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PLATE

Plate 1. Location of some sand, gravel, and quarried bedrock resources in the Snoqualmie
Pass 1:100,000 quadrangle, Washington



Reconnaissance Investigation of Sand, Gravel,
and Quarried Bedrock Resources in the
Snoqualmie Pass 1:100,000 Quadrangle, Washington

William S. Lingley, Jr.
Washington Division of Geology
and Earth Resources
PO Box 47007; Olympia, WA 98504-7007

INTRODUCTION
Background

During its 1998 session, the Washington State Legislature, act-
ing on a recommendation from the Governor’s Land Use Study
Commission, asked the Washingtorr Department of Natural Re-
sources (WADNR) to map gravel and bedrock resources that are
used for maintenance and construction of homes and infrastruc-
ture. The Study Commission sought information to assess the
need to protect these resources from urban sprawl and other in-
tensive land uses. These data would, in turn, result in better
long-range planning and possible legislation to aid in designat-
ing mineral resource lands under the Growth Management Act
(Revised Code of Washington [RCW] 36.70A; Lingley and
Jazdzewski, 1994).

Although the data are presented here in the traditional text
and map format, this report is part of a
project to prepare a geographic informa-
tion systems (GIS) database that delin- 470522
cates the locations of some of the signif-
icant construction aggregate resources
(sand, gravel, and quarried bedrock) of
Washington State. The digital version of
this report, including ArcInfo© cover-
ages, is available through the Washing-
ton Division of Geology and Earth Re-
sources (see back of title page for ad-
dress).

The Snoqualmie Pass 1:100,000-
scale quadrangle straddles the Cascade
crest in west-central Washington from
47 t0 47.5 degrees north latitude and 121
to 122 degrees west longitude (Fig. 1).
Approximately one-half of the quadran-
gle is in King County, the remainder in
Kittitas, Pierce, and Yakima Counties.
As of the 2000 federal census, the popu-
lation of the quadrangle was approxi-
mately 50,000, with the largest popula-
tion centers at Enumclaw (population
~11,100) and North Bend (population a7
~4,746) (Dwyer and Dwyer, 2001).

Intended Readership

This inventory was created primarily for
use by local government planners to
help refine comprehensive plans and
other zoning determinations. It will also
aid legislators and other policy makers

to assess the importance of largely non-  vation model (DEM).

David A. Knoblach

Outcrop Geological Services
56 Hylebos Avenue

Milton, WA 98354

Celia K. B. Nightingale

South Puget Sound Community College
2011 Mottman Road SW

Olympia, WA 98512

renewable sand, gravel, and quarried bedrock resources. The
study should also benefit engineers, transportation departments,
and industry.

Primary Products

This inventory consists of the following products:

1 A map showing the probable extent of bedrock and gravel re-
sources (in pink and yellow, respectively, on Plate 1). Thick-
ness contours (isopachs) are shown within those sand and
gravel deposits for which we have sufficient data.

I A map showing the location of active mines, borrow pits,
some depleted mines, and large proposed mines (Plate 1).

B A glossary of terms used in this report (Appendix 1).

B A complete discussion of the methods used in this study (Ap-
pendix 2).

121°

Figure 1. index map of the Snoqualmie Pass quadrangle showing selected geographic locations
and some important sand and gravel pits (pick and shovel) and quarries (pick and dynamite).
Mines shown: WR, White River pit and quarry; EC, Enumclaw quarry; 410, 410 quarry; FS, eastern
portions of the Flintstone pit; PJ, Palmer Junction pit; KK, Kangley pit; and CP, Cresto pit. The ar-
row indicates the direction of flow in a late Pleistocene outwash channel, which reversed the flow
of Taylor Creek (dotted portion), crossed the pass at its headwaters, and flowed down the Green
River drainage (dashed portion) to a proglacial lake near the Palmer Junction pit. The lake formed
as a result of ice-damming by the Puget lobe of the Cordilleran ice sheet. Today, Taylor Creek
flows northwestward. Shaded relief is derived from a U.S. Geological Survey 30-meter digital ele-
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I Databases containing the location, thickness, quality, and
volume of some sand, gravel, and bedrock resources (Appen-
dices 3-4).

B Brief descriptions of geologic units known to contain aggre-
gate resources (Appendix 5).

I A description of the geology and mining history of construc-
tion aggregates in the Snoqualmie Pass quadrangle (see
text).

Accuracy of Estimates

We emphasize that this report almost certainly overestimates the
volume of construction aggregate within the Snoqualmie Pass
quadrangle that is available under current market conditions.
Overestimation results from factors such as shallow bedrock un-
der surficial gravels, diminishing rock quality with depth, un-
mapped areas of thick overburden, and lateral geologic varia-
tion. Furthermore, history indicates that future drilling and min-
ing are more likely to yield disappointing results than to add
significantly to hypothetical aggregate reserves.

Threshold of Significant Resources

Because this study is primarily designed as an aid to land-use
planning, we inventoried only those resources deemed as signif-
icant to the long-term economic health of the region. Therefore,
we restricted our investigation to those resources that exceed the
following threshold criteria:

I The thickness of the sand and gravel or bedrock deposit ap-
pears to be in excess of 25 feet (7.5 m).

