.) Contemporary
north-over-south displacement of the MCT is suggested by
seismic thrust-plane solutions. General north—-south thrust
transport is also consistent with contemporary crustal stress
directions in the region (for example, Crosson, 1972).

The MCT and associated structures postdate deposition of
the late Eocene Maple Falls and Padden Members of the
Chuckanut Formation (Johnson, 1984; G. Mustoe, Western
Wash. Univ., oral commun., 1996). Fold wavelength in the
Chuckanut is typically about a kilometer (Fig. 4A, loc. F).
These large, generally tight folds are post-Chuckanut deposi-
tion but still Eocene to perhaps Oligocene; the latest Eocene
to early Oligocene Huntingdon Formation unconformably
overlies the Chuckanut and is only gently folded (Miller and
Misch, 1963; Dragovich and others, 1997a and unpub. data).
We contend that the large folds are carried in the Chuckanut
upper plate and have been heterogeneously slightly refolded
and tightened by more recent north-vergent MCT deformation.
MCT contractional structures include an anomalous localized
Chuckanut anticlinal fold with an amplitude and wavelength

mber of events located

ys after the main shock
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A Average of tight to isoclinal fold axes overturned to the north in the
semischist of Mount Josephine directly below the Macaulay Creek
thrust (n=8 average)

B Open fold axis of the Chuckanut Formation directly above the
Macaulay Creek thrust (determined from n=11 bedding plane
measurements)

C Compression direction of the 5.2-magnitude main shock (Amadi,
1992; Zollweg and others, unpub. data) derived from focal
mechanism data

C’ Inferred principal compression direction derived from focal
mechanism data (Qamar and Zollweg, 1990); approximate
compression direction inferred from clustering of hypocentral
data (Amadi, 1992)

E Orientation of the 5.2-magnitude (main shock) primary southeast-
dipping thrust plane derived from focal mechanism data (Amadi,
1992; Zollweg and others, unpub. data)

F  Orientation of conjugate thrust plane developed after the main
shock (Amadi, 1992; Zollweg and others, unpub. data)

t  Tensional axis (Amadi, 1991)

Maximum data density of fault striations on slickensided
fracture planes (5-12% data per 1% area) (n=20)

Maximum data density of poles to slickensided fracture
planes and subsidiary fractures (5-6% data per 1% area)
(n=25)

Figure 3. Lower hemisphere Schmidt stereonet showing selected
structural features in the Deming and Kendall quadrangles. Striation
lineations and poles to slickensided fracture planes near the thrust are
scattered but show distinct maximum (patterned areas) that are corre-
lated with MCT deformation.

of tens of meters that occurs directly above the MCT (Loc. G,
Figs. 2, 5A). To our knowledge, folds of this amplitude and
wavelength are nonexistent elsewhere in the Chuckanut. The
fold axis has a trend of N85°E and plunges shallowly east,
roughly perpendicular to the northward MCT vergence direc-
tion as suggested by striations (Fig. 3). Furthermore, the over-
all orientation of the small fold mimics the orientation of (1)
the structural culmination (Loc. H, Figs. 1, 2, 5A) in the
Nooksack Valley directly south of the exposed MCT and (2)

another probable small fold north of Macaulay Creek (Fig. 1A,
loc. G2). Erosion of the culmination, producing the window
into the semischist of Mount Josephine at Macaulay Creek
probably renders the exposed MCT inactive. This suggests
older MCT deformation (quakes?) on the western portion of
this structure and younger deformation to the east, as exempli-
fied by the Deming quake.

Rocks adjacent to the MCT are well exposed in Macaulay
Creek where the semischist of Mount Josephine displays tight
to isoclinal, few-meter-wavelength north-overturned folds
(Loc. L, Figs. 1A, 5A). These folds in the semischist plunge
moderately to shallowly east and fold a strong mylonitic
cleavage (Figs. 3; 5A, loc. L). Hinges are angular to kinked,
and some of the fold axial planes appear to be truncated by
small faults. Ideally, these folds are related to the youthful
north-directed compression along the MCT. However, kine-
matic analyses of rocks of the Northwest Cascade System in
the Kendall and Deming quadrangles is consistent with the
overturned style of the folds at Macaulay Creek (Dragovich
and others, 1997a; unpub. data). For example, the overturned
fold on the cover photo is similar to those at Macaulay Creek,
yet occurs in Chilliwack Group rocks well north of the inferred
thrust area. Kinematic analyses indicate north to northwest—
south to southeast mid-Cretaceous thrust transport consistent
with findings of Monger (1966) and Brown (1987) (Fig. 5B,
loc. M). We tentatively assign these folds to MCT shear defor-
mation but note that they are probably rejuvenated mid-Creta-
ceous thrust-related macrostructures that record mostly older
strain.

Johnson (1982) estimated the Chuckanut to be about 2 km
thick in the epicentral area, consistent with our projected
geometry of the MCT to the east (Fig. 2). Also, regional wave-
length-filtered gravity data of Finn and others (1991)(Fig. 4C)
are consistent with (1) thrust ramping directly south of Sumas
Mountain and the MCT culmination and (2) thrust flatten-
ing north of the culmination on southern Sumas Mountain
(Figs. 2, 5A,B). Additionally, Deming earthquake mislocation
bias between the regional network and temporary stations in-
dicates significant lateral velocity variations in the uppermost
crust near Deming. Velocities are either higher than assumed
to the northeast of the hypocentral region or slower than as-
sumed to the southwest, or both. Pre-Tertiary bedrock under
the MCT has significantly higher velocities than does the
Chuckanut. We interpret these data as further evidence for
MCT ramping under the hypocentral area (Figs. 1A,B, 2).
Thinning of the low-velocity Chuckanut due to MCT ramping
brings high-velocity pre-Tertiary metamorphic rocks closer to
the surface on southern Sumas Mountain, resulting in higher
than previously expected velocities.

DISCUSSION

Seismic Hazards and
Regional Tectonic Implications

Just a few decades ago, shallow quakes in the Puget Sound
region were not believed to clearly correlate with active faults
of significant length. As a result, Crosson (1972) suggested
that shallow earthquakes in this region resulted from volumet-
ric strain processes that did not favor development of master
fault systems. However, this and other studies (for example,
Johnson and others, 1996, 1994; Gower and others, 1985;
Zollweg and Johnson, 1989; Rogers and others, 1991, 1996)
show that shallow crustal earthquakes can be correlated with
significant surface structures. Regional geologic evidence
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Figure 4A. Simplified geologic map of the Deming and south one-third of the Kendall 7.5-minute quadrangles and area to the west of the
quadrangles; compiled from Dragovich and others, 1997a; Jenkins (1923); Easterbrook (1976); Johnson (1982); Miller and Misch (1963); K.
Schmidt, Univ. of Wash., unpub. data; Cameron (1989). BCF, Boulder Creek fault; MCT, Macaulay Creek thrust; SCF, Smith Creek fault. Circled
letters are locations cited in the text. Cross section locations: A-A’ (Fig. 2), B-B’ (Fig. 5A), and B'-B” (Fig. 5B). An unconformable contact between
the Darrington Phyllite and Chuckanut Formation is shown in the southeast corner of the figure. Also note the thrust faults between the Chilliwack
Group and the Bell Pass mélange. Shuksan plate rocks such as the Darrington Phyllite tectonically overlie the Bell Pass mélange, indicating
substantial Eocene dip-slip displacement on the Smith Creek fault and Boulder Creek fault. (See Fig. 5B.) Refolded fold axes (for example,
southwest corner) may be related to post-Eocene north-south compression along the MCT.
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Figure 4B. Same area as in Figure 4A, here showing geographic fea-
tures and qualitative assessment of evidence of the direct, indirect, or
inferred displacement on the MCT. Inferred boundaries of the MCT are
all or part of the Boulder Creek fault and Smith Creek fault. Direct and
indirect evidence for the extent of the upper plate of the MCT cited in
text. Al, inferred extension of the Smith Creek fault based on the west-
erly dip of the fault along its southern end (Miller and Misch, 1963) and
distribution of anomalous fold axes. Zone 1, Direct or indirect seismic
and other geologic evidence for active and Quaternary displacement
on the MCT and associated structure; Zone 2, indirect or inferred geo-
logic evidence for post-Eocene to Quaternary displacement on the
MCT; Zone 3, Possible geologic evidence for post-Eocene to Quater-
nary displacement on the MCT.
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Figure 4C. Residual wavelength gravity anomaly (“upper crustal
gravity") of the region. B, Bellingham; D, Deming; BCF, Boulder Creek
fault; SCF, Smith Creek fault and southern extension. Tapered gravity
anomaly south of the Boulder Creek fault is consistent with the shal-
lowing of relatively dense pre-Tertiary bedrock south of the Boulder
Creek fault. Gravity contours in milligals.
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(Tabor, 1994), crustal-level focal mechanisms, some geodetic
data, in-situ borehole measurements (Werner and others,
1991), and seismic data (Ludwin and others, 1991; Thomas
and others, 1996; Ma and others, 1996) indicate the Puget
Lowland is in a domain of north—south compression. These
data suggest that Pacific-North American plate interaction is
the dominant driving mechanism, not Juan De Fuca-North
American plate interaction (Crosson, 1972; Yelin and Cros-
son, 1982; Zollweg and Johnson, 1989).

Correlation of the Deming quake with the MCT structure
at depth (Fig. 2) suggests that (1) the foreshocks and main
shock generally occurred on or near the projection of the MCT
where a thrust ramp separates the Chuckanut and Shuksan
plates, and (2) the later aftershock sequence occurred in the
Chuckanut, probably along bedding-parallel fault(s). We dif-
fer here most significantly from Amadi (1992), who specu-
lated that the Shuksan thrust (Fig. 5B, loc. T), which underlies
the Shuksan plate, may be involved in the quake. However, we
support his secondary contention that the Chuckanut—Shuksan
unconformity was the locus of primary displacement.

The Eocene Smith Creek and Boulder Creek faults are ba-
sin-boundary normal faults that controlled deposition of the
upper Chuckanut, including the Maple Falls Member (unit
Eccm). The Maple Falls Member contains clasts derived from
the adjacent Chilliwack Group and ultramafic rocks of the Bell
Pass mélange (Johnson, 1982, 1984; Moen, 1962; Miller and
Misch, 1963; G. Mustoe, oral commun., 1996; Dragovich and
others, 1997a). The Smith Creek fault and faults of similar
trend displace and thus are at least partly younger than the
west-trending Boulder Creek fault (Dragovich and others,
1997a). On the basis of indirect geologic evidence (below), we
suggest that the MCT has a wider areal extent than indicated
by surface exposures and correlated seismicity (Fig. 4B). Pro-
jection of the MCT to the west (Fig. 1) and north suggests that
the MCT intercepted and utilized the older and higher angle
Smith Creek and Boulder Creek faults (Loc. V, Figs. 4A B,
5B). This inference kinematically connects the MCT, Smith
Creek fault, and Boulder Creek fault, implying that these in-
terconnected structures may not be extinct.

Implications for Quaternary Geology
of the Deming Area

Correlating structures defined seismically with the exposed
MCT and postulating that this zone may have been intermit-
tently active during (before?) the Quaternary sheds light on
some geologic anomalies in the Deming area. These include
(1) anomalous folds in the Chuckanut, (2) numerous Quater-
nary mass-wasting features, (3) high altitudes of the Everson
Interstade glaciomarine drift, (4) certain aspects of the
Deming Sand, and (5) geomorphically unusual bedrock knobs.

Fold Anomalies

Anomalous fold orientations and refold patterns in the Chuck-
anut may be due to post-Eocene displacement on the MCT.
These folds are not consistent with either (1) the typical north-
west trend of the formation (for example, Johnson, 1982)
(Fig. 4A, loc. W) or (2) Eocene extension along the Smith and
Boulder Creek faults (Fig. 5B, loc. X). (These folds are com-
pressional features, not monoclines that are commonly ob-
served adjacent to listric normal faults.) At least two large
tight folds parallel the Boulder Creek fault (Fig. 5B, loc. Y).
These folds indicate compression after Eocene extensional
faulting and deposition of the upper Chuckanut. These anoma-
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lous fold orientations may be the result of (1) deflection of
strain by more competent pre-Tertiary bedrock opposite these
faults and/or (2) Tertiary displacement along the MCT or simi-
lar decollement structure. Chuckanut folding, which is gener-
ally tight, is probably post-Eocene because the latest Eo-
cene(?) to early Oligocene Huntingdon Formation unconform-
ably overlies the Chuckanut, probably onlaps the Boulder
Creek fault, which is at least partly synchronous with the up-
per Chuckanut, and displays only open folds (Miller and
Misch, 1963; Dragovich and others, 1997a). Permissible north
to northwestward MCT displacement and compression and
transfer of strain to the Boulder Creek fault (and Smith Creek
fault?) may have tightened these structures. In support of this
contention, we note the subparallelism of open east-west folds
(Fig. 1A, loc. G; Fig. 3) directly above the MCT with the
larger tight folds next to the Boulder Creek fault (Loc. Y, Figs.
4A, 5B). Also, we note the parallelism of the Boulder Creek
fault, MCT, and active structures such as the east—west Seattle
fault, where reverse fault ramp anticlines (with local over-
turned bedding) in adjacent rocks imply young, large strains
associated with north-vergent Quaternary deformation. Fur-
thermore, we speculate that the large northwest-trending fold
axes, which appear refolded as they enter the inferred MCT
upper plate area (for example, Fig. 4A, loc. F), may have been
rotated during post-Eocene movement on the MCT. That is,
these fold axes may be locally rotated to a position almost per-
pendicular to the inferred MCT maximum compression direc-
tion as a result of north to northwest displacement of the upper
plate Chuckanut. (See, for example, Fig. 4A, loc. AH, fold
axis of Jenkins, 1923).

Glaciomarine Drift Anomalies

The Everson Interstade of the Fraser glaciation began with
marine incursion during retreat of the Puget glacial lobe. The
maximum altitude of the resultant blanket of generally gravel-
ly clay to clay glaciomarine drift in the northern Puget Low-
land (Easterbrook, 1963; Armstrong and others, 1965) in-
creases to the north as a result of greater postglacial isostatic
rebound. Dethier and others (1995) state that

“inflections in the northward rise of marine limit and
resubmergence at about 12.3 ka at several sites, best
exemplified by the Deming locality (Mathews and oth-
ers, 1970; Clague, 1981; Easterbrook, 1962, 1963,
1992), suggest complexities in the generally smooth re-
cord of emergence. Inflections in the marine limit may
reflect postglacial tectonism, stillstands during ice-re-
treat, or incomplete data.”