B The ‘stripping ratio’ (ratio of overburden to gravel or over-
burden to bedrock) is less than one to three (1:3).

B The strength and durability of the rock meet the Washington
State Department of Transportation (1999) (WSDOT)
minimum specifications for asphalt-treated base, a rock
product used to construct some lower layers of asphalt roads
(Table 1).

B The area of the deposit exposed at the surface exceeds 160
acres and measures at least 1,500 feet across the minimum di-
mension of the deposit.

I Estimated reserves within the deposit exceed 10 million cu-
bic yards.

A few unusually thick deposits or re-
sources of special local importance are in-
cluded although they do not meet the thresh-
old criteria. More information on the thresh-
old criteria can be found in Appendix 2.

In some markets, a lack of high-quality
gravel and bedrock has forced producers to

Scope of Deposits Inventoried

In order to produce an objective analysis, we have inventoried
all deposits meeting the threshold criteria, without consider-
ation of environmental impacts or land-use conflicts that may be
involved in permitting or extracting these resources. The only
exceptions are those deposits that lie within the Clearwater,
Norse Peak, and Alpine Lakes Wilderness areas. For example,
the Yakima River flood plain has historically been a major
gravel resource, and numerous mines are still operating beside
the river. Future mining operations in flood plains will likely
have more difficulty obtaining permits because alluvial mining
can cause adverse impacts to aquatic and riparian habitat (Nor-
man and others, 1998). Nevertheless, all Yakima River sand and
gravel deposits meeting the threshold criteria are depicted in this
report. Therefore, this inventory must be used with maps of en-
vironmentally sensitive areas and land-use status in order to ob-
tain a complete picture of available aggregate within the quad-
rangle.

Previous Aggregate Reserve Studies

Gence (1934) and Kroft (1972) mapped gravel reserves exposed
at the surface in parts of King and Pierce Counties, but did not
assess the engineering properties of the rock or the subsurface
extent of these deposits. General aspects of the sand and gravel
industry in the Puget Sound region were discussed by Huntting
(1982), who listed reserves of major sand and gravel producers.
White and others (1990) presented the results of a regional mar-
ket study of the western Washington sand and gravel industry.
The geology and hydrogeology of the Snoqualmie Pass quad-
rangle have been mapped by Vine (1962), Rosengreen (1965),
Richardson and others (1968), Luzier (1969), Fischer (1970),
Evans and Jensen (1996), Hellwig (1997), and Tabor and others
(2000).

The locations of most commercial mines in Washington are
given in Lingley and Manson (1992), who also summarized the
market conditions at that time, and McKay and others (2001).
Specific data for most active and some terminated mines are ar-
chived in Washington Division of Geology and Earth Resources
Reclamation Permit files, Washington State Department of
Transportation records, and U.S. Forest Service files and reports
(Cook, 1992, 1993). Environmental assessments of larger
mines, for example Huckell/Weinman Associates (1996),
Huckell/Weinman Associates and others (1995, 1996), King

Table 1. Some specifications for construction aggregate products (after Washington De-
partment of Transportation, 1999). Los Angeles Abrasion and Percent Passing U.S. No. 200
Sieve measurements are in weight percent. Los Angeles Abrasion and Degradation specifica-
tions for coarse portland cement concrete aggregate are not rigorous because the gravel is
rarely exposed on the outside of concrete structures such as foundations or sidewalks

mine lower-quality deposits. Homes and in-

frastructure constructed with weak gravel or Product
bedrock generally hgve relayively short life Crushed Coarse aggregate | Ballast
cycles. We have not inventoried these lower- Asphalt- | (road) surfacing, for portland (road
quality deposits because they do not meet Laboratory test treated base top course cement concrete | subgrade)
g}e Cl’;terlg :f '5_111115 study. However, Appen- Lo Angeles Abrasion <30% <35% <35% <40%
ices 3 and 4 will ser -
. veas guldes.to the loc.a Washington Degradation =15 >25 not used 215
tions of some of the poorer-quality deposits
as well as resources buried under thick over- | Sand Equivalent 230% 235% not used 230%
bprden layers that may become more attrac- Percent Passing U.S. 2-9% 0-7.5% 0-0.5% 0-9%
tive under future market conditions. No. 200 Sieve (<0.0025 in.)
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County (1987, 1996, 1997), and

Table 2. Large sand and gravel pits in thé Snoqualmie Pass quadrangle

McLucas and Associates (1986) provide

. . . Approximate Approximate
details of stratigraphy and reserve esti- reserves annual
mates. Hydrologic information is in- Current remaining production rate
cluded in various types of environmen-  Mine name eperator Location (millien tons) (million tons)
tal documentation, wellhead-protection - Fashi )
studies, and water-resource reports. Wa- " estern Washington: i
ter-well logs and some logs of Flintstone pit Cadman, Inc. Black Diamond 10 ~1.5