The Deming Sand type locality provides the best strati-
graphic evidence for anomalous emergence (Easterbrook,
1976) (Fig. 4A, loc. Z). Exposures and '*C ages suggest that a
zone of unknown areal extent emerged and submerged follow-
ing the initial marine incursion at about 13.5 ka and prior to
final emergence during the Sumas glacial readvance at about
11.0 ka (Easterbrook, 1963; Kovenan and Easterbrook,
1996a,b). At the type section, the marine Bellingham glacio-
marine drift overlies the fluvial (subaerial) Deming Sand,
which overlies the marine Kulshan glaciomarine drift (Easter-
brook, 1976). Easterbrook and Kovenan (1996b) indicate that
(1) glaciomarine drift reaches elevations of 180 to perhaps
200 m (~600-690 ft) (Fig. 1, locs. AA, AB; Fig. 4A, locs. Z,
AD, BB) above present sea level, about 30-70 m anomalously
high using Dethier and other’s (1995) contour plot of the
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See Figures 1 and 4A for locations. Geologic unit symbols defined in Figures 1 and 4A captions;
pTubp, ultramafite of the Bell Pass mélange (pre-Tertiary); pPogy, Yellow Aster complex of the
Bell Pass mélange (pre-Permian); PDmtc, Chilliwack Group metavolcanic and metasedimentary
rocks, undivided (Permian—-Devonian). Miller and Misch (1963), Dragovich and others (1997a),
and Johnson (1982) map Shuksan Suite rocks below the Chuckanut on southern Sumas Moun-
tain. Substantial (Eocene) dip-slip displacement on the Smith Creek fault (see Fig. 1) and Boulder
Creek fault (Fig. 5B) is required to juxtapose Shuksan plate rocks against the rocks of the Chilli-
wack Group and Bell Pass mélange. Chilliwack and Bell Pass mélange thrust plates occur struc-
turally lower in the Northwest Cascade System thrust stratigraphy. (See Brown and others, 1987;
Tabor and others, 1994). The MCT is inferred to intercept and transferred movement to the Boul-
der Creek fault (and Smith Creek fault, not shown). Note folds (Y) next to the Boulder Creek fault.

The strong evidence for fluvial
deposition at the Deming Sand foothill
type section includes peat and in-situ
stumps (Fig. 4A, loc. Z) (Easterbrook,
1963; Kovenan and Easterbrook,
1996a). This contrasts with the inter-
tonguing of sand and gravel and glaci-
omarine drift as well as local probable
ice-margin-induced folding and fault-
ing of the glaciomarine drift sand oc-
currences in the lowlands northeast of
Bellingham and to the west of the study
area. (See Croll, 1980, and Table 1 for
further differences.) Foraminifera and
macrofossil data (Balzarini, 1981) sup-
port Croll’s (1980) interpretation of a
marine origin for the “Deming Sand” at
Bellingham Bay and a fluvial origin for
the Deming Sand at the type locality
along the Nooksack River (Balzarini,
1981). Elsewhere in the north half of
the Puget Lowland, interlayered thick
sand/gravel units in glaciomarine drift
are very commonly correlated with ice-
marginal marine to deltaic sediments
(Carlstad, 1992; Dethier and others,
1995; Domack, 1982, 1983, 1984; Thor-
son, 1989; Pessl and others, 1989);
they are similar to ice marginal glacio-
marine deposits worldwide (for exam-
ple, those observed in Alaska; Powell
and Molnia, 1989). Furthermore, prob-
able Everson-age “outwash™ mapped
by Wunder (1976) in the lowlands por-
tion of the Skagit Valley contains
many large marine bivalves dated at
11,330 £70 yr BP (Robinson, pers.
commun. to Siegfried [1978]). Correla-
tion of lowland occurrences of sands in
glaciomarine drift (for example, Eas-
terbrook, 1976, 1963) with submarine
ice-marginal outwash depositional
facies in a marine environment as sug-
gested by Croll (1980) may isolate the
fluvial Deming Sand occurrences and
explain the “yo yo effect” of Easter-
brook (discussed in Kovenan and Eas-
terbrook, 1996a). These differences be-
tween Puget Lowland and the Cascade
foothill “fluvial” sand/gravel (sand)
units of Easterbrook’s (1962, 1963,
1976) Deming Sand may be explained
by the position of the foothill expo-

maximum marine limit, and (2) the magnitude of u]:vliftI and
marine submergence suggests tectonism as the main causative
force. Using evidence from geophysical models, Booth (1987)
concluded that the magnitude of a crustal ice-marginal bulge
was too small to explain the Everson Interstade field relations
at Deming.

IA 30-m tectonic anomaly is similar to the late to post-glacial uplift
(7-20 m) along the Seattle fault (Bucknam and others 1992; Thorson,
1989).

sures of the unit on the upper plate of the MCT as shown in
Figures 1A and 4A (locs. AB and Z, respectively). In this
model, late Pleistocene thrust-displacement-induced uplift
along the MCT may have resulted in a transition from marine
to fluvial conditions on the MCT upper plate. (Note the uplift
effect of the conjugate ramp and backthrust structure in Fig. 2
[locs.S, P, R] below the Deming knob.) Some extensional sub-
sidence following thrusting and/or a continued sea-level rise
resulted in a return to marine conditions and deposition of gla-
ciomarine drift on the Deming Sand.
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Table 1. Summary of evidence used as a basis for distinguishing be-
tween marine and fluvial hypotheses for the Deming Sand of Easter-
brook, 1962 (from Croll, 1980)

Type section Other sections
Test (MCT upper plate) (west of MCT upper plate)
Qutcrop stratigraphy 3* 1¥

Subsurface stratigraphy not applicable 2

Configuration of top of

Deming Sand not applicable 2
Glaciomarine drift isopachs not applicable 2
Pebble counts not applicable 2
Sand mineralogy 3 2
Paleocurrents 4 2
Peat 5 not applicable

*Ranking of evidence is as follows:
| — Strongly supports marine hypothesis
2 — Tends to support marine hypothesis but not conclusive
3 — Ambiguous or data are conflicting
4 — Tends to support fluvial hypothesis but not conclusive
5 — Strongly supports fluvial hypothesis

We note here a few observations that appear to support a
tectonic explanation of the Everson-age anomalies on our
MCT upper plate. “The Deming Sand consists almost entirely
of phyllite grains” (Easterbrook, 1994). The closest outcrop-
pings of Darrington phyllite (Fig. 4A, loc. AX) are about 8 mi
upstream of the Deming Sand type section. We suggest that:

(1) The phyllitic clasts in the Deming Sand are locally derived.
Darrington Phyllite is too far upstream, readily degrades
upon transport, and would be significantly diluted by
newly exposed, easily eroded, and areally extensive glacial
deposits and Chuckanut rocks, which dominate the out-
croppings around the type section (Fig. 4A); and

(2) The abundant phyllitic clasts in the Deming Sand are due
to local uplift and erosion of the semischist of Mount Jo-
sephine, which is both phyllitic and a lithologic facies vari-
ant of the Darrington Phyllite. (It would be very difficult
to distinguish disintegrated Darrington Phyllite from semi-
schist of Mount Josephine using normal visual methods).
The abundance of phyllitic debris in the Deming Sand may
provide direct evidence of basin instability resulting from
MCT-generated uplift. In this scenario, semischist of
Mount Josephine emerged and eroded resulting in the
semischist-bearing Deming Sand. (Note inferred location
of semischist of Mount Josephine directly under the
Deming type section [Fig. 4A, loc. Z].)

Western Sumas Mountain (Fig. 4A, loc. WS) is draped by
Vashon till and Sumas deposits but lacks elevated glacioma-
rine drift. This suggests a spatial relationship between anoma-
lously high glaciomarine drift and the MCT upper plate area
(Fig. 5B). Finally, the occurrences of “Deming Sand” near pre-
sent-day sea-level near Bellingham probably require emer-
gence and submergence that is tectonically unfeasible. If these
deposits were subareally deposited in mid-Everson Interstade
time, then factors other than tectonism appear to be required.
(See previous footnote.)

Could the anomalous occurrences of fluvial sands at the
Deming Sand type section be the result of thrust-generated up-
lift in late glacial times? At least two inflections in uplift
curves for the southern and central Puget Lowland coincide
with probable faults in pre-Quaternary rocks (Thorson, 1980,
1989). The best-determined change in gradient in the northern

24 Washington Geology, vol. 25, no. 2, June 1997

Puget Lowland, near 48°20’N, corresponds with fault zone A
of Gower and others (1985). Thorson (1996) states that degla-
ciation may have been accompanied by a brief episode of in-
tense seismicity: in his model, ice removal is accompanied by
decreasing overburden stress, elevated pore pressures, elastic
flexure in the shallow crust, and viscous drag at the base of the
crust, providing added impetus for late (Everson age) to post-
glacial seismic activity.

Anomalous valley bedrock occurrences near Deming and
Welcome (shown on Fig. 4B) may be explained by recent
thrust-induced uplift of upper-plate Chuckanut along the
MCT. These Chuckanut knobs lie curiously in the middle of
the Nooksack valley and (1) are veneered by glaciomarine
drift and, near Deming, also by Deming Sand, and (2) are sites
of anomalously high Everson Interstade deposits east of the
Deming type section (for example, Kovenan and Easterbrook,
1996a; Kovenan, 1996). (See Fig. 1A, loc. AA.) The valleys
are quite narrow adjacent to the knobs. The Deming knob
(Fig. 1, loc. AC) restricts the valley width to only 830 ft, the
Welcome knob (Fig. 4A, loc. AD) to about 2,800 ft (typical
valley width is 4,000 ft). These knobs may be erosional rem-
nants of bedrock valley “pop-ups” (basement uplifts) resulting
from past seismicity on the MCT. Shallow bedrock (Fig. SA,
loc. K) in the valley northwest of Deming and directly south
of the MCT appears to be a continuation of the Deming knob
(Dragovich and others, 1997b). D. C. Engebretson (Western
Wash. Univ., oral commun., 1996, and cited in Kovenan,
1996) noted outcrop-scale conjugate thrust structures at the
Welcome knob that mimic the Deming quake conjugate struc-
tures. Additionally, a concealed 200-ft-high bedrock escarp-
ment is well defined by water-well data along the western part
of Figure 4A (loc. BC) (S. Kahle, USGS, written commun.,
1997). Concealed escarpments such as these may be glacial
erosional escarpments or Quaternary (MCT bounding?) faults
responsible for Quaternary geologic anomalies to the east.

Landslide Anomalies

Correlation of the exposed MCT with the shallow thrust seis-
mically defined by the Deming quakes and our inference that
this structure may have been intermittently active could ex-
plain the high incidence of landsliding in the area. The 1990
quake was associated with at least three road embankment fail-
ures. Dragovich and others (1997a) mapped several landslides
above the MCT (Fig. 1, loc. AE, currently active). Engebret-
son and others (1995, 1996), Kovenan and Easterbrook
(1996a), and Kovenan (1996) have correlated the uncom-
monly high incidence of large, deep-seated, bedrock land-
slides around Deming with a remarkable clustering of earth-
quake epicenters in the last 25 years in the same area, includ-
ing seismicity unrelated to the Deming quake. Additionally,
we note a 4.4 to 4.6-magnitude earthquake (our calculation
based on the felt area) near Deming on April 17, 1931, as cata-
logued by Neumann (1932). These epicenters suggest a strong
concentration of seismic energy coincident with the inferred
map area of the MCT (Fig. 4B, zone 2 approximately). Enge-
bretson and others (1996) suggest climatic factors are not the
dominant causative force for these landslides due to lower in-
cidence of deep-seated landslides in areas that contain the
Chuckanut and are apparently nonseismic. Additionally they
state that
“radiocarbon ages of about 2,700 and 2,400 14C years
and a limiting age of 1,600 '*C on the Deming land-
slide [Fig. 1, loc. AF] demonstrate that these huge
landslides are not caused by oversteepening of slopes



by the last glaciation, and the position of the landslides
high above the valley floor indicate that oversteepening
from river undercutting was not a causal factor.”

Although further work is required, some geochronology
and subsurface geologic mapping suggest slope instability re-
lated to past seismic events. Nooksack Valley cross sections
based on available water-well and geotechnical boring data
(Dragovich and others, 1997b) suggest that alluvial fan depos-
its from Macaulay Creek prograded basinward (Fig. SA, loc.
AG) after deposition of the Nooksack Valley Middle Fork la-
har, dated 5,650 £110 yr (Kovenan, 1996; Easterbrook and
Kovenan, 1996a) and 6,000 yr (Hyde and Crandell, 1978) and
prior to deposition of about 5-30 ft of modern Nooksack River
alluvium. Mid- to late Holocene alluvial fan progradation may
correlate with postulated seismically induced deep-seated
landsliding (Engebretson and others, 1995, 1996) after 3 ka.
Past seismic events may have caused the liquefaction features
observed by Pat Pringle (DGER, unpub. data) in the Nooksack
River alluvium near Welcome.

FINAL NOTES

We correlate the MCT with the Deming earthquake and hy-
pothesize that displacement along the broadly defined MCT
explains several geologic anomalies around Deming. The idea
that the more broadly defined MCT decollement (Fig. 4B) is
accommodating north—south compression in the shallow crust
parallels the concept that the Puget Sound region lies on a
north-directed thrust sheet (for example, Pratt and others,
1994). Similar thrust sheets may underlie the northern Puget
Lowland and Cascade foothills (D. C. Engebretson, Western
Wash. Univ., and R. A. Haugerud, USGS, oral commun., 1996,
unpub. data and work under way). Late Eocene thrusting of the
Cowichan fold and thrust system on southwestern Vancouver
Island and northern San Juan Islands (England and Calon,
1991), west of the study area, provides a further backdrop for
considering that low-angle Cenozoic structures exist and are
being locally rejuvenated by contemporary tectonic move-
ments.
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Construction Starts on State Emergency Operations Center

On March 26, the Washington State Emergency Manage-
ment Division (EMD) broke ground for its new headquar-
ters and emergency operations center at Camp Murray near
Tacoma. Camp Murray is the headquarters of the Washington
Military Department, which includes the Air and Army Na-
tional Guards in addition to the EMD.

The EMD alerts state agencies and local governments to
impending emergencies and coordinates response from state,
local, and federal government, as well as private organiza-
tions. Ed Carlson, EMD'’s chief of staff and project manager,
said the new center will replace a building from the early
1950s now ranked as the worst facility in the 50 states.

Washington legislators approved initial planning and de-
sign money in the 1993/95 budget. The 1995/97 budget pro-
vided $9 million to cover design, construction, equipment, fur-
nishings, and taxes. The center is expected to be fully opera-
tional in mid-1998. Pease and Sons, Inc., Tacoma, is the build-
ing’s prime contractor, the architectural firm is NBBJ, and the
architect is Barbara Thomas.

The building will have two floors of 28,000 ft* each. With
a steel frame and a base-isolation foundation, it is designed to
survive and operate in a major earthquake. Base isolators al-
low the foundation to move, while minimizing the movement
of the rest of the building.

The building will accommodate 70 staff persons during
day-to-day operations and 225 during a catastrophic emer-
gency. It will have its own emergency power and during pro-
tracted emergencies will receive support for lodging, food,
water, and sanitation from Camp Murray. The EOC uses pri-
marily telephones for communication. When telephone serv-
ice is disrupted, personnel use radio and satellite communica-
tion.

“Construction of the center at Camp Murray will save
about $3 million in land acquisition and other costs,” said
State Adjutant General, Maj. Gen. Gregory P. Barlow, who
leads the Washington Military Department. “This is an emer-
gency center that will serve Washington citizens well.”
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INTRODUCTION

The age and extent of the Cascade magmatic arc are critical to
an understanding of the geology of the Pacific Northwest. The
most widely held concept (Armstrong, 1978; Beeson and oth-
ers, 1989; Hammond, 1989; Swanson and others, 1989; Bran-
don and Vance, 1992; Christiansen and Yeats, 1992, fig. 20;
Bestland and others, 1994; Tabor and others, in press) is that
the arc has existed nearly continuously since at least the Oli-
gocene in the vicinity of the Cascade Range. Use of the term
“ancestral Cascades” for Oligocene to Miocene volcanic rocks
(Dott and Prothero, 1994) implies much the same concept.

Significantly, the Cenozoic sedimentary and volcanic
rocks of the Pacific Northwest in and to the east of the Puget
and Willamette Lowlands occur in four major unconformity-
bounded stratigraphic sequences (UBSs) shown in Figure 1.
The Eocene to earliest Oligocene Challis sequence consists
primarily of arkosic strata and bimodal volcanic rocks; these
are preserved in various areas in Washington and Oregon. The
Oligocene to middle Miocene Kittitas sequence is dominated
by andesitic and felsic volcaniclastic and volcanic rocks and is
well preserved in the Cascade Range of southern Washington
and northern Oregon. The most voluminous portion of the
middle Miocene to Pliocene Walpapi sequence is the Colum-
bia River Basalt Group (CRBG). Although most of the CRBG
occurs east of the Cascade Range, it also is present west of
the range in the Willamette Lowland and along the coasts of
Washington and Oregon (see Reidel and others, 1989, fig. 2;
Tolan and Reidel, 1989). The High Cascade sequence includes
the Cascade stratovolcanoes and both alpine and lowland gla-
cial deposits.

The central concept of this paper is that the Kittitas and
High Cascade sequences were generated by two temporally
distinct magmatic arcs that happen to spatially coincide in the
Pacific Northwest (but not elsewhere). That is, because each
of these UBSs is separated from older or younger sequences
by an interregional unconformity, each is a separate, and ge-
netically unrelated, tectonostratigraphic entity (Wheeler and
Mallory, 1970; Cheney, 1994). Unconformities bounding and
within the Walpapi sequence also show that the Cascade
Range has not been a continuous topographic feature since the
Oligocene.

Recognition of two distinct magmatic arcs has not been ob-
vious for four reasons. Firstly, outside of the petroleum indus-
try, sequence stratigraphy has been widely practiced for less
than two decades and is infrequently applied to volcanic rocks.
Secondly, the interregional extent of the Oligocene to Mio-
cene volcanic rocks (from the Pacific Northwest to Mexico) is
not widely appreciated. Thirdly, the name of the Oligocene to
Miocene volcanic rocks in the Cascade Range has been a ma-
jor semantic impediment. Lastly, the topography of the Cas-
cades is generally believed to have persisted since the early
Oligocene. I address each of the last three reasons below.
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Because a more voluminous description of each UBS is in
Cheney (1994), detailed descriptions are not repeated here. In-
stead, I first review the extent of the Oligocene to Miocene
(Kittitas) UBS. Then, to test the concept that the Cascade
Range has existed since the Oligocene (and that the CRBG
ponded against it), I discuss both the sequence stratigraphy
within the Walpapi sequence and the regional deformation of
the CRBG.

THE OLIGOCENE TO MIOCENE SEQUENCE

A thick succession of Oligocene to Miocene nonmarine vol-
canic and proximal volcaniclastic rocks does occur in the Cas-
cade Range of southern Washington and northern Oregon
(Wheeler and Mallory, 1970; Hammond, 1989; Swanson and
others, 1989). Coeval quartz dioritic intrusions also occur in
the range; significantly, the northern part of the range in
Washington and adjacent British Columbia has intrusions but
few volcanic rocks of this age. The near coincidence of the
trend of the intrusions with the present crest of the range in
Oregon and Washington (refer to Swanson and others, 1989,
fig. 1) probably has contributed to the belief that the range has
existed continuously since at least the Oligocene.

The presence of Oligocene to Miocene intrusions and non-
marine volcanic rocks in the present Cascade Range does indi-
cate that a magmatic arc and its topography existed in the Oli-
gocene to Miocene. The questions, however, are whether this
arc and its topography persisted until today and whether they
are related to present Cascade magmatism.

Armstrong
(1978) Examples
volcanic Major of litho-
episodes sequences Ma stratigraphy  Lithologies
High High Logan Hill glacial and
Cascades Cascades Tieton andesitic
et VAVAVAVAR 2 VAVAVAVAN VAVAVAVAN
Columbia Walpapi C‘;{Li“',‘;lr"a basaltic
NANNN 20 VAVAVAVAN VAVAVAVAR
e Fifes Peak felsic and
Cascade ity Ohanapecosh andesitic
ANNN 36 NANNN
Lake Wenatchee
I;zg?cs arkosic,
Challis Challis ya felsic, and
Teanaway basaltic
Taneum
Swauk
VAVAVAVAR 55 VAVAVAVAN VAVAVAVAN

Figure 1. Major unconformity-bounded sequences in the Pacific
Northwest. See Cheney (1994) for details. Armstrong’s (1978) volcanic
episodes are included for comparison. The examples of some constitu-
ent lithostratigraphic units from south-central Washington are listed for
convenience.



Importantly, the Oligocene to Miocene (Kittitas) rocks are
deformed, whereas the High Cascade rocks are not. In the
southern Cascade Range of Washington, Kittitas rocks are
folded along northwesterly axes (Swanson and others, 1989).
Strata commonly dip 25 to 40 degrees, and folds range from 1
to 20 km in width and 1 to 5 km in amplitude (Hammond,
1989). Elsewhere in western Washington, correlative rocks of
the marine Blakeley Formation are locally vertical. Some of
the volcaniclastic rocks and flows on the High Cascade strato-
volcanoes have significant initial dips, but they are not folded;
nor do the volcanic edifices dip 25 to 40 degrees. The struc-
tural discontinuity between the Oligocene to Miocene (Kitti-
tas) rocks and the High Cascade rocks in the same area implies
a significant temporal difference between the two sequences.

The semantic problem with nomenclature arose because
when the Oligocene to Miocene rocks of the Pacific Northwest
were first systematically dated radiometrically, they were
called the Cascade volcanic episode (Armstrong, 1978). As a
result, many geologists refer to these informally as the Cas-
cade rocks or more formally as the Western Cascade Group
(Hammond, 1989) or the Western Cascade arc (Christiansen
and Yeats, 1992). These names reinforce the belief that the
Oligocene to Miocene rocks are genetically related to the cur-
rently active Cascade arc.

Sequences are given names of areas that contain the se-
quence and that are named after indigenous peoples; in con-
trast, lithostratigraphic units have more conventional geogra-
phic names. Thus, I (1994) proposed the name Kittitas for the
Oligocene to Miocene sequence. This name has the added ad-
vantage of not implying any genetic relationship to the Cas-
cade Range.

Oligocene to Miocene volcanic rocks with compositions
similar to those in the Cascade Range exist throughout the
American Cordillera and south into Mexico (Fig. 2). In the Ba-
sin and Range Province, these are the “ignimbrite flare-up”.
The sources of many of the welded tuffs were calderas in Ne-
vada and adjacent Utah (Christiansen and Yeats, 1992,
fig. 21B; John, 1995), most of which have been recognized
only during the past two decades. In southwestern Colorado,
the San Juan volcanic field is representative of this sequence.

Distal deposits from these eruptive centers are widespread
(Fig. 2). Below the western margin of the CRBG in Washing-
ton, they are the volcaniclastic rocks of Wildcat Creek (Swan-
son and others, 1989), which is not shown in Figure 2, and the
upper member of the Wenatchee Formation (Cheney, 1994). In
eastern Oregon, intermediate to distal rocks are the John Day
Formation (compare Hammond, 1989; Christiansen and
Yeats, 1992; Bestland and others, 1994). Farther to the east,
distal rocks are the Renova Formation of southwestern Mon-
tana (Alt and Hyndman, 1995), the White River Formation of
Wyoming and the Dakotas (Dott and Prothero, 1994; Alt and
Hyndman, 1995; Larson and Evanoff, 1995), and the Wall
Mountain Tuff of Colorado (Christiansen and Yeats, 1992).
Erosion caused by post-Kittitas uplifts of the Cordillera, tec-
tonic extension of the Basin and Range Province, and uncon-
formably overlying sequences have reduced the continuity of
both the proximal and the distal deposits of this sequence.

To name even the proximal parts of this continental arc the
Cascade arc seems spatially misleading. Because this Oligo-
cene to Miocene arc from British Columbia to Mexico was
caused by subduction of the Farallon plate (Fig. 2), it might
well be termed the Farallon arc. A number of authors have
noted that in the southwestern United States this arc is signifi-
cantly wider and more distant from the subduction zone than

PACIFIC

Figure 2. Distribution of Oligocene to Miocene volcanism in the Cor-
dillera. Note that the paleogeography largely predates Basin and
Range extension and initiation of the San Andreas Fault. Sources of
information are Brandon and Vance (1992, fig. 1) and Dott and
Prothero (1994, figs. 15.5 and 15.25). The field of intrusions and proxi-
mal volcanic rocks shown by Dott and Prothero (fig. 15.5) has been
expanded to include the Patsy Mine volcanic rocks of southernmost
Nevada (Frost and Heidrick, 1996) and is dashed across southeastern
Utah to include the coeval laccolithic centers of the La Sal, Henry, and
Abajo mountains (Christiansen and Yeats, 1992). The location of some
of the distal deposits are shown by their formational names.

most subduction-related continental arcs. However, the vol-
canic rocks probably did form by subduction (compare van der
Lee and Nolet, 1997, and included references) and, no matter
what their origin, they do constitute an interregional UBS.
Two spatially and temporally distinct magmatic arcs could
imply two spatially different subduction zones. Figure 2
shows a Farallon-American subduction zone; the only pres-
ently onshore portion is in the core of the Olympic Peninsula
of Washington. In the core of the peninsula, predominantly
deep marine lithic sandstones are juxtaposed against predomi-
nantly Eocene basalts to the north, east, and southeast. If the
eleven reportedly unreset fission-track ages from detrital zir-
cons in the marine clastic rocks of the core (48, 47, 39, 38, 37,
34, 33, 32,27, 19, and 19 Ma) determined by Brandon and
Vance (1992) prove to be representative, the depositional age
of the clastic rocks may be predominantly Eocene to middle
Miocene. Although the marine rocks are generally believed to
be a subduction complex (Brandon and Vance, 1992), the na-
ture of the tectonic contact between them and the basalts is
still unknown. Obviously, this tectonic contact must be

Washington Geology, vol. 25, no. 2, June 1997 29



younger than the rocks involved. Figure 2 follows the sugges-
tion of Brandon and Vance (1992) and of Dott and Prothero
(1994) by illustrating the tectonic contact as a Kittitas-aged
subduction zone. If this interpretation is valid, at 2 Ma subduc-
tion resumed by jumping westward (offshore) to the Cascadia
Zone.

DEFORMATION OF THE WALPAPI SEQUENCE

Another prevalent reason for believing that the Cascade Range
and arc have persisted since at least the Oligocene is that the
CRBG is commonly thought to have ponded in the Pasco basin
of south-central Washington (against the range to the west)
and to have flowed down the gorge of the Columbia River to
reach the sea. As discussed next, dips of the basalt away from
the core of the Cascade Range (Wheeler and Mallory, 1970;
Swanson and others, 1989), the structural (not depositional)
nature of the Pasco basin, and the structural (not paleotopo-
graphic) nature of the gorge of the Columbia River indicate
that the basalts did not pond against the Cascades.

Swanson (1997) rather elegantly showed that the basalts on
the southeastern margin of the Cascade Range in Washington
are uplifted a few kilometers relative to their source areas to
the east. Because these basalts dip eastward away from the
Cascade Range, at least some uplift of the range postdates the
CRBG. Structural relief on Grande Ronde basalt along the
southeastern margin of the Cascade Range in Washington is
>2.700 m (Swanson and others, 1989). In addition, Swanson
(1997) has shown that the gradient of the 80-km valley filled
by the 1.0 Ma Tieton andesite in the southeastern Cascade
Range of Washington is steeper than the gradient of the pre-
sent Tieton River valley in the same location. Evidently, at
least some uplift of the range could postdate 1.0 Ma (Swanson,
1997).

The presence of numerous unconformities within the
CRBG refutes the idea of ponding against the Cascades. Here,
I ignore the existence of the paleotopography recorded by val-
ley-filling basalt flows in order to focus on regional uncon-
formities. The existence and/or significance of regional un-
conformities generally has not been recognized, even by the
authors who described them.

Because the >3.4 Ma Ringold Formation “pinches out
against structural highs” and “basaltic detritus dominates the
alluvial fan facies...around the periphery of the basin™ (Lind-

mnaha

sey and others, 1994, p. 1C-4), an unconformity must exist at
the base of the Ringold. Additionally, the contacts at the top
of the Wanapum and Grande Ronde generally appear to be
conformable but are marked locally by angular unconformi-
ties, absence of the uppermost units in the Grande Ronde, and
saprolites on the underlying basalts (Swanson and others,
1979, p. 26-27). Furthermore, Figure 3 shows that regionally
the Saddle Mountains and Wanapum overlie not just the next
oldest stratigraphic unit (Wanapum and Grande Ronde, re-
spectively) but other units or the pre-CRBG basement as well.

Another unconformity must exist in the Grande Ronde.
Figure 4 shows that the Grande Ronde (by far the thickest por-
tion of the CRBG) has four magnetostratigraphic units
(MSUs) of reversed and normal polarity. Along the western
and northern margin of the CRBG in Washington, the Imnaha
and Ry and N of the Grande Ronde are missing (Cheney,
1994), and R rests directly on pre-CRBG units.

Other unrecognized unconformities occur in the Grande
Ronde. MSUs of any kind, like UBSs (and unlike many litho-
stratigraphic units), represent separate slices of geologic time.
Hence, the variable thicknesses of the MSUs in Figure 5 and
the variable position of a given marker unit within them indi-
cate that the four MSUs are UBSs. Therefore, their contacts
are shown as unconformities in Figure 4.

Because the CRBG is riddled by unconformities, accumu-
lation of the basalts was punctuated either by episodic changes
in sea level and consequent erosion or by episodic uplift and
erosion, rather than by continuous subsidence of the Pasco ba-
sin or continuous uplift of the Cascade Range. Because the
extent to thickness ratio of the regional MSUs and other ba-
salts above unconformities is so great, only minor contempo-
raneous topography existed when a basalt flowed along a
given unconformity. In other words, Ry, Ny, and R2 did not
change greatly in thickness by ponding, but primarily by post-
depositional erosion along upper bounding unconformities.