. K (1.5 mi southeast)
geotechnical boreholes are archived by Palmer Junction ot W Asohalt. T Kanask " 05
the Washington Departments of Ecol- 2 ™mer-unchonpr atson Asphalt, Inc. © ﬁ:ise:;t) .
ogy and ion i :
gg th WTranflportatloc » respectively Kangley pit Stoneway Kangley 38 0.5
an 0 Iel eyer ae}lseﬁ_ OmP any% Rock & Recycling (1.0 mi west)
. ther r'ep Orts m t 1§ Ser1es ol recon- Enumclaw pit Tim Corliss Enumclaw 14 ~0.5
naissance investigations of sand, gravel, and Son, Inc.
and bedrock resources include Loen and Total %6 3.0
others (2001), Weberling and others . o :
(2001), Dunn (2001), and Norman and ~ Eastern Washington:
others (2001). Cresto pit Ellensburg Cement Easton 5 0.10
Products, Inc. (5.0 mi northwest)
Bullfrog pit Trendwest Cle Elum 3 0.00
- GEOLOGY OF CONSTRUCTION Resorts, Inc. (3.0 mi northwest)
AGGREGATES IN THE Ellison pit Ellensburg Cement Easton 0.6 0.04
SNOQUALMIE PASS Products, Inc. (5.0 mi northwest)
QUADRANGLE
Total 8.6 0.14

Numerous igneous intrusions, volcanic
activity, and glacial processes resulted
in remarkably large volumes of sand, gravel, and bedrock in the
Snoqualmie Pass quadrangle. Much of this material has good to
excellent characteristics for construction aggregate. Large
gravel mines in the quadrangle were developed to supply aggre-
gate to the eastern Puget Sound area for portland cement con-
crete or asphaltic cement concrete. Most small mines in the
quadrangle were developed for forestry purposes in the Cascade
Range and produce from the andesitic or basaltic volcanic rocks
that are common in the mountainous areas. Table 2 lists larger
sand and gravel mines in the quadrangle, and Table 3 lists larger
bedrock quarries. Intrusive igneous rocks such as granodiorite
have not been extensively developed, but they have potential to
yield enormous volumes of aggregate.

Sand and Gravel Geology

Sand and gravel deposits cover less than 20 percent of the
Snoqualmie Pass quadrangle. Large areas of the lowlands are
covered with fine sediments (clay, silt, very fine sand) that are
unsuitable for construction aggregate because they tend to flow
under pressure and will not support weight. In the flat areas at
the edge of the foothills, landslide deposits and soil wedges
commonly cover or interfinger with otherwise commercial
gravel resources. About 5,700 years ago, the giant Osceola
Mudflow from Mount Rainier inundated the entire lowland near
Enumclaw to depths in excess of 40 feet
(Dragovich and others, 1994), covering other-
wise commercial gravel deposits with a thick
overburden of ash and mud.

shaped glacial valleys do not provide sufficient flat area for
large gravel deposits to accumulate.

In general, the quality of gravel in the Snoqualmie Pass
quadrangle is a function of the bedrock geology and distance of
sediment transport. West of the Cascade crest, accumulations of
exceptionally strong and durable gravel formed because only
stronger clasts survived the long transport from the northern
Cascade Range or Canada. These strong clasts are mostly com-
posed of granitic rocks and metamorphosed volcanic rocks.
These clasts were carried by the Puget lobe of the late Pleisto-
cene Cordilleran ice sheet or by meltwater streams that formed
at the snout or margins of the lobe (Fig. 2). Some of the high-
quality gravel between North Bend and Cumberland (Fig. 3) has
been reworked by ice-marginal streams that winnowed the re-
maining weak fragments. East of the Cascade crest, the Cle
Elum River drainage contains strong and durable gravel mostly
derived from granitic or metamorphosed volcanic bedrock in the
central Cascade Range. Farther south, gravels in the main stems
of the Naches and Yakima Rivers are derived from the Miocene
Columbia River Basalt Group and Quaternary volcanic units
and have varied quality. Gravel that consistently meets the
threshold criteria is present only in the lower reaches of these
rivers because miles of fluvial transport pulverized the weaker
clasts.

Table 3. Large quarries in the Snoqualmie Pass quadrangle

Large gravel deposits are present only at
lower elevations. Gravel does not accumulate
in mountains and their foothills because cur-

rents in steep-gradient streams are too rapid to
allow permanent deposition; gravel in moun-
tainous streams can be thought of as being
temporarily delayed in its inevitable transport
to low elevation. Moreover, the bottoms of
most V-shaped mountain stream valleys or U-

Approximate
Reserves annual production
Mine name Current operator Location (million tons) rate (million tons)
White River quarry Glacier Northwest, Inc. Enumclaw 25 0.4
(2.0 mi southeast)
Enumclaw quarry Richard Pierotti Enumclaw 10 0.2
(1.0 mi northeast)
410 quarry Laramie Joubert Enumclaw 5 0.1
(2.5 mi southeast)
Total 40 0.7
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Gravel eroded from weak volcanic rocks of the southern
Cascade Range commonly fails to meet our threshold criteria for
strength and durability. Gravel derived from certain volcanic
rocks of the Cascade Range is chemically reactive, resulting in
less-durable portland cement concrete. Tributary channels of the
Naches and Yakima Rivers contain some of these chemically re-
active gravels.

Three major types of sand and gravel deposits are exposed in
the lowlands of the study area: outwash deposits, kame deposits,
and alluvial deposits. In each type, the gravel was deposited di-
rectly from streams and rivers that slowed abruptly beyond the
snouts of glaciers or as they reached flat ground at lower eleva-
tions.