The synclinal nature of the CRBG in eastern Washington
(Fig. 3) also shows that the basalts did not pond in the Pasco
basin. The youngest unit, the Saddle Mountains Basalt, is the
most areally restricted and in the center of the Pasco basin
(rather than being the most widespread, as would be the case
if each formation progressively filled (ponded in) a basin
bounded on the west by the Cascade Range). The regional dips
of the basalts into the Pasco basin are well known (Wheeler

Age Thickness (m)
(Ma) Name Lithology Maximum  Pasco
6  Saddle Mtns. Basalt ANAN 7 175
Ellensburg Formation [+ + + H ? 0-15
N MWV ANANANY ANNNNNY
145 Wanapum Basalt AAAA ? 120
Vantage sandstone L ? 0-13
FATAYEE A AVAVAV A VA VAV aVaVaVaval VATATATAYA P A aVaVaV VoVl oV aVaVavavavs
153 a"\.fv"\l..:l\1 m M}i%‘?f\N M/{%?/\N
grar:!de R, |AAAA 1460 1460
onde A AVAYAN FAYATAYAA AV N o VAV Vo VoV eV,
Basalt N, W 863 863
FAVAVAVARR W VaVa VoVl A aVaVaVaVaVaara VeV VavaVavy
16.5 R, IAAAA >935 >935
AN ANNNNNNANNANANN AN AV avaVaVa VoV VeV Vavavavy
17.5 Imnaha Basalt No IAAAA 500 0
PV AV A AV VW W W VoV W WV o o S VAV AVAY A FAYAVAAVAV AV A VAV A VAVAV AV,

Figure 3. Distribution of formations of the Columbia River Basalt
Group east of the Cascade Range. Sources of data are Choiniere and
Swanson (1979, fig. 1) and Cheney (1994, fig. 11). See Figure 4 and
text for explanation.
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Figure 4. The Walpapi Sequence in eastern Washington. Note that
the scales for thickness and time are not linear. Sources of data are
Mackin (1961), Swanson and others (1979, 1989) and Lindsey and oth-
ers (1994).



Figure 5. Truncation of magnetostratigraphic units of the Grande
Ronde Basalt. Dashed lines are marker horizons. After Reidel and oth-
ers, 1989, fig. 9.

and Mallory, 1970; Swanson and others, 1989); if these dips
are not structural, the basalts flowed uphill.

The presence of CRBG in the Willamette Lowland, along
the mouth of the Columbia River, and on the coasts of Oregon
and Washington (Fig. 4) is commonly explained by the basalts
having flowed down the Columbia River gorge (and other
paleogorges) through a long-standing Cascade Range (Beeson
and others, 1989). However, in the vicinity of the Columbia
Gorge, the basalts are folded and cut by thrust faults and nor-
mal faults (Beeson and others, 1989; Tolan and Reidel, 1989).
The fact that the CRBG is nearly flat lying along some por-
tions of the gorge is a structural accident (later exploited by
the river). Thus, rather than being an undeformed valley fill,
the CRBG in the Columbia River Gorge defines a westerly
striking syncline between anticlinal uplifts of the CRBG in the
Washington Cascades to the north and the Oregon Cascades to
the south (Wheeler and Mallory, 1970).

In addition to the above physical evidence, paleontological
studies also imply that the Cascade Range was not a signifi-
cant topographic barrier during the Miocene. Within the Wal-
papi, the flora of the Vantage, Ellensburg, and Ringold record
a mixed conifer-deciduous hardwood forest and swamps rich
in woody genera; this flora is typical of a warm-temperate,
summer-wet climate, unlike the present steppe and local grass-
land caused by the rain shadow of the Cascade Range
(Leopold and Denton, 1987). Similarly, fossil mammals from
the Ringold Formation are predominantly browsing, rather
than grazing forms (Gustafson, 1973).

Independent tests of post-Walpapi uplift of the Cascade
Range would be welcome. For example, ages and rates of up-
lift might be determined by argon and fission-track dating, es-
pecially in some of the Oligocene to Miocene batholiths that
have topographic reliefs approaching 2 km.

CONCLUSIONS

Because the Oligocene to Miocene rocks of the Cascade Range
in Washington and Oregon are representatives of a UBS that
extends from British Columbia to Mexico, they are portions of
a continental “Farallon arc”, not a regional “Cascade arc”. The

topography and Pleistocene volcanic rocks of the present Cas-
cade Range (including the stratovolcanoes) postdate anti-
formal uplift and erosion of the once more extensive CRBG.
Some uplift of the range in Washington could postdate the
1.0 Ma Tieton andesite. The sequence of Pleistocene volcanic
rocks of the Cascade Range defines the Cascade arc, which
extends only from northern California to southern British Co-
lumbia. This geological definition is particularly obvious from
central Washington northward, where few Oligocene to Mio-
cene volcanic rocks are preserved (only their intrusive coun-
terparts are); accordingly, the northern Cascade strato-
volcanoes almost exclusively overlie pre-Tertiary crystalline
rocks.

ACKNOWLEDGMENTS

B. L. Sherrod, R. J. Stewart, and P. D. Ward made helpful sug-
gestions. I thank R. J. Stewart and P. W. Reiners for reviews
of drafts of this paper.

REFERENCES CITED

Alt, D. D.; Hyndman, D. W, 1995, Northwest exposures—A geologic
story of the Northwest: Mountain Press Publishing Company
[Missoula, Mont.], 443 p.

Armstrong, R. L., 1978, Cenozoic igneous history of the U.S. cordil-
lera from lat. 42° to 49°N. In Smith, R. B.; Eaton, G. P., editors,
Cenozoic tectonics and regional geophysics of the western cordil-
lera: Geological Society of America Memoir 152, p. 265-282.

Beeson, M. H.; Tolan, T. L.; Anderson, James Lee, 1989, The Colum-
bia River Basalt Group in western Oregon—Geologic structures
and other factors that controlled flow emplacement patterns: Geo-
logical Society of America Special Paper 239, p. 223-246.

Bestland, E. A.; Retallack, G. J.; Fremd, Theodore, 1994, Sequence
stratigraphy of the Eocene-Oligocene transition—Examples from
the non-marine volcanically influenced John Day Basin. In Swan-
son, D. A.; Haugerud, R. A., editors, Geologic field trips in the
Pacific Northwest: 1994 Geological Society of America Annual
Meeting, p. 1A 1-1A 19.

Brandon, M. T.; Vance, J. A., 1992, Tectonic evolution of the Ceno-
zoic Olympic subduction complex, Washington State, as deduced
from fission track ages for detrital zircons: American Journal of
Science, v. 292, no. 8, p. 565-636.

Cheney, E. 8., 1994, Cenozoic unconformity-bounded sequences of
central and eastern Washington. /n Lasmanis, Raymond; Cheney,
E. S., convenors, Regional geology of Washington State: Wash-
ington Division of Geology and Earth Resources Bulletin 80,
p. 115-139.

Choiniere, S. R.; Swanson, D. A., 1979, Magnetostratigraphy and cor-
relation of Miocene basalts of the northern Oregon coast and Co-
lumbia Plateau, southeast Washington: American Journal of Sci-
ence, v. 279, no. 7, p. 755-777.

Christiansen, R. L.; Yeats, R. S.; Graham, S. A.; Niem, W. A_; Niem,
A. R.; Snavely, P. D., Jr., 1992, Post-Laramide geology of the
U.S. Cordilleran region. In Burchfiel, B. C.; Lipman, P. W.; Zo-
back, M. L., editors, The Cordilleran orogen—Conterminous
U.S.: Geological Society of America DNAG Geology of North
America, v. G-3, p. 261-406.

Dott, R. H., Jr.; Prothero, D. R., 1994, Evolution of the Earth; 5th ed.:
McGraw-Hill, Inc., 569 p.

Frost, E. G.; Heidrick, T. L., 1996, Three dimensional structural ge-
ometries of the Colorado River extensional terrane and their re-
gional exploration implications. In Rehrig, W. A, editor, Tertiary
extension and mineral deposits, southwestern U.S.: Society of
Economic Geologists Guidebook Series 25, p. 5-64.

Washington Geology, vol. 25, no. 2, June 1997 31



Gustafson, E. P., 1973, The vertebrate fauna of the late Pliocene Rin-
gold Formation, south-central Washington: University of Wash-
ington Master of Science thesis, 164 p.

Hammond, P. E., 1989, Guide to geology of the Cascade Range—
Portland, Oregon to Seattle, Washington: International Geologi-
cal Congress, 28th, Field Trip Guidebook T306, 215 p.

John, D. A., 1995, Tilted middle Tertiary ash-flow calderas and sub-
jacent granitic plutons, southern Stillwater Range, Nevada—
Cross sections of an Oligocene igneous center: Geological Soci-
ety of America Bulletin, v. 107, no. 2, p. 180-200.

Larson, E. E.; Evanoff, Emmett, 1995, Tephrostratigraphy of the
White River sequence in Nebraska, Wyoming and Colorado [ab-
stract]: Geological Society of America Abstracts with Programs
v. 27, no. 3, p. 67-68.

Leopold, E. B.; Denton, M. F., 1987, Comparative age of grassland
and steppe east and west of the northern Rocky Mountains: An-
nals of Missouri Botanical Garden, v. 74, p. 841-867.

Lindsey, K. A.; Reidel, S. P.; Fecht, K. R.; Slate, J. L.; Law, A. G,;
Tallman, A. M., 1994, Geohydrologic setting of the Hanford site,
south-central Washington, In Swanson, D. A.; Haugerud, R. A.,
editors, Geologic field trips in the Pacific Northwest: University
of Washington Department of Geological Sciences, v. 1, p. 1C 1-
1C 16.

Mackin, J. H., 1961, A stratigraphic section in the Yakima Basalt and
the Ellensburg Formation in south-central Washington: Washing-
ton Division of Mines and Geology Report of Investigations 19,
45 p.

Reidel, S. P.; Tolan, T. L.; Hooper, P. R.; Beeson, M. H.; Fecht, K.
R.; Bentley, R. D.; Anderson, James Lee, 1989, The Grande
Ronde Basalt, Columbia River Basalt Group, Stratigraphy de-
scriptions and correlations in Washington, Oregon, and Idaho. In

Reidel, S. P.; Hooper, P. R., editors, Volcanism and tectonism in
the Columbia River flood-basalt province: Geological Society of
America Special Paper 239, p. 21-53.

Swanson, D. A., 1997, Uplift of the southern Washington Cascades in
the past 17 million years [abstract]: Geological Society of Amer-
ica Abstracts with Programs, v. 29, no. §, p. 68.

Swanson, D. A.; and others, 1989, Cenozoic volcanism in the Cascade
Range and Columbia Plateau, southern Washington and north-
ernmost Oregon, Seattle, Washington to Portland, Oregon, July
3-8, 1989: International Geological Congress, 28th, Field Trip
Guidebook T106, 60 p.

Swanson, D. A.; Wright, T. L.; Hooper, P. R.; Bentley, R. D., 1979,
Revisions in stratigraphic nomenclature of the Columbia River
Basalt Group: U.S. Geological Survey Bulletin 1457-G, 59 p.,
1 plate.

Tabor, R. W.; Frizzell, V. A., Ir.; Booth, D. B.; Waitt, R. B., in press,
Geologic map of the Snoqualmie Pass 30’ x 60" quadrangle: U.S.
Geological Survey Map 1-2538, scale 1:100,000, with 48 p. text.

Tolan, T. L.; Reidel, S. P., compilers, 1989, Structure map of a portion
of the Columbia River flood-basalt province. /n Reidel, S. P.;
Hooper, P. R., editors, Volcanism and tectonism in the Columbia
River flood-basalt province: Geological Society of America Spe-
cial Paper 239, plate, scale 1:500,000.

van der Lee, Suzan; Nolet, Guust, 1997, Seismic image of the sub-
ducted trailing fragments of the Farallon plate: Nature, v. 386,
no. 6622, p. 266-269.

Wheeler, H. E.; Mallory, V. S., 1970, Oregon Cascades in relation to
Cenozoic stratigraphy. /n Gilmore, E. H.; Stradling, D. F., editors,
Proceedings of the second Columbia River basalt symposium:
Eastern Washington State College Press, p. 97-124. m

Trailhead Parking Fees Instituted for Washington National Forests

tarting in June, hikers, horseback riders, and other recrea-

tional trail users will be paying trailhead parking fees in the
Olympic, Mt. Baker-Snoqualmie, and Wenatchee National
Forests of Washington. The fees, $3 per day or $25 for a cal-
endar year pass, will supplement shrinking maintenance budg-
ets for deteriorating trail systems.

An additional annual pass for a second vehicle belonging
to the same family is available for $5 if purchased at the same
time as the first family annual pass. Golden Age and Golden
Access cardholders can get a 50 percent discount if they show
their cards when purchasing these new passes. Volunteers who
complete two days of work to improve forest trails will qualify
for a free pass. The passes will also be accepted at trailheads
in the Okanogan National Forest in place of an overnight
camping and parking pass, which will be required in many
parts of that forest.

The passes must be purchased in advance and will be sold
at the offices and visitors centers of participating national for-
ests. In addition, arrangements are being made for local ven-
dors, businesses, and other parties to sell passes. The Trail
Park Pass must be displayed in the windshield of all vehicles
parked at or within .25 mile of the trailhead. These passes can-
not be used at Sno-Park Trailheads.

The Trail Park Pass is part of an experimental recreation
fee approved by Congress. At least 80 percent of the revenues
will remain in local areas where the fees are collected, accord-
ing to Ron Humphrey, Forest Supervisor of the Olympic Na-
tional Forest. Enforcement of the pass requirement during the
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first year will emphasize informing the trail users about the
pass.

Specific information about Trail Park Pass availability,
sales locations, and volunteer opportunities can be obtained at
local national forest offices.:

Mt. Baker-Snoqualmie National Forest

21905 64th Ave. W

Mountlake Terrace, WA 98043

(206) 775-9702

District offices are in Darrington, Glacier, Sedro Woolley,
Skykomish, Snoqualmie Pass, Granite Falls, and
Enumclaw.

Wenatchee National Forest
PO Box 811

301 Yakima St.

Wenatchee, WA 98801
(509) 662-4335

District offices are in Chelan, Cle Elum, Entiat,
Leavenworth, and Naches.

Olympic National Forest
1835 Black Lake Blvd. SW
Olympia, WA 98502
(360) 956-2400

District offices are in Hoodsport, Quilcene, Quinault, and
Forks. m



Outstanding Surface Mine Reclamation Honored

David K. Norman

Washington State Department of Natural Resources
Division of Geology and Earth Resources

PO Box 47007, Olympia, WA 98504-7007

In 1996, the Department of Natural Resources established an-

nual awards to recognize outstanding achievement in the
reclamation of surface mines. These awards honor permit
holders who reclaim mines in an exemplary manner. Awards
also recognize reclamation efforts on sites exempt from the
Surface Mine Reclamation Act [RCW 78.44] because a site
was mined prior to 1971. More than one award can be given
for any of the categories.

The mines receiving the first of these awards demonstrate
one or more of the following:

I Innovation or creativity in reclamation, such as
creating unique wetlands or enhancing wildlife and
fish habitat or topographic elements.

B Voluntary reclamation of mined land that is exempt
from reclamation under the Act.

B Use of native plant species in revegetation.

I Innovative research and approaches to reclamation that
can be applied at other mines.

I Attention to water quality and erosion prevention.

B Orderly segmental mine development resulting in
high-quality reclamation.

B A consistent long-term commitment to reclamation.

B Methods that enhance the environment and reduce
reclamation liability, such as mining to a final slope.

Small Operation Award

Davis Sand and Gravel of Sequim is the winner of the Com-
missioner of Public Lands’ Recognition for Reclamation for a
Small Operation Award. The company has reclaimed approxi-
mately 10 acres over the years (Fig. 1). Some of the areas the
company reclaimed were exempt from the Surface Mine Act
because they were mined prior to 1971. Davis Sand and Gravel
has used segmental reclamation and mined to a final slope to
minimize earth moving. Reclamation in each segment was
done immediately after mining was complete. Storm water is
filtered through ponds, which have filled with cattails. The
company has used native vegetation such as Douglas fir and
blue elderberry in their reclamation.

Davis Sand and Gravel is also the winner of the Good
Neighbor Award. This firm has contributed to the community
by hosting tours for classes from the community college, by
donating gravel to Sequim Boys and Girls Club for fund rais-
ing, by providing gravel for local stream and fish habitat res-
toration, and by helping to fund the newsletter of the Clallam
Conservation District.

Commissioner of Public Lands Award

Central Pre-Mix is a winner of the Commissioner of Public
Lands’ Recognition for Reclamation Award for their Yardley
Sand and Gravel Pit in Spokane (Fig. 2). The 65-acre site was
mined from World War II to the 1980s, and much of that area
was mined prior to the enactment of the Surface Mine Act. The

Figure 1. A reclaimed segment at Davis Sand and Gravel of Sequim,
Wash., recipient of the Small Operation and Good Neighbor Awards.
Along with Douglas fir and blue elderberry, cottonwood trees have
been planted on low-angle reclaimed slopes. The storm-water pond
filled with cattails is in the foreground. Operations can be seen in the
background.
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Figure 2A. Aerial view (before reclamation) of Central Pre-Mix's
Yardley sand and gravel pit, recipient of the Commissioner of Public
Lands Award. The operation is in a heavy industrial area of Spokane
(note train yards), as well as the sole source aquifer. The mine has
provided sand and gravel for the Central Pre-Mix cement plant, which
is still in operation at the site. Mining began here in the 1940s.

Figure 2B. After reclamation, natural topography has been created
in parts of the reclaimed pit. Islands, peninsulas, shallow areas, and
gentle contours are used to created a complicated shoreline that bene-
fits wildlife.
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Figure 3A. Aguamarine Constructors is another winner of the Com
missioner of Public Lands Award, received for their Twin Rivers
quarry near the confluence of the Skykomish and Snoqualmie Rivers
in southwestern Snohomish County, shown here in operation. Note
the front-end loader for scale.

Figure 3B. Aquamarine Constructors backfilled the Twin Rivers quarry in 1994, eliminating the vertical cliffs and establishing a drainage, which
now looks natural and functions appropriately, in the center of the mined area. The rock knob at the left side of the photo is in approximately the
same position in both photos. Topsoil was respread across the site, and grasses and trees have been planted to stabilize the area.

company began reclamation of the two-pit site as a lake for
wildlife habitat in 1991. It was designed to preserve water
quality in the Spokane—Rathdrum Sole Source Aquifer, which
provides drinking water for the Spokane area, by eliminating
backfilling as means of reclamation. Areas not mined below
the water level were reclaimed as peninsulas and islands. Dirt
hauled into the site was used to create flatter slopes and rolling
topography on the portions of the peninsulas above water, and
a channel was opened between the two pits. Grasses were
planted across the slopes, and trees line the perimeter of the

lake. The new lake is an attractive addition to an industrial
area of Spokane.

Aquamarine Constructors is also a winner of the Commis-
sioner of Public Lands Award for their Twin Rivers quarry
near the confluence of the Skykomish and Snoqualmie Rivers
in southwestern Snohomish County. The mine worked 20
acres from 1981 to 1992. Stockpiled overburden was used for
backfilling of the site in 1994. Topsoil was respread over the
mined area, mulched, fertilized, and seeded. Successful reveg-
etation and drainage control have stabilized the entire mine

Figures 4A & B. (facing page, top and bottom, respectively) Palmer Coking Coal Company is the recipient of a Special Recognition Award for
their McKay Section 12 surface coal mine near Black Diamond. A, The mine, shown in this aerial view taken in March 1985, operated from 1982
until 1986. The disturbed area here is approximately 30 acres. The flooded area at the bottom of photo is where coal was removed. Reclamation
began in 1984 under Department of Natural Resources permit 12256. B. In this photo taken in September 1995, reclamation has approximated
original contours. The road at the bottom of photographs is SE Green River Gorge Road. Grasses, clover, Douglas fir, noble fir, and Sitka spruce
seedlings were planted on the reclaimed mine site. Red alder and a variety of wetland species have also colonized the site. Good topsoil man-
agement practices allowed the company to perform high-quality reclamation. (Photos by Walker & Associates, Inc., Photogrammetric Engineers,

copyright 1996. Used by permission.)
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site (Fig. 3). The re-established natural drainage and topogra-
phy blend well with the surrounding area. The reclamation at
this site goes well beyond minimum reclamation standards for
rock quarries and the approved reclamation plan.

Special Recognition Award

Palmer Coking Coal Company is the recipient of a Special
Recognition Award for their McKay Section 12 surface coal
mine near Black Diamond (Fig. 4). The mine operated from
1982 until 1986, and reclamation began in 1984. Reclamation
approximated the original contours of the land, and the com-
pany replanted with grasses, clover, Douglas fir, noble fir, and
Sitka spruce seedlings. Red alder and a variety of wetland spe-

cies have also colonized the site. The company preserved top-
soil and returned it to the mined areas. Five retention facilities
used during operation were incorporated into the final recla-
mation design and now serve as water recharge areas and wet-
lands at the site.

These Surface Mine Reclamation Awards are an annual
event, and companies are encouraged to submit nominations
and photographs for the awards to be given in 1998. Plan to
take photos in the warm weather months and to show the pro-
gress over a period of years. A new category for 1997 is being
created to honor individual employees whose skills and efforts
have made contributions to successful reclamation. Nomina-
tion forms for the 1997 awards will be available from the Di-
vision later this year. m

Geoscience Information Resources

STATE AGENCIES AND OFFICES

Washington Department of Natural Resources (DNR)

Division of Geology and Earth Resources

PO Box 47007, Olympia, WA 98504-7007

phone: (360) 902-1450; fax: (360) 902-1785

e-mail: connie.manson@ wadnr.gov; cjmanson@u.washington.edu
hours: 8:00-4:30, Monday—-Friday

The Division is Washington's geological survey. Excellent reference
source for information about the geology and mineral resources of
Washington. Sales source for Division reports. Publishes quarterly
journal, Washington Geology, subscriptions are free.

Washington Department of Natural Resources
Division of Photo and Map Sales

PO Box 47031, Olympia, WA 98504-7031
phone: (360) 902-1234; fax: (360) 902-1779
hours: 8:30-4:30, Monday-Friday

Sales source for USGS topographic maps; DNR maps, aerial photos.

Washington Department of Ecology

PO Box 47600, Olympia, WA 98504-7600

phone: (360) 407-7472 (pubs.); phone: (360) 407-6150 (library)

Internet: hitp://olympus.dis.wa.gov/www/access/ecology/
ecyhome.html

hours: 8:00-4:30, Monday—-Friday

Sales source for Department of Ecology reports. Regional offices are
primary sources for water-well logs.

Northwest Region: Bellevue, (206) 649-7000. Serves: Island, King,
Kitsap, San Juan, Skagit, Snohomish, and Whatcom Counties.
Southwest Region: Lacey, (360) 407-6300. Serves: Clallam, Clark,
Cowlitz, Grays Harbor, Jefferson, Lewis, Mason, Pacific, Pierce,
Skamania, Thurston, and Wahkiakum Counties.

Central region: Yakima, (509) 575-2491. Serves: Benton, Chelan,
Douglas, Kittitas, Klickitat, and Yakima Counties.

Eastern region: Spokane, (509) 458-2055. Serves: Adams, Asotin,
Columbia, Ferry, Franklin, Garfield, Grant, Lincoln, Okanogan,
Pend Oreille, Spokane, Stevens, Walla Walla, and Whitman
Counties.

FEDERAL AGENCIES AND OFFICES

U.S. Geological Survey Earth Science Information Center
West 904 Riverside, Spokane, WA 99201

phone: (509) 353-2524; fax: (509) 353-3172

hours: 8:00-4:30, Monday—-Friday

Excellent reference source for information about the geology and
water resources of Washington and adjacent states. Sales source for
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USGS topographic maps and USGS published reports and maps of
Washington and adjacent states.

U.S. Geological Survey Water Resources Division
1201 Pacific Ave., Suite 600, Tacoma, WA 98402
phone: (206) 593-6510

e-mail: lafuste@maildwatcm.wr.usgs.gov

Internet: hitp://wwwdwatcm.wr.usgs.gov/wrdhome.html
hours: 8:00-4:30, Monday-Friday

Reference source for USGS water-resources investigations reports
prepared by the Tacoma office.

U.S. Geological Survey Water Resources Division
10615 S.E. Cherry Blossom Dr., Portland, OR 97216
phone: (503) 251-3200

hours: 8:00-4:30, Monday-Friday

Reference source for USGS water-resources investigations reports
prepared by the Portland office.

U.S. Geological Survey Branch of Information Services
Box 25286, MS 306, Denver, CO 80225

phone: 1-800-435-7627; fax: (303) 202-4693

hours: 8:00-4:30, Monday-Friday

Primary sales source for USGS publications: topographic maps, the-
matic maps (e.g., Miscellaneous Field Investigations series), pub-
lished reports (e.g., Bulletins, Circulars, Professional Papers, Water
Supply Papers).

U.S. Geological Survey Branch of Information Services
Box 25046, MS 507, Denver, CO 80225

fax: (303) 202-4695

hours: 8:00-4:30, Monday-Friday

Primary sales source for USGS Open-File Reports and Water-Re-
sources Investigation reports.

GEOSCIENCE LIBRARIES IN WASHINGTON

Battelle Pacific Northwest Laboratory

Hanford Technical Library

PO Box 999, MS P8-55, Richland, WA 99352

phone: (509) 376-1606; fax: (509) 376-1422 (moving in 6/97)
Primary areas of emphasis are nuclear science and engineering, en-
ergy research and environmental waste management and restoration.
40,000 books; technical reports from Hanford site and other AEC/
ERDA/DOE contractors: 100,000 (paper), 800,000 (microfiche); 950
current journal subscriptions.

Collection is open to the public; must obtain visitor’s access badge.
Online catalog. CD-ROMs available: GeoRef; Water Resources Ab-
stracts; Energy Science and Technology Database; Nuclear Science



Abstracts; NTIS, Water Resources Abstracts, INIS Atomindex. Pho-
tocopying available. Interlibrary loan available.

Eastern Washington University, The Libraries
MS 84, 816 “F” Street, Cheney, WA 99004-2423
phone: (509) 359-7894; fax: (509) 359-6456

Geoscience materials are integrated with the main library collection.
Broad geologic coverage, with emphasis on the Pacific Northwest and
the western U.S. Approximately 46,000 geoscience volumes; 76 cur-
rent geoscience journal subscriptions; USGS topographic and the-
matic maps of the western U.S.; 125 M.S. theses, 1970 to current.
USGS reports (in the documents collection) include open-file reports
(on fiche) and historic surveys; good collections of state geological
survey reports from the western states (in the classified collection).
About 4,000 topographic maps; 58 digital maps on CD-ROM.

Collection is open to the public; noncampus users can get borrower’s
card. Online public access catalog available. CD-ROMs available:
Geobase via FirstSearch; GeoRef, GPO, WorldCat via FirstSearch.
Photocopying available. Interlibrary loan available.

Pacific Lutheran University, Mortvedt Library
121 St. and Park Ave. S., Tacoma, WA 98447
phone: (206) 535-7507; fax: (206) 535-7315
e-mail: kawulajd@plu.edu

The geoscience materials, integrated with the main collection, include
2,700 volumes, 24 current journal subscriptions, 3,000 geoscience
maps with emphasis on western U.S., USGS maps, some state docu-
ments. Geoscience maps and spatial data are kept with the geoscience
collection. 1,500 topographic maps, 500 thematic maps.

Collection is open to the public; onsite use only for noncampus users.
Photocopying available. Online catalog accessible. CD-ROMs avail-
able: GeoRef; WorldCat via FirstSearch. Photocopying available. In-
terlibrary loan available.

Seattle Public Library, Science and Social Science Dept.

1000 4th Ave., Seattle, WA 98104

phone: (206) 386-4620; fax: (206) 386-4634

e-mail: scs@spl.lib.wa.us

Geoscience materials are integrated with main downtown library. Em-
phasis on Washington State. USGS and state survey publications.
About 9,000 geoscience volumes (including bound USGS docu-
ments); 7 geoscience journal subscriptions. Geoscience maps and spa-
tial data are kept with the geoscience collection; full set of USGS
topographic maps is in the Humanities Department.

Collection is open to the public. Online catalog available. Photocopy-
ing available. No CD-ROM indexes. Interlibrary loan available.

U.S. Army Corps of Engineers, NPS District Library
PO Box C-3755, 4735 E. Marginal Way S.

Seattle, WA 98124-2255

phone: (206) 764-3728; fax: (206) 764-3796, 764-6529

Geoscience materials are integrated with the full collection. 600 geo-
science volumes; 12 current journal subscriptions. Special collection:
Waterways Experiment Station reports on microfiche.

Collection is open to the public; onsite use only. No CD-ROM in-
dexes. Photocopying available. Interlibrary loan available.

U.S. Department of Energy Public Reading Room

Pacific Northwest National Laboratory

PO Box 999, MSIN M2-53, Richland, WA 99352

phone: (509) 376-8583; fax: (509) 372-3556

e-mail: TLTRAUB@pnl.gov

Geoscience materials are integrated with the reading room collection,
which is specific to south-central/eastern Washington. About 30,000
volumes, primarily technical reports prepared by Department of En-
ergy and its contractors, relating to the Hanford site.

Collection is open to the public; onsite use only. Photocopying avail-
able. No interlibrary loan.