OUTWASH DEPOSITS

Outwash deposits are the braided-stream sedoments laid down
next to the continental ice sheet on the margins of the Puget
Lowland (Fig. 2) or by streams associated with younger alpine
glaciers that issued from both sides of the Cascade Range. These
deposits are characterized by groups of concave-upward layer-
ing (trough cross-bedding); each layer is typically 20 feet wide
and 3 feet high.

Sediment in the Snoqualmie Pass quadrangle is dominated
by outwash composed of coarse gravel, cobbles, and boulders

deposited by streams close to the snouts of the ice-age glaciers.
Close to the ice, streams had swifter currents and therefore could
carry larger clasts. For example, sediment in the giant Kangley
pit ranges from coarse gravel to boulders, with no sand or clay.
The large size of the trough cross-beds in this pit indicate that
torrential rivers issued from the nearby ice. This deposit also
contains numerous large boulders, some of which are more than
25 feet in diameter, that must have rolled directly off the front of
the ice and dropped into the adjacent outwash plain. In contrast,
miles downstream from the glacier, current slowed and braided
channels coalesced to form rivers that could transport only finer
gravel and sand.

Most commercial gravel pits in western Washington produce
from outwash associated with ice recession (melting back) fol-
lowing the most recent glacial advance (the Vashon Stade of the
Fraser Glaciation). Recessional outwash is generally separated
from underlying advance outwash by a layer of till, which was
laid down directly by the ice. Till is an unsorted mixture of clay,
gravel, and boulders that cannot be used as construction aggre-
gate and is typically about 35 feet thick in the Snoqualmie Pass
quadrangle.

Outwash deposited during the advancing phase of the Fraser
Glaciation and outwash from earlier glaciations are rarely ex-
posed at the surface, so few Washington mines produce from

SNOQUALMIE PASS
QUADRANGLE

present site of :‘1/
North Bend %

T PUGET LOBE"
- OF THE, . ")
. M, FRASER GLACIATION

v, St

’ )
(e mile—|/~. :

overflowJ'”. %

7%

Middle Fork =
glacial lake =

Figure 2. Paleogeographic map of part of the Snoqualmie Pass quadrangle as it appeared near the end of the last advance of Cordilleran ice
about 15,000 years ago (modified from Cary, 1966, and Mackin, 1941). (Note that alpine glacial ice from the Cascade Range did not extend far
enough down valley to coalesce with the Puget lobe of the continental ice sheet.) As the Puget lobe flowed southeastward, meltwater streams from
the continental ice were trapped against the foothills of the Cascade Range. At the same time, rivers flowing westward out of the mountains were
dammed by the continental ice forming glacial lakes along the Middle and South Forks of the Snoqualmie River and the Cedar River. Meltwater and
entrained sediment from the continental ice poured into these lakes forming thick gravel deltas, such as the Grouse Ridge deposit. Overflow chan-
nels from these lakes coalesced and deposited outwash gravel in intervening areas. Together the outwash and deltaic deposits form a remarkably
large sand and gravel resource. Also shown is the western portion of the Snoqualmie batholith, a large granitic body that contains large reserves of
hard and durable bedrock.



these deposits. Large volumes of gravel
are probably contained in these deeply
buried outwash deposits. Although the
stripping ratio for these deposits gener-
ally exceeds 1 to 3, increases in the price
of aggregate might make some older
outwash deposits commercially attrac-
tive. However, we believe that, in the fu-
ture, quarried bedrock generally will
prove to be a more profitable source of
aggregate than older outwash deposits.
In addition, bedrock generally can be
quarried with fewer adverse environ-
mental impacts than mining most ad-
vance outwash gravel deposits.

KAME DEPOSITS

Kames in the Snoqualmie Pass quadran-
gle are sand and gravel ridges or hum-
mocks that formed on or beside the
Cordilleran ice sheet. Most of these
kames were deposited in trough-like
hollows between the sides of the conti-
nental ice sheet and adjacent foothills
when the ice sheet impinged on the foot-
hills of the Cascade Range during the
late Vashon Stade about 13,000 years
ago (Mackin, 1941; Cary, 1966).

At the time the Puget lobe impinged
on the foothills, the valleys of the Mid-
dle Fork Snoqualmie, South Fork
Snoqualmie, Cedar, and Green Rivers
and Taylor Creek were not occupied by
ice flowing downvalley from local al-
pine glaciers. When the Cordilleran ice
sheet flowed into the ends of these val-
leys, rivers flowing in the valleys were
blocked, creating lakes (Fig. 2). In the
Snoqualmie Pass quadrangle, the thick-
est kame deposits were laid down as
gravel deltas and outwash plains that
grew out into these glacial lakes.

Kame deposits in the study area,
such as in the Palmer Junction pit (Fig.
4), are among the largest gravel deposits
in Washington. Similar kames form a se-
ries of exceptionally thick gravel depos-
its along the mountain front northwest
of the Snoqualmie Pass quadrangle
(Booth, 1990).