U.S. Geological Survey
Library, Room 133, W. 904 Riverside, Spokane, WA 99201
phone: (509) 353-2649; fax: (509) 353-0505

Separate geoscience collection with broad coverage for the Pacific
Northwest.

Collection is open to the public; onsite use only. No onsite photo-
copying facilities, but arrangements can be made with a local copy
center. No catalog, searching, CD-ROM indexes, or interlibrary loan.

U.S. National Oceanic and Atmospheric Administration
Library, 7600 Sand Point Way N.E., Bld. 3, E/OC43
Seattle, WA 98115

phone: (206) 526-6241; fax: (206) 526-4535

Geoscience materials are integrated with main collection. Broad geo-
logic coverage, with strengths in economic geology; environmental
geology; geochemistry; geophysics; hydrogeology and hydrology;
marine geology and oceanography. 10,000 volumes (2,000 in geo-
science); 30 current journal subscriptions; 200 other serials; large col-
lection of technical reports.

Collection is open to the public; onsite use only. Online catalog
(WWW access: http://www.wrclib.noaa.gov/lib/). Photocopying
available. CD-ROM available: Water Resources Abstracts. Interli-
brary loan available.

University of Washington
Science Libraries (administrative grouping of nine libraries)
PO Box 352900, Seattle, WA 98195

Head, Science Libraries, (206) 543-5071

e-mail: hiller@u.washington.edu

Engineering Library, (206) 543-0741

e-mail: englib@u.washington.edu
Fisheries-Oceanography Library, (206) 543-4279
e-mail: fishlib@u.washington.edu

Government Publications Division, (206) 543-1937
e-mail: afj@u.washington.edu

Map Collection, (206) 543-9392
e-mail: maplib@u.washington.edu

Natural Sciences Library, (206) 543-1244; fax: (206) 685-1665
e-mail: natsci@u.washington.edu

Geoscience collections are included in other collections: Geology,
geophysics in Natural Sciences Library; Maps, aerial photos in Map
Collection; Oceanography, marine geology in Fisheries—Oceanogra-
phy; Engineering geology, technical reports in Engineering. Broad
geologic coverage with comprehensive emphasis on Pacific North-
west, Collection sizes: Natural Sciences, 206,000 volumes, 2,200
other serials currently received; 255,000 geoscience maps in the Map
Collection; 60,566 aerial photos in the Map Collection; 68,632 micro-
film/microfiche units in Natural Sciences, 5,449 in the Map Collec-
tion; 110 CD-ROMs; copies of most University of Washington M.S./
Ph.D. theses housed in the respective branches. More than 1,000,000
science/engineering technical reports are housed in the Engineering
Library. Digital maps on CD are accessed on a personal computer.

Collections are open to the public. Photocopying available. CD-
ROMs available: GeoRef, Water Resources Abstracts, WorldCat via
FirstSearch. Online public access catalog accessible; WWW access:
http://www lib.washington.edu

The branch library’s accesses are:
http://www.lib.washington.edu/libinfo/libunits/sciences/nsl
http://www.lib.washington.edw/libinfo/libunits/sciences/fish
http://www.lib.washington.edu/libinfo/libunits/sciences/engineering

Interlibrary loan available.

Washington Department of Natural Resources Library,

Division of Geology and Earth Resources

PO Box 47007, Olympia, WA 98504-7007

phone: (360) 902-1472; fax: (360) 902-1785

e-mail: cmgg490@wadnr.gov; regg490@wadnr.gov
cjmanson@u.washington.edu
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Separate geoscience collection with comprehensive coverage of
Washington geology and mineral resources. 60,000 volumes, includ-
ing some rare materials; 100 current journal subscriptions (many on
loan from the Washington State Library); western U.S. state survey
exchange program; partial USGS and USBM depository; full set of
USGS open-file reports on Washington geology; many technical re-
ports; 3,000 geoscience maps with emphasis on state; 1,000 aerial
photos, with emphasis on state; 100 microfiche; 1,700 theses on
Washington geology and mineral resources, 1901 to date.

Collection is open to the public; onsite use only. Photocopying avail-
able. CD-ROMs available: GeoRef, Earth Sciences Database, Geo-
physics of North America, Water Resources Abstracts. Free in-house
database on Washington geology, 1801 to date.

Interlibrary loan available; photocopies only, volumes are not loaned,
but contact the librarian if we are the library of last resort.

Washington State Library
Documents, PO Box 42460, Olympia, WA 98504-2460
phone: (360) 753-4027; fax: (360) 586-7575

Geoscience materials are integrated with the collection. Broad geo-
logic coverage of U.S. and Canada. 1,600 geoscience volumes; 35
current geoscience journal subscriptions; 100 atlases; 500 aerial pho-
tos; more than 5,000 microfiche. Regional USGS depository, with full
runs of the Bulletins, Professional Papers, and Water-Supply Papers
and open-file reports on microfiche, 1979 to current. 2,500 topo-
graphic maps for Washington, Oregon, Idaho, and Alaska. Other
maps are housed at the University of Washington Map Library.

Collection is open to the public; documents and periodicals are in
closed stacks. Photocopying available. CD-ROMs available: Aerial
Photography Summary Record System, Geographic Names Informa-
tion System, Stratigraphic Nomenclature databases for the U.S.

Interlibrary loan available.

Washington State University

Owen Science and Engineering Library,
Pullman, WA 99164-3200

phone: (509) 335-4181; fax: (509) 355-2534

Geoscience materials are integrated with science and engineering col-
lection. Broad geologic coverage with regional emphasis. 25,000 vol-
umes; 160 current journal subscriptions; 240 other serials; 5,000 geo-
science maps; 5,000 microfilm/fiche units; 430 theses (including
Washington State University theses, 1923 to current). Significant
strengths in: geophysics; hydrogeology and hydrology; mineralogy of
the Pacific Northwest; paleontology; sedimentology; stratigraphy and
historical geology; surficial geology, soils, and geomorphology; tech-
nical reports. Geoscience maps are in a separate collection that in-
cludes 5,000 topographic maps.

Collection is open to the public. Online catalog is available (WWW
access at http://www.wsulibs.wsu.edu). Photocopying available. CD-
ROMs available: GeoRef, Agricola, Water Resources Abstracts;
WorldCat via FirstSearch; Biosis; SCL. Interlibrary loan available.

Western Washington University
Huxley Map Library, MS 9079, Bellingham, WA 98225
phone: (360) 650-3272; fax: (360) 650-7702

Wilson Library, 516 High St., Bellingham, WA 98225
fax: (360) 650-3044; e-mail: jcollins@nessie.cc.wwu.edu

The Map Library is a separate collection; most geoscience materials
are housed in the Wilson Library. 951 atlases; map library organiza-
tion journals; 9 other serials; 221,607 maps, with emphasis on U.S.
and Canada; 145,00 topographic maps; 77,000 thematic maps; 28,000
air photos, with emphasis on historical photos of Whatcom County;
52 microforms; 74 theses, including Western Washington University
Geography M.S. theses, 1968 to current. Full depository for USGS
topographic and geologic maps, Canada Map Office topographic
maps; partial depository for DMA, National Ocean Service, Washing-
ton Division of Geology and Earth Resources open-file reports. Sig-
nificant collection of historical materials, with emphasis on U.S. and
Canada.
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Collection open to the public; onsite use only. Paper card catalog
only; no offsite access. CD-ROMs available: USGS GNIS, Cart. Cata-
log. Photocopying available. Interlibrary loan available.

Whitman College

Penrose Memorial Library, 345 Boyer Ave.

Walla Walla, WA 99362

phone: (509) 527-5919; fax: (509) 527-5900

Geoscience materials are integrated with the college library. Deposi-
tory collection of USGS books and maps. 5,000 topographic maps.

Collection is open to the general public. Online catalog. CD-ROMs
available: WLN Lasercat, SCI. Photocopying available. Interlibrary
loan available.

SPECIAL MATERIALS

A. Aerial Photographs
Indexes:

(1) Aerial Photography Summary Record System, a CD-ROM index
compiled by the USGS, is available at:

- Pacific Lutheran University library

- Seattle Public Library

- U.S. Geological Survey (Spokane)

- University of Washington, Map Library

- Washington DNR Division of Geology and Earth Resources

- Washington State Library

- Washington State University library

- Western Washington University Map Library

(2) The Washington DNR, Division of Photo and Map Sales maintains
the index of DNR aerial photography.

Sales:
- Washington DNR, Division of Photo and Map Sales
- Walker & Associates (12652 Interurban Ave. S., Seattle, WA
98168; phone: (206) 244-2300; fax: (206) 244-2333)

Library collections:
- University of Washington, Map Library (60,000 photos)
- Washington State Library (500 photos)
- U.S. Army Corps of Engineers has extensive files of historic
aerial photography

B. Coal mine maps

Index of coal mine maps is maintained by the Washington DNR, Di-
vision of Geology and Earth Resources library.

Sales: The microfilm of the underground coal mines is available from
Washington State Archives. Contact the Washington DNR, Division
of Geology and Earth Resources for ordering instructions.

Library collections: The coal mine maps are held at the Washington
DNR, Division of Geology and Earth Resources.

C. Geologic maps

Indexes are maintained by the Washington DNR, Division of Geology
and Earth Resources library.

Sales: Geologic maps are generally only available for sale from the
respective publishers, e.g.:

- U.S. Geological Survey Earth Science Information Center

(Spokane)

- U.S. Geological Survey Water Resources Division (Tacoma)

- U.S. Geological Survey Information Services (Denver)

- Washington DNR, Division of Geology and Earth Resources

- Washington Department of Ecology, Publications Distribution

Library collections: Reports that include geologic maps of Washing-
ton are held at various libraries, including:

- Pacific Lutheran University library

- Seattle Public Library

- U.S. Geological Survey (Spokane)

- University of Washington, Map Library

- Washington DNR, Division of Geology and Earth Resources

- Washington State University library

- Western Washington University Map Library



D. Indexes

The index of Washington geology, which includes all known articles
and abstracts, is maintained by the Washington DNR Division of Ge-
ology and Earth Resources library. It includes materials issued from
1798 to 1996. Printed bibliographies are available for purchase and
are held at many libraries.

GeoRef, the international index to geology, 1785 to 1996, is main-
tained by the American Geological Institute and updated quarterly. It
is available for lease from SilverPlatter Information (100 River Ridge
Drive, Norwood, MA 02062-5026). Lease costs vary.

GeoRef is available online (via Dialog and other vendors) at these
libraries (search fees vary):

- Eastern Washington University

- Pacific Lutheran University

- Seattle Public Library

- University of Washington (for campus community only)

- Washington State Library (for state employees only)

- Washington State University

GeoRef is available on CD-ROM at these libraries:
- Battelle Pacific Northwest Laboratory
- Eastern Washington University
- Pacific Lutheran University
- University of Washington, Natural Sciences Library
- Washington DNR Division of Geology and Earth Resources
- Washington State University

E. Soil surveys

Soil surveys are produced by the U.S. Natural Resources Conserva-
tion Service (NRCS, formerly U.S. Soil Conservation Service).

Sales: These reports are usually prepared county by county and are
free. The NRCS Washington field offices are in Olympia (with local
offices in Aberdeen, Chehalis, Kelso, Lake Stevens, Lynden, Monte-
sano, Mount Vernon, Port Angeles, Puyallup, Port Orchard, Renton,
and Vancouver) and Ephrata (with local offices in Davenport, Nespe-
lem, Okanogan, Ritzville, Waterville, and Wenatchee).

Library collections: Soil surveys are depository items, and so are held
in standard library collections at:

- Eastern Washington University

- Seattle Public Library

- University of Washington, Government Documents

- Washington DNR, Division of Geology and Earth Resources

- Washington State Library

- Washington State University

- Whitman College

Soil surveys are available from the Washington DNR.

Sales: Available by quadrangle, as opaque overlays on orthophoto
quads. They sell for $14.00 per quadrangle from Washington DNR,
Division of Photo and Map Sales.

The explanations, organized by DNR region, sell for $5 to $10 each
from Washington DNR, Division of Geology and Earth Resources.

Library collection: The full set of the Washington DNR soil survey
maps and explanations are held at:
- Washington DNR, Division of Geology and Earth Resources

F. State agency reports

Sales: Generally available for sale only from the issuing agency, e.g.,
- Washington DNR, Division of Geology and Earth Resources
- Washington Department of Ecology, Publications Distribution

Library collections: Reports of Washington State agencies are held at:
- Eastern Washington University
- Pacific Lutheran University
- Seattle Public Library
- University of Washington, Government Documents
- Washington DNR, Division of Geology and Earth Resources
- Washington State Library
- Washington State University

G. Theses

Library collections: Copies of the theses are held at the generating
university. Full set of all known theses on Washington geology is held
at Washington DNR, Division of Geology and Earth Resources

H. USGS topographic maps

Sales:
- U.S. Geological Survey (Spokane)
- Washington DNR, Division of Photo and Map Sales
- map dealers (check the yellow pages of your local phone book
under MAPS - RETAIL)

Library collections: USGS topo maps of Washington are held at:
- Eastern Washington University
- Pacific Lutheran University
- Seattle Public Library
- University of Washington, Map Library
- Washington DNR Division of Geology and Earth Resources
- Washington State Library
- Washington State University
- Western Washington University
- Whitman College

1. USGS published reports [Bulletins, Circulars,
Professional Papers, Water Supply Papers)

Sales:
- U.S. Geological Survey Earth Science Information Center
(Spokane)
- U.S. Geological Survey Information Services (Denver)
Library collections: Published reports on Washington are held at:
- Eastern Washington University
- Seattle Public Library
- University of Washington, Government Documents
- University of Washington, Natural Sciences
- Washington DNR Division of Geology and Earth Resources
- Washington State Library
- Washington State University
- Whitman College

J. USGS open-file and water-resources investigations
reports
These reports have had very limited distribution. They may be avail-
able from the generating office, e.g.,

- U.S. Geological Survey Water Resources Division (Tacoma)

- U.S. Geological Survey Water Resources Division (Portland)

Sales:
- U.S. Geological Survey Information Services (Denver)
Since 1981, microfiche copies have been depository items and are

available at:

- University of Washington, Natural Sciences Library

- Washington State Library
Paper copies of all USGS open-file reports and water-resources inves-
tigations reports are held at:

- Washington DNR, Division of Geology and Earth Resources

- U.S. Geological Survey Earth Science Information Center

(Spokane)

K. Well logs

In Washington, water-well drillers are required to file the water-well
logs with the Washington Department of Ecology. Copies of those
logs are held at the various Ecology region offices. m

Northwest Paleontological Society

An August field trip is planned to Olequah and Coal Creeks
to view the Cowlitz Formation. For more information, con-
tact Bill Smith, 13332 Ridgeland Dr., Silverdale, WA
98383. Membership in the society is $15/yr, $25 for fami-
lies, $10 student or senior, and $5 junior; send checks to
Betty Jarosz, 17807 NE 102nd Ct., Redmond, WA 98073.
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Selected Additions to the Library of the
Division of Geology and Earth Resources

March 1997 through May 1997

THESES

Abdel-Latif, M. A., 1994, Landslide hazard assessment: Ohio State
University Doctor of Philosophy thesis, 206 p.

Barnett, E. T., 1997, Potential for coastal flooding due to coseismic
subsidence in the central Cascadia margin: Portland State Univer-
sity Master of Science thesis, 144 p.

Cong, Shaoguang, 1995, Middle Wisconsinan fossil beetles from
mid-latitudinal sites in eastern and western North America: North
Dakota State University Doctor of Philosophy thesis, 153 p.

Doyle, D. L., 1996, Beach response to subsidence following a Casca-
dia subduction zone earthquake along the Washington—-Oregon
coast: Portland State University Master of Science thesis, 113 p.,
3 pl

Freeman, E. J., 1995, Fractal geometries applied to particle size dis-
tributions and related moisture retention measurements at Han-
ford, Washington: University of Idaho Master of Science thesis,
174 p.

Khire, M. V., 1995, Field hydrology and water balance modeling of
earthen final covers for waste containment: University of Wiscon-
sin Doctor of Philosophy thesis, 166 p.

Kovanen, D. J., 1996, Extensive late-Pleistocene alpine glaciation in
the Nooksack River Valley, North Cascades, Washington: West-
ern Washington University Master of Science thesis, 186 p.

Lin, C.-L., 1967, Factors affecting ground-water recharge in the Mos-
cow Basin, Latah County, Idaho: Washington State University
Master of Science thesis, 86 p.

Roe, R. B., 1995, Release of chloride from basalt—Implications for
the chloride mass-balance approach to estimating groundwater re-
charge: Washington State University Master of Science thesis,
90 p.

Zimbelman, D. R., 1996, Hydrothermal alteration and its influence on
volcanic hazards—Mount Rainier, Washington, a case history:
University of Colorado Doctor of Philosophy thesis, 384 p.

Ward, P. D., 1976, Stratigraphy, paleoecology and functional mor-
phology of heteromorph ammonites of the Upper Cretaceous Na-
naimo Group, British Columbia and Washington: McMaster Uni-
versity Doctor of Philosophy thesis, 203 p.

U.S. GEOLOGICAL SURVEY

Published reports

Collier, Michael; Webb, R. H.; Schmidt, J. C., 1996, Dams and riv-
ers—A primer on the downstream effects of dams: U.S. Geologi-
cal Survey Circular 1126, 94 p.

Fretwell, J. D.; Williams, J. S.; Redman, P. J., compilers, 1996, Na-
tional water summary on wetland resources: U.S. Geological Sur-
vey Water-Supply Paper 2425, 431 p.

Includes:
Lane, R. C.; Taylor, W. A., Washington wetland resources.
p. 393-397.

Hildreth, Wes; Fierstein, Judy, 1995, Geologic map of the Mount
Adams volcanic field, Cascade Range of southern Washington:
U.S. Geological Survey Miscellaneous Investigations Series Map
1-2460, 2 sheets, scale 1:50,000, with 39 p. text.

Open-File and Water-Resources Investigations Reports

Greene, K. E.; Ebbert, J. C.; Munn, M. D., 1994, repr. 1996, Nutri-
ents, suspended sediment, and pesticides in streams and irrigation
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systems in the central Columbia Plateau in Washington and Idaho,
1959-1991: U.S. Geological Survey Water-Resources Investiga-
tions Report 94-4215, 125 p.

Kilburn, J. E.; Sutley, 8. J., 1997, Analytical results and comparative
overview of geochemical studies conducted at the Holden mine,
spring 1996: U.S. Geological Survey Open-File Report 97-128,
38 p.

Prych, E. A., 1997, Numerical simulation of ground-water flow paths
and discharge locations at Puget Sound Naval Shipyard, Bremer-
ton, Washington: U.S. Geological Survey Water-Resources In-
vestigations Report 96-4147, 43 p.

Scott, W. E.; Pierson, T. C.; Schilling, S. P.; Costa, J. E.; Gardner, C.
A.; Vallance, J. W.; Major, J. J., 1997, Volcano hazards in the
Mount Hood region, Oregon: U.S. Geological Survey Open-File
Report 97-89, 14 p., 1 pl.

Tomlinson, S. A., 1997, Evapotranspiration for three sparse-canopy
sites in the Black Rock Valley, Yakima County, Washington,
March 1992 to October 1995: U.S. Geological Survey Water-Re-
sources Investigations Report 96-4207, 88 p.

Papers from U.S. Geological Survey reports

Gee, G. W.; Fayer, M. ]., 1996, Measured and predicted water flow in
the vadose zone at the Hanford site. In Stevens, P. R.; Nicholson,
T. J., editors, Joint U.S. Geological Survey, U.S. Nuclear Regula-
tory Commission workshop on research related to low-level ra-
dioactive waste disposal: U.S. Geological Survey Water-Re-
sources Investigations Report 95-4015, p. 108-111.

Prych, E. A., 1996, Estimating deep percolation of precipitation at the
U.S. Department of Energy Hanford site using two chloride-tracer
methods. In Stevens, P. R.; Nicholson, T. J., editors, Joint U.S.
Geological Survey, U.S. Nuclear Regulatory Commission work-
shop on research related to low-level radioactive waste disposal:
U.S. Geological Survey Water-Resources Investigations Report
95-4015, p. 103-108.

U.S. Geological Survey contract report

Scawthorn, Charles, 1994, Post-earthquake emergency response ca-
pacity and demand in the Puget Sound area—Final technical re-
port: EQE, Inc. [under contract to U.S. Geological Survey], 1 v.,
1 diskette.

OTHER REPORTS ON WASHINGTON GEOLOGY

Best, M. E.; Steele, C. L., 1997, Hazard mitigation early implementa-
tion strategies for severe winter storms, flooding, mud and land-
slides, DR-1159—Washington, February 14, 1997: U.S. Federal
Emergency Management Agency; Washington Emergency Man-
agement Division, 21 p.

Boese, R. M.; Buchanan, J. P., 1996, Aquifer delineation and baseline
groundwater quality investigation of a portion of north Spokane
County, Washington: Spokane County Public Works, 105 p.

Clague, 1. J., compiler and editor, 1996, Paleoseismology and seismic
hazards, southwestern British Columbia: Geological Survey of
Canada Bulletin 494, 88 p.

Eilers, J. M.; Gubala, C. P.; Sweets, P. R., 1996, Limnology of Sum-
mit Lake, WA with special emphasis on its acid-base chemistry
and sensitivity to impacts from atmospheric deposition: E & S
Environmental Chemistry [under contract to] Mt. Baker-Sno-
qualmie National Forest, 1 v.



Elfendahl, G. W., 1997, Streams of Bainbridge Island—Names, his-
tory, folklore and culture; 4th ed.: Salmonberry Press [Bainbridge
Island, Wash.], 59 p.

Gee, G. W,; Cadwell, L. L.; Freeman, H. D.; Ligotke, M. W.; Link, S.
O.; Romine, R. A.; Walters, W. H., Jr., 1993, Testing and moni-
toring plan for the permanent isolation surface barrier prototype:
Pacific Northwest Laboratory PNL-8391, | v.

Gustafson, C. E.; Manis, Clare, 1983?, The Manis mastodon site—An
adventure in prehistory: [Sequim Natural History Museum?],
12 p.

Huckell/Weinman Associates, Inc.; TDA, Inc.; McCulley Frick &
Gilman, Inc., 1997, Environmental impact statement addendum
for Pioneer Aggregates facility, concrete plan: City of Dupont,
1v.

Huckell/Weinman Associates, Inc.; The Transpo Group, Inc., 1993,
Draft environmental impact statement for southeast Redmond
subarea, community development guide amendment and Kemper
Real Estate/Costco Development Proposal: Redmond Department
of Planning and Community Development, 262 p.

Huckell/Weinman Associates, Inc.; The Transpo Group, Inc., 1993,
Final environmental impact statement for southeast Redmond
subarea, community development guide amendment and Kemper
Real Estate/Costco Development Proposal: Redmond Department
of Planning and Community Development, 1 v.

Huckell/Weinman Associates, Inc.; The Transpo Group, Inc., 1993,
Part one technical appendix—Planning study methodology, alter-
natives development, findings and transportation analyses for
southeast ‘Redmond subarea planning study and environmental
impact statement: Redmond Department of Planning and Commu-
nity Development, 1 v.

Inland Northwest Water Resources Conference, 1997, Program and
abstracts: Inland Northwest Water Resources Conference, 1 v.
Interstate Mining Compact Commission, 1997, Noncoal mineral re-
sources report, 1997 edition: Interstate Mining Compact Commis-

sion, 85 p.

KCM, Inc., 1995, Lower Nooksack River comprehensive flood haz-
ard management plan—Sediment supply and transport: Whatcom
County Department of Public Works, 1 v.

KCM, Inc., 1997, Lower Nooksack River comprehensive flood haz-
ard management plan: Whatcom County Department of Public
Works, 1 v.

King County Department of Planning and Community Development,
1986, Final environmental impact statement, proposed Veazey
rock quarry and processing facility: King County Department of
Planning and Community Development, 287 p.

Kovanen, D. J.; Easterbrook, D. J., 1996, Extensive readvance of late
Pleistocene (YD?) alpine glaciers in the Nooksack River Valley,
10,000 to 12,000 years ago, following retreat of the Cordilleran
ice sheet, North Cascades, Washington: Western Washington
University Geology Department; Friends of the Pleistocene Pa-
cific Coast Cell Field Trip Guidebook, 74 p.

Lowell, S. M.; Badger, T. C.; Burk, R. L.; Pringle, P. T., 1994, Spirit
Lake Memorial Highway: Highway Geology Symposium Field
Trip, 14 p.

Mueller, Marge; Mueller, Ted, 1997, Fire, faults and floods—A road
and trail guide exploring the origins of the Columbia River basin:
University of Idaho Press, 288 p.

Pierce County Department of Planning and Natural Resources Man-
agement, 1989, Final supplemental environmental impact state-
ment—Rainier Rock surface mine, U.P. 13-83, Pioneer Way at
Canyon Road: Pierce County Department of Planning and Natural
Resources Management, 1 v.

PRC Engineering, Inc.; and others, 1985, Phase A report, seismotec-
tonic study, Boundary hydroelectric project: Seattle City Light
Department, 1 v.

Snohomish County Department of Planning and Development Serv-
ices, 1997, Cadman high rock quarry; Vol. I, Draft environmental
impact statement; Vol. II. Draft environmental impact state-
ment—Technical appendices: Snohomish County Department of
Planning and Development Services, 2 v.

TerraMatrix Inc., 1997, Crown Jewel mine final environmental im-
pact statement: TerraMatrix Inc. [Fort Collins, Colo., under con-
tract to U.S. Forest Service Tonasket Ranger District and Wash-
ington Department of Ecology], 5 v.

U.S. Department of Energy Office of Environmental Management,
1996, The 1996 baseline environmental management report: U.S.
Department of Energy DOE/EM-290, 4 v.

U.S. Forest Service Tonasket Ranger District; Washington Depart-
ment of Ecology, 1997, Record of decision for the final environ-
mental impact statement, Crown Jewel mine, Okanogan County,
Washington: U.S. Forest Service Tonasket Ranger District and
Washington Department of Ecology, 34 p.

Vielbig, Klindt, 1997, A complete guide—Mount St. Helens National
Volcanic Monument, for hiking, skiing, climbing, and nature
viewing: The Mountaineers, 157 p.

Washington Aggregates and Concrete Association, 1996, Washing-
ton’s aggregate resources—Lesson plans for geology, mineral re-
sources, and earth science elementary education: Washington Ag-
gregates and Concrete Association, 1 v.

PAPERS ON WASHINGTON GEOLOGY

Becker, D. S.; Ginn, T. C., 1995, Effects of storage time on toxicity
of sediments from Puget Sound, Washington: Environmental
Toxicology and Chemistry, v. 14, no. 5, p. 829-835.

Beget, ]. E.; Keskinen, M. I.; Severin, K. P., 1997, Tephrochronologic
constraints on the late Pleistocene history of the southern margin
of the Cordilleran ice sheet, western Washington: Quaternary Re-
search, v. 47, no. 2, p. 140-146.

Clowes, R. M,; Baird, D. J.; Dehler, S. A., 1997, Crustal structure of
the Cascadia subduction zone, southwestern British Columbia,
from potential field and seismic studies: Canadian Journal of
Earth Sciences, v. 34, no. 3, p. 317- 335.

Cook, F. A.; Li, Qing; Vasudevan, Kris, 1997, Identification and in-
terpretation of azimuthally varying crustal reflectivity with an ex-
ample from the southern Canadian Cordillera: Journal of Geo-
physical Research, v. 102, no. B4, p. 8447-8465.

Cornish, John, 1997, Washington—A collecting retrospective: Min-
eral News, v. 13, no. 2, p. 5, 9.

Costa, J. E., 1997, Hydraulic modeling for lahar hazards at Cascades
volcanoes: Environmental and Engineering Geoscience, v. 3,
no. 1, p. 21-30.

Cowan, D. S.; Brandon, M. T.; Garver, J. L., 1997, Geologic tests of
hypotheses for large coastwise displacements—A critique illus-
trated by the Baja British Columbia controversy: American Jour-
nal of Science, v. 297, no. 2, p. 117-173.

Dellagiarino, George, 1996, Geologic and geophysical data acquisi-
tion and analysis, U.S. Pacific coast and Gulf of Alaska marine
Tertiary province. In Salisbury, G. P.; Salisbury, A. C., editors,
Fifth Circum-Pacific Energy and Mineral Resources Conference
transactions: Gulf Publishing Company, p. 459-464.

Elder, W. P.; Saul, L. R., 1996, Taxonomy and biostratigraphy of Co-
niacian through Maastrichtian Anchura (Gastropoda—Aporrhaii-
dae) of the North American Pacific slope: Journal of Paleonto-
logy, v. 70, no. 3, p. 381-399.
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England, T. D. J.; Currie, L. D.; Massey, N. W. D.; Roden-Tice, M.
K.; Miller, D. S., 1997, Apatite fission-track dating of the Co-
wichan fold and thrust system, southern Vancouver Island, Brit-
ish Columbia: Canadian Journal of Earth Sciences, v. 34, no. 5,
p. 635-645.

Fayer, M. J.; Gee, G. W., 1989, Predicted drainage at a semiarid site—
Sensitivity to hydraulic property description and vapor flow. In
van Genuchten, M. T.; Leij, F. J.; Lund, L. J., editors, Indirect
methods for estimating the hydraulic properties of unsaturated
soils: U.S. Department of Agriculture Salinity Laboratory; Uni-
versity of California, Riverside Department of Soil and Environ-
mental Sciences, p. 609-619.

Fayer, M. J.; Gee, G. W.; Rockhold, M. L.; Freshley, M. D.; Walters,
T. B., 1996, Estimating recharge rates for a groundwater model
using a GIS: Journal of Environmental Quality, v. 25, no. 3,
p. 510-518.