ALLUVIAL DEPOSITS

Alluvial gravels were laid down rela-
tively recently along the flood plains of
major rivers. Currently, alluvium is
mined only on the upper flood plain of
the Yakima River southwest of the town
of Ronald (Plate 1). Older alluvial grav-
els are also present in the Snoqualmie
Pass quadrangle. These range from
high-quality gravel in the ancestral
Green River channel north of Cumber-
land to cemented gravel in the Yakima
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Mount Teneriffe
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Major gravel pit
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4717

Figure 3. Large gravel mines and the possible distribution and thickness of some hypothetical
undiscovered gravel resources in the northwestern Snoqualmie Pass quadrangle. The contours
are based on discontinuous outcrop data and poor-quality borehole information. Compare this fig-
ure with present-day topography shown on Figure 1 and paleogeography shown on Figure 2.

NW SE

topset beds

Figure 4. View northeast into the Palmer Junction pit. Product stockpiles and an asphalt batch
plant are in the foreground. The white spots are snow. The working face is more than 120 feet high
and composed of kame delta gravels deposited in a late Pleistocene glacial lake that formed where
the valley of the Green River was dammed by continental ice. The paleo—Green River together
with water and sediment from the Taylor Creek drainage (see Fig. 1) flowed across the top of the
delta, depositing topset beds. Foreset beds were laid down deeper in the lake as gravel rolled
down the face of the delta.
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River valley. The cemented gravels can be costly to excavate
and in some places contain oxides that diminish the quality of
the gravel.

Bedrock Geology

In the Snoqualmie Pass quadrangle, abundant hard and durable
bedrock is the result of two types of igneous processes: lava
flows that formed volcanic rocks and underground intrusions of
magma that formed intrusive igneous rocks.

VOLCANIC ROCKS

During the last 50 million years, lava flows from eruptions in the
central Cascade Range spread over large areas of the ground sur-
face and cooled quickly to form finely crystalline volcanic
rocks. Unlike in southwestern Washington, where most lava
erupted on the sea floor and was rapidly altered to weaker mate-
rials, volcanic rocks in the Snoqualmie Pass quadrangle were
extruded on land, preserving their natural hardness. Each flow
formed a distinct layer that is generally less than 150 feet thick
except where the lava ponded in topographic lows. The stron-
gest and most durable flows commonly contain columnar joint-
ing, or vertical palisades that have characteristic hexagonal
cross sections. Hard and durable volcanic flows commonly crop
out as flat-topped cliffs, hence the term ‘ledge rock’.

However, lava flows constitute a minor percentage of most
volcanic units. Layers of fragmented volcanic rock or ash-rich
strata (conglomerates, breccias, and tuffs, collectively known as
volcaniclastic rock) generally separate the flows. Commercial
operators attempt to locate ancient lava flows that are not cov-
ered by a thick overburden of weaker volcaniclastic rock. How-
ever, lower-quality volcaniclastic rocks are occasionally used
for logging road surfacing, even though these rarely meet speci-
fications for strength and durability.

The 410, Enumclaw, and White River quarries, all near
Enumclaw, are important mines producing construction aggre-
gate from flows of the Fifes Peak Formation of Miocene age.
However, most of the Fifes Peak Formation consists of soft rock
types that are unsuitable for construction aggregate. Older vol-
canic rocks of the Tukwila Formation are locally acceptable
sources of quarried bedrock. Both of these units, and rocks of
similar age and composition, crop out throughout the central
Cascade Range, where large quarries might be developed with
relatively low environmental impact. These hypothetical re-
sources are not commercial at the present time due to the long
mine-to-market distance.

Exceptionally strong and durable flows of the Grande Ronde
Basalt of the Columbia River Basalt Group are present in the
southeastern part of the quadrangle. These flows, which are typ-
ically 140 feet thick, are the most important quarried rock re-
source in eastern Washington (Weberling and others, 2001;
Dunn, 2001), but in the Snoqualmie Pass quadrangle, long haul
distances currently preclude development of this basalt.

INTRUSIVE IGNEOUS ROCKS

Intrusive units, composed mostly of coarsely crystalline igneous
rock, formed from magma that cooled slowly at great depth and
are generally exposed as areally extensive units. Intrusive units
have more uniform quality and are much thicker than volcanic
units. Most of these bodies are hundreds to thousands of feet
thick, so the depth of aggregate mining is primarily limited by
excavation technology and slope stability at the working face.

In the Snoqualmie Pass quadrangle, intrusive igneous rocks
used for construction aggregates are generally granitic rocks
(granodiorite, quartz monzonite, or tonalite), but intrusive
dacite and andesite are used for forest road construction. Al-
though no large mines currently produce aggregate from intru-
sive igneous rocks in the study area, these rock types are likely
to become a major source of construction aggregate after low-
land gravel deposits have been depleted. Rocks of the
Snoqualmie batholith, which crop out east of North Bend (Fig.
2), may become an especially important resource.

AGGREGATE MINING AND
SIGNIFICANT DEPOSITS

As of May 2001, there were at least 657 pits, quarries, and desig-
nated borrow sites, including 51 known abandoned mines, in the
Snoqualmie Pass quadrangle (Appendix 3). (The number of
mines cannot be precisely determined because government and
timber industry records seldom discriminate between small
mines and sites that have been designated for mining but are not
yet developed. Moreover, the records do not indicate whether a
mine is active or abandoned.) At least 80 large construction ag-
gregate mines have been developed in the quadrangle, but at
least 30 of these are depleted and others are almost exhausted.
An additional 577 small mines, generally less than 3 acres, are
used intermittently for forest road construction or borrow.