Goldfinger, Chris; Kulm, L. D.; Yeats, R. S.; McNeill, L. C.; Hum-
mon, Cheryl, 1997, Oblique strike-slip faulting of the central Cas-
cadia submarine forearc: Journal of Geophysical Research,
v. 102, no. B4, p. 8217-8243.

Grass, M. J.; Watters, R. J.; Karlin, R. E.; Carr, J. R.; Holmes, M. L.;
Yount, J. C., 1997, Using landslides for paleoseismic analysis in
the Puget Sound region, Washington. In Sharma, Sunil; Hard-
castle, J. H., compilers and editors, Proceedings of the 32nd Sym-
posium on Engineering Geology and Geotechnical Engineering:
Idaho State University, p. 189-198.

Gray, R. H.; Jaquish, R. E.; Mitchell, P. J.; Rickard, W. H., 1989,
Environmental monitoring at Hanford, Washington, USA—A
brief history and summary of recent results: Environmental Man-
agement, v. 13, no. 5, p. 563-572.

Groves, L. T., 1994, New species of Cypraeidae (Mollusca—Gas-
tropoda) from the Miocene of California and the Eocene of Wash-
ington: The Veliger, v. 37, no. 3, p. 244-252.

Ho, A. M.; Cashman, K. V., 1997, Temperature constraints on the
Ginkgo flow of the Columbia River Basalt Group: Geology, v. 25,
no. 5, p. 403-406. ;

Hunter, J. A. M.; Dallimore, S. R.; Christian, H. A., 1996, Borehole
measurements of shear wave velocity discontinuities in Quater-
nary sediments, Fraser River delta, British Columbia: Geological
Survey of Canada Current Research 1997-A, p. 159-165.

Iverson, E. S., Jr.; Lees, J. M., 1996, A statistical technique for vali-
dating velocity models: Seismological Society of America Bulle-
tin, v. 86, no. 6, p. 1853-1862.

Jennings, A. T.; Hardcastle, J. H.; Sharma, Sunil, 1997, Dynamic
properties of unsaturated loess. /n Sharma, Sunil; Hardcastle, I.
H., compilers and editors, Proceedings of the 32nd Symposium on
Engineering Geology and Geotechnical Engineering: Idaho State
University, p. 465-476.

Johnson, K. S., 1988, Geotechnical characterization of the three final
candidate sites for geologic disposal of high-level radioactive
wastes in the United States. /In Hydrogéologie et siireté des dépots
de déchets radioactifs et industriels toxiques: International Asso-
ciation of Hydrogeologists Documents du B.R.M.G. 160, p. 435-
449,

Kerr, R. A., 1997, Is a great plateau slip-sliding away?: Science,
v. 275, no. 5306, p. 1565.

Kerr, R. A., 1997, Why the West stands tall: Science, v. 275, no. 5306,
p. 1564-1565.

Kraeger-Rovey, Catherine; deRubertis, Kim, 1995, Eastbank Aquifer
test and analysis of hydraulic properties. In Hotchkiss, W. R.;
Downey, J. S.; Gutentag, E. D.; Moore, J. E., editors, Water re-
sources at risk: American Institute of Hydrology, p. SL-63-SL-
71.
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Kraeger-Rovey, Catherine; Scott, Phyllis, 1995, Eastbank Aquifer hy-
draulic and thermal model analyses. In Hotchkiss, W. R.;
Downey, J. S.; Gutentag, E. D.; Moore, J. E,, editors, Water re-
sources at risk: American Institute of Hydrology, p. SL-72-SL-
79.

Leland, H. V., 1995, Distribution of phytobenthos in the Yakima
River basin, Washington, in relation to geology, land use, and
other environmental factors: Canadian Journal of Fisheries and
Aquatic Sciences, v. 52, no. 5, p. 1108-1129.

Lewis, T. J.; Lowe, C.; Hamilton, T. S., 1997, Continental signature
of a ridge-trench-triple junction—Northern Vancouver Island:
Journal of Geophysical Research, v. 102, no. B4, p. 7767-7781.

Loomis, J. B., 1996, Measuring the economic benefits of removing
dams and restoring the Elwha River—Results of a contingent
valuation survey: Water Resources Research, v. 32, no. 2, p. 441-
447.

Lowell, R. P.; Germanovich, L. N., 1997, Evolution of a brine-satu-
rated layer at the base of a ridge-crest hydrothermal system: Jour-
nal of Geophysical Research, v. 102, no. BS, p. 10,245-10,255.

Mehringer, P. J., Jr., 1985, Late-Quaternary pollen records from the
interior Pacific Northwest and northern Great Basin of the United
States. In Bryant, V. M., Ir.; Holloway, R. G., editors, Pollen re-
cords of late-Quaternary North American sediments: American
Association of Stratigraphic Palynologists Foundation, p. 167-
189.

Montgomery, D. R.; Buffington, J. M., 1997, Channel-reach morphol-
ogy in mountain drainage basins: Geological Society of America
Bulletin, v. 109, no. 5, p. 596- 611,

Montgomery, J. A.; Busacca, A. J.; Frazier, B. E.; McCool, D. K.,
1997, Evaluating soil movement using Cesjum-137 and the re-
vised universal soil loss equation: Soil Science Society of Amer-
ica Journal, v. 61, no. 2, p. 571-579.

Murphy, E. M.; Ginn, T. R.; Phillips, J. L., 1996, Geochemical esti-
mates of paleorecharge in the Pasco Basin—Evaluation of the
chloride mass balance technique: Water Resources Research,
v. 32, no. 9, p. 2853-2868.

Nelson, R. E., 1997, Implications of subfossil Coleoptera for the evo-
lution of the Mima Mounds of southwestern Puget Lowland,
Washington: Quaternary Research, v. 47, no. 3, p. 356-358.

Orange, D. L.; Anderson, R. S.; Breen, N. A., 1994, Regular canyon
spacing in the submarine environment—The link between hydrol-
ogy and geomorphology: GSA Today, v. 4, no. 2, p. 29, 36-39.

Owen, D. E.; Otton, J. K., 1995, Mountain wetlands—Efficient ura-
nium filters, potential impacts: Ecological Engineering, v. 5,
no. 1, p. 77-93.

Preuss, Jane, 1991, Urban planning for tsunami hazards—Grays Har-
bor, Washington and Lima, Peru. /n Brennan, A. M.; Lander, J.
F., editors, 2nd UJNR Tsunami Workshop, Honolulu, Hawaii,
5-6 November 1990; Proceedings: U.S. National Geophysical
Data Center Key to Geophysical Records Documentation 24,
p. 203-218.

Scandone, Roberto, 1996, Factors controlling the temporal evolution
of explosive eruptions: Journal of Volcanology and Geothermal
Research, v. 72, no. 1-2, p. 71-83.

Seiler, R. L.; Skorupa, J. P., 1995, Identification of areas at risk for
selenium contamination in the western United States. In Hotchk-
iss, W. R.; Downey, J. S.; Gutentag, E. D.; Moore, J. E., editors,
Water resources at risk: American Institute of Hydrology, p. LL-
85-LL-94.

Self, Stephen; Thordarson, Th.; Keszthelyi, L.; Walker, G. P. L.; Hon,
Ken; Murphy, M. T.; Long, P. E.; Finnemore, S., 1996, A new
model for the emplacement of Columbia River basalts as large,
inflated pahoehoe lava flow fields: Geophysical Research Letters,
v. 23, no. 19, p. 2689-2692.




Smith, S. D.; Bernath, S. C.; Brunengo,
M. J.; Lackey, Lisa, 1992, Analyzing
basin-wide cumulative effects result-
ing from forest practices with ARC/
INFO and ERDAS: Environmental
Systems Research Institute, 12th An-
nual User Conference Proceedings,
p. 15-25.

Spencer, P. K., 1997, The method of mul-
tiple working hypotheses in under-
graduate education with an example
of its application and misapplication:
Journal of Geoscience Education,
v. 45, no. 2, p. 123-128.

Spicer, K. R.; Costa, J. E.; Placzek, Gary,
1997, Measuring flood discharge in
unstable stream channels using
ground-penetrating radar: Geology,
v. 25, no. 5, p. 423-426.

Spicer, R. A., 1989, The formation and
interpretation of plant fossil assem-
blages: Advances in Botanical Re-
search, v. 16, p. 95-191.

Steenland, N. C., 1994, On “A case study
of integrated hydrocarbon explora-
tion through basalt,” by Robert With-
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Su, Chunming; Harsh, J. B., 1996, Al-
teration of imogolite, allophane, and acidic soil clays by chemical
extractants: Soil Science Society of America Journal, v. 60, no. 1,
p. 77-85.

Walsh, T. J.; Lingley, W. S., Jr., 1996, Coal maturation and the poten-
tial for natural gas accumulation in western and central Washing-
ton State. In Salisbury, G. P.; Salisbury, A. C., editors, Fifth Cir-
cum-Pacific Energy and Mineral Resources Conference transac-
tions: Gulf Publishing Company, p. 667-685.

Warner, M. M., 1996, Seven major needs for petroleum exploration
of the U.S. northwest region. In Salisbury, G. P.; Salisbury, A. C.,
editors, Fifth Circum-Pacific Energy and Mineral Resources Con-
ference transactions: Gulf Publishing Company, p. 687-691.

Wilson, M. A.; Burt, R.; Sobecki, T. M.; Engel, R. J.; Hipple, K.,
1996, Soil properties and genesis of pans in till-derived andisols,
Olympic Peninsula, Washington: Soil Science Society of America
Journal, v. 60, no. 1, p. 206-218.

Withers, Robert; Eggers, Dwight; Fox, Thomas; Crebs, T. J., 1994,
On “A case study of integrated hydrocarbon exploration through
basalt”—Reply by the authors: Geophysics, v. 61, no. 3, p. 915.

Wu, Laosheng; Vomocil, J. A., 1989, Predicting the soil water char-
acteristic from the aggregate-size distribution. In van Genuchten,
M. T,; Leij, F. J.; Lund, L. J., editors, Indirect methods for esti-
mating the hydraulic properties of unsaturated soils: U.S. Depart-
ment of Agriculture Salinity Laboratory; University of California,
Riverside Department of Soil and Environmental Sciences,
p. 139-145.

OTHER REPORTS OF INTEREST

British Columbia Geological Survey Branch, 1997, British Columbia
mineral exploration review 1996: British Columbia Geological
Survey Branch Information Circular 1997-1, 32 p.

Claudy, N. H., 1997, National directory of geoscience data reposito-
ries: American Geological Institute, 91 p.
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tional Tsunami Measurements Workshop: International Tsunami
Measurements Workshop, 102 p.
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fieldwork 1996: British Columbia Geological Survey Branch Pa-
per 1997-1, 480 p.

Sharma, Sunil; Hardcastle, J. H., compilers and editors, 1997, Pro-
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Geotechnical Engineering: Idaho State University, 476 p.

Soloviev, S. L.; Go, Ch. N,; Kim, Kh. S., 1992, Catalog of tsunamis
in the Pacific, 1969-1982: Academy of Sciences of the USSR,
208 p.

U.S. Energy Information Administration, 1995, The value of under-
ground storage in today’s natural gas industry: U.S. Department
of Energy DOE/EIA-0591, 85 p.
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conservation plan: Washington Department of Natural Resources,
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Nobody's Perfect

Every so often, some imperfect copies of this magazine get
sent out. Pages may be missing or out of order. We'd like
to have the bad copies back, and we’ll exchange your bad
copy for a good one.
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Reprints of the Landslide Article
Available

Thanks to financial support from the Federal Emergency
Management Agency, reprints are available for the recent
article about the December/January landslides around the
Puget Lowland by Wendy Gerstel and others from the Divi-
sion and the Department of Ecology. The article appeared
in the previous issue (March, v. 25, no. 1) of this magazine.
Free copies of the reprint can be obtained from:

Publications  (360) 407-7472

Washington Department of Ecology

PO Box 47600, Lacey, WA 98504-7600

or

Publications (360) 902-1450

Washington Department of Natural Resources
Division of Geology and Earth Resources

PO Box 47007, Olympia, WA 98504-7007

Another Significant Fossil Find
at Stonerose

Although it was found several years ago by a visitor, a mid-
dle Miocene fossil cycad in northeastern Washington was
only recently identified by paleobotanists. This kind of
palm-like plant had not previously been seen in material
collected at Republic and may be helpful in paleoclimate
reconstruction for the area. It adds to the already enormous
plant community diversity recorded in the fossil flora.

This fall a team of paleontologists from the Smithsonian
Institution (Natural History Museum), the Denver Natural
History Museum, and the Burke Museum will assemble in
Republic to make a detailed stratigraphic study of the lake-
bed deposits in the town in hopes of clarifying when and
how plants and communities changed.

Division Releases

Preliminary Bibliography and Index of the Geology and
Mineral Resources of Washington, 1996, compiled by C.
J. Manson, Open File Report 97-1. The 135-page report
lists 363 items published in 1996 and more than 900 items
from previous years that were not included in earlier com-
pilations. Some of the older material presents information
about mines and mining in the early 1900s. $4.63 + .37 (tax
for WA residents only) = $5.00.

The following two reports, supported by the U.S. Geologi-
cal Survey’s STATEMAP Program, are now in press:

Geologic map of the Kendall and Deming 7.5-minute
quadrangles, western Whatcom County, Washington,
by J. D. Dragovich, D. K. Norman, and P. T. Pringle of the
Division and R. A. Haugerud of the USGS. The report,
Open File Report 97-2, includes a geologic map of each
quadrangle and a sheet of cross sections.

Geologic map of the Mead 7.5-minute quadrangle, Spo-
kane County, Washington, by R. E. Derkey, W. J . Ger-
stel, and R. L. Logan. The report, Open File Report 97-3,
includes a geologic map and a sheet of cross sections.

Please contact the Division (see p. 2) for prices.

Please Return Those Questionnaires

If you have received a questionnaire about our service with
a recent order, we'd really appreciate hearing from you. In
particular, we’d like to know if there is something you did
not like about how we helped you or what you got in your
order. A postage-paid envelope accompanies the question-
naire, so it won’t cost you anything to give us your opinion.

Errata

In the last issue (March 1997, v. 25, no. 1) of Washington
Geology:

B The photos for Figures 2 and 3 in the article on
Washington’s coal industry (p. 15-16) were
inadvertently switched.

I The last sentence in the caption for Figure 6 (p. 5)
should read “If sufficient resources can be identified,
the company would reopen the Pend Oreille mine when
their giant lead-zinc Sullivan deposit in British
Columbia is mined out in about 4 years.”

B On page 17, the address for Hugh Shipman is actually
3190 160th Ave. SE, Bellevue, WA 98008-5452.

B On page 22, in Figure 13, the location of the landslide
in Figure 17 is approximately where Figure 19 is
shown, and the photo in Figure 19 was taken somewhat
farther west than is shown in Figure 13.

‘ WASHINGTON STATE DEPARTMENT OF
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