Because hard and durable bedrock and gravel are abundant
in the study area, most mines have been located solely on the ba-
sis of proximity to the end use. This practice reduces the expense
of transporting the rock. (Transporting aggregate generally
costs about $0.25 per ton-mile of haul radius.) Many larger
mines opened prior to 1970 were developed to support construc-
tion of Interstate Highway 90 (I-90). (See Plate 1.) Highway
construction and repair continue to consume enormous amounts
of aggregate.

More recently, emphasis has shifted toward the urban market
in eastern King County. During the past decade, several giant
pits west of the study area, including those near Issaquah,
Redmond, and Auburn, have been largely depleted, and subur-
ban development has covered other deposits nearer to the mar-
ket than those in the Snoqualmie Pass quadrangle. These factors
have resulted in development or expansion of several giant de-
posits in the Snoqualmie Pass quadrangle during the past 15
years.

Another trend is the diminishing role of small-scale mining
in King County. Borrow pits and smaller commercial mines
have difficulty competing in the current market because they do
not enjoy the economies of volume that characterize most large
mines. In addition, many small operations do not generate suffi-
cient cash flow to maintain appropriate permits.

Sand and Gravel Resources

Many gravel-producing areas in the state can be grouped into
mining complexes that share common geologic and geographic
characteristics. In the Snoqualmie Pass quadrangle, two such
complexes are present: the North Bend—Cumberland complex
and the Bullfrog complex.

NORTH BEND-CUMBERLAND COMPLEX

Most undeveloped gravel resources in the Snoqualmie Pass
quadrangle are contained in six giant deposits trending from the
Middle Fork Snoqualmie River near North Bend southwestward
to the village of Cumberland (Fig. 3). These six kame terraces or
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deltas form the North Bend—Cumberland complex and consist of
the Mount Teneriffe (or Salal), Grouse Ridge, Chester Morris,
Cedar Falls, and Taylor Creek deposits and parts of the
Georgetown—Kangley deposits. Each appears to contain several
million tons of high-quality sand and gravel, although the Cedar
Falls and Taylor Creek deposits have large percentages of sand
and other fine aggregate. Glacial sediments in the North Bend—
Cumberland complex were deposited in two environments: (1)
deltas that built out eastward into lakes dammed by the conti-
nental ice and (2) west-to-east sequences of till that grades later-
ally into kame terrace gravels that in turn grade eastward into
lacustrine and alluvial deposits of ancestral river drainages.
During deposition, the Mount Teneriffe and Grouse Ridge de-
posits were parts of a continuous delta that has eastward-dipping
foreset beds and a flat upper surface formed of topset beds at the
paleo-lake level. (Typical foreset and topset beds are shown on
Figure 4.) This upper surface is currently preserved on both de-
posits at an elevation of 1,600 feet. Following deglaciation, the
Middle Fork Snoqualmie River cut down through the delta, iso-
lating the two deposits from each other (George Bennett, Sub
Terra, Inc., oral commun., 2002). Farther southwest, ice-damm-
ing forced the Cedar River to reverse its flow direction; water
moved southeastward into the Cascade Range through Taylor
Creek, across a small pass to the south, and then westward
through the Green River drainage (Fig. 1). Sediments in this sys-
tem were ultimately deposited as westward-dipping, deltaic
foreset beds in a glacial lake beside the Palmer Junction deposit
(Fig. 4).

Gravel in the North Bend~Cumberland complex is produced
from the giant Kangley, Flintstone, and Palmer Junction pits.
The Palmer Junction pit currently manufactures much of the as-
phalt aggregate for south-central King County. Farther north-
west, gravel has been produced from a small pit on the southern
end of Grouse Ridge near [-90. A much larger mine at Grouse
Ridge has been proposed in the same deposit.

The kame terraces of the North Bend—Cumberland complex
were connected by overflow and outwash channels that carried
melt water southwest along the margins of the continental ice
sheet (Fig. 2). A major outwash channel flowed along the pres-
ent-day course of the Cedar River westward past Georgetown
and a second followed the ancestral Green River valley
(Rosengreen, 1965). These outwash channels contain the
Kangley pit and several depleted mines near North Bend.

BULLFROG COMPLEX

East of the Cascades, post-ice-age alpine glaciers periodically
advanced down the Yakima and Cle Elum Rivers, depositing
outwash that was subsequently incised and formed terraces
south and west of Ronald in Kittitas County. A thicker, geneti-
cally linked kame terrace is developed against an alpine terminal
moraine directly east of the village of Nelson on the northeast
side of the Yakima River. These deposits, which compose the
Bullfrog complex and are typically in excess of 50 feet thick,
constitute the only major gravel resource east of the Cascade
crest within the Snoqualmie Pass quadrangle.

Bedrock Resources

Quarried bedrock is becoming more competitive with gravel in
some parts of Washington, but only three quarries currently pro-
duce large volumes of construction aggregate in the Snoqualmie
Pass quadrangle (Table 3). These quarries are located within a
four-mile radius of Enumclaw, where topography and proximity
to market favor development. Because gravel is not deposited in

hilly or mountainous areas, most of the aggregate for forest road
construction and repair comes from numerous small bedrock
quarries.

VOLUME OF AGGREGATE

Table 2 lists major existing sand and gravel pits in the study area
and the proposed mine at Grouse Ridge. The total volume of
construction aggregate that has been extracted or is contained in
existing mines is approximately 177 million tons from at least
657 mines (Appendix 3). Of these, 60 small mines ultimately
will produce about 3 million tons of pit run, 141 mines and small
pits will ultimately produce about 104 million tons of gravel,
and 456 quarries will produce 70 million tons of bedrock prod-
ucts (Table 2, 3; Appendix 3). The Kangley, Palmer Junction,
Flintstone, and Enumclaw pits together have remaining reserves
of about 86 million tons of high-quality sand and gravel, form-
ing one of the largest permitted reserves in Washington. Ap-
proximate production rates for these giant gravel pits is about 3
million tons per year (Table 2). During late 2001, however, pro-
duction rates dropped well below those shown on Table 2 (Grant
Newport, Weyerhaeuser Co., oral commun., 2002). The total re-
maining reserves for all gravel mines are 104 million tons (Ap-
pendix 3). The Grouse Ridge deposit is entering the final stages
of environmental review. If permitted, this mine would add
about 60 million tons of high-quality sand and gravel to the mar-
ket as planned. Note that total reserves at the site may be as
much as 200 million tons (Grant Newport, Weyerhaeuser Co.,
oral commun., 2002).

No mines with high production rates are currently operating
east of the Cascade crest owing to the small size of the local mar-
ket. Only 14 million tons of gravel has been permitted, and the
cumulative annual production rate is approximately 0.27 mil-
lion tons per year.

The volume of undeveloped sand and gravel in the study area
can be estimated using formline contours that show thickness of
hypothetical undiscovered reserves (Plate 1). These contours
were generated using data from water wells and geotechnical
boreholes (Appendix 4) and a few measured sections (Plate 1),
but they have low reliability owing to the poor quality of the wa-
ter-well information. Perusal of these contours suggests that
many millions of tons of hypothetical sand and gravel are pres-
ent in the Snoqualmie Pass quadrangle. These large volumes of
sand and gravel compare favorably with reserves elsewhere in
Washington and much of the conterminous United States. In
Washington, only outburst-flood deposits that now form the
Spokane-Rathdrum Prairie aquifer (Spokane County) and gla-
cial deltaic or outwash-channel deposits of the south Puget
Sound-Hood Canal region contain comparable hypothetical un-
discovered reserves.

Effective undeveloped sand and gravel reserves, however,
are much less. For reasons discussed in Appendix 2, our inven-
tory methods result in overestimation of reserves. Calculation of
effective reserves must include factors for sand and gravel lost
in the excavation and processing operations and the percentage
of any given deposit that is subcommercial owing to inherent
clast weakness or clay-size material. Typically, the recovery fac-
tor is about 80 percent of the total volume of any given deposit.
Meaningful estimation of effective reserves must also take into
account resources that cannot be excavated owing to environ-
mental and land-use considerations. Key considerations in the
Snoqualmie Pass quadrangle include the municipal watersheds,
the Mountains to Sound Greenway reserve, salmonid/riparian
habitat, and high-density residential development.
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The average area of the 20 largest quarries in the quadrangle
is 17.4 acres, but the average area of the remaining 436 quarries
is only 0.4 acres, and none of these is larger than 3 acres.

Table 3 lists major existing bedrock quarries in the study
arca. The total bedrock production to date and remaining permit-
ted resources from all large and small quarries are 70 million
tons. The approximate quarried bedrock reserves and produc-
tion rates for the three largest quarries in the quadrangle are 40
million tons and 0.7 million tons per year, respectively. Again
note that late 2001 production rates are substantially lower.

Undiscovered bedrock reserves suitable for quarrying are
more difficult to quantify than sand and gravel reserves Over-
burden and topography commonly render some deposits inac-
cessible, and the thickness of individual deposits is rarely
known. Unlike gravel-bearing units, which are commonly pene-
trated by water wells, ancient lava flows and intrusive igneous
units are almost never drilled. However, speculative undiscov-
ered bedrock reserves within igneous intrusive rocks such as the
Snoqualmie batholith may be essentially inexhaustible, because
these bodies are likely to be very thick (on the order of miles)
and of uniform quality.

MARKET ASSESSMENT

At the present time, the construction aggregate industry in the
study area is intensely competitive owing to a large volume of
high-quality sand and gravel under permit. As of the 2000 fed-
eral census, the population of the Snoqualmie Pass quadrangle
was only 50,000 persons (Dwyer and Dwyer, 2001), but demand
is high because produced rock is shipped west to serve markets
in north-central Pierce and west-central King Counties. The
population of the west-central King County market (east of Lake
Washington and the Green River) is approximately 750,000 per-
sons, who typically consume about 9 million tons (8 million
metric tons) of sand, gravel, and crushed stone per year. Current
reserves of sand, gravel, and bedrock suitable for construction
aggregate will provide consumers with relatively low-cost con-
struction aggregates for about 20 years. Addition of the Grouse
Ridge deposit would prolong this period at least five years. In
addition to these reserves, several large gravel mines located
north and west of the Snoqualmie Pass quadrangle service the
same market. Efforts to alleviate traffic congestion in and
around Seattle will likely require enormous volumes of aggre-
gate and many new mines.

East of the Cascade crest, gravel resources are not abundant,
and most lie within flood plains of major rivers. Urban sprawl
and concern for salmonid habitat limit the area available for
gravel extraction in these areas. A proposed project to rebuild I-
90 east of Snoqualmie Pass would consume essentially all per-
mitted gravel resources in western Kittitas County (Dexter
Derain, consulting engineer, Pasco, Wash., oral commun.,
2000). However, abundant hard and durable bedrock is readily
available directly east of the quadrangle.

During the last 20 years, demand has increased significantly
in response to increasing population, low-density housing, and
better construction standards. Low-density zoning (that is, rural
five-acre or RS zoning) results in greater per-capita consump-
tion than concentrated development. Improving construction
standards generally increases short-term consumption (e.g.,
better roads are thicker), but ultimately it reduces total aggre-
gate consumption because the life cycle of bridges, roads, and
buildings increases substantially. In the past, mines in the
Snoqualmie Pass quadrangle served to maintain infrastructure,
support new construction (especially 1-90), and build forest

roads for the timber industry. Over time, this mix has shifted,
and new construction in north-central Pierce and west-central
King Counties dominates demand, while forestry uses have
been reduced to negligible levels. Because demand correlates
closely with population, increased usage has been spurred by
rapid growth in Bellevue, Issaquah, North Bend, Kent, Bonney
Lake, and Puyallup.

Most companies currently replace depleted mines by acquir-
ing existing mines instead of developing new deposits. Up-front
costs of the environmental impact statements necessary to per-
mit new deposits or to expand existing mines are commonly on
the order of several million dollars per mine. These permitting
costs cannot be recovered in a competitive market unless the de-
posit contains gigantic reserves and the proponent is well capi-
talized. A trend in ownership has evolved partly as a result of
permitting costs—multinational companies, including Irish,
German, and Japanese firms, now own much of Washington’s
construction aggregate resources. When considering the process
of opening a new mine, proponents must weigh the considerable
risk that, following costly environmental review, a determina-
tion will be made that land-use conflicts are too great to allow
mining to proceed.

Sand and gravel are finite, nonrenewable resources. Even-
tually, gravel mining will cease when the remaining resources
cannot be tapped because of environmental damage, suburban
expansion, and other factors. We anticipate that two major
changes will then occur. First, the supply will shift to more reli-
ance on abundant quarried bedrock reserves. This trend would
mimic that in Europe and the eastern United States where the
construction industry is mainly supplied by quarried bedrock,
chiefly crushed granite or limestone. Mining bedrock resources
has the advantage of low environmental impact relative to
gravel mining because a unit area of land at the surface disturbed
by quarrying yields a far greater volume of aggregate than
gravel mining. (A cubic yard of bedrock in outcrop yields almost
two cubic yards of crushed aggregate due to fluffing.) However,
the construction industry will have to undertake an expensive re-
tooling effort in order to substitute abrasive crushed bedrock for
smooth gravel in applications such as portland cement concrete.
Second, the aggregate itself will become more expensive for
consumers as haul radii increase and the number of mining com-
panies decreases. This situation could be modified if rail trans-
port costs were reduced. Currently rail transport, which is char-
acterized by low real cost and low environmental impact, is reg-
ulated and operated so that costs are several times greater than
those for truck transport.

DISCUSSION

Our work indicates that the northwest part of the Snoqualmie
Pass quadrangle contains remarkably large volumes of high-
quality sand and gravel and hard and durable bedrock. However,
much of this resource-rich area may be unavailable for develop-
ment. For example, parts of this area lie within the Seattle and
Tacoma municipal watersheds, and some is adjacent to salmon-
bearing waters, in restricted view corridors, or under residential
developments. Farther south, near Enumclaw, gravel deposits
are covered by thick volcanic mudflows from Mount Rainier
that are too costly to strip from the underlying gravel under cur-
rent market conditions.

Exceptionally large sand and gravel deposits accumulated in
the area between North Bend and Cumberland when ice-age
continental glaciers impinged against the Cascade Range. These
accumulations, in places more than 300 feet thick, were depos-
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ited where southeast flowing ice trapped sand and gravel from
glacial meltwater streams against the foothills of the Cascade
Range. For the most part, these resources have not been ex-
ploited. Sand and gravel are relatively scarce east of the Cascade
crest. The best gravel resources east of the Cascade Range are
within outwash terraces deposited from alpine glaciers that
flowed down the valleys of the Yakima River and its tributaries,
especially in the area south and southwest of the town of Ronald.

Undeveloped bedrock resources suitable for crushed stone
and larger rock products are also abundant in the Snoqualmie
Pass quadrangle. The Snoqualmie batholith and other igneous
intrusive units within the quadrangle contain enormous volumes
of hard and durable bedrock, far in excess of the volume of avail-
able gravel. Ancient subaerial lava flows are also excellent
sources of crushed stone in the central parts of the study area.
However, these flows are commonly separated by thick se-
quences of weak volcanic conglomerates and ash-rich layers
that are unsuitable for aggregate use.

More than 80 large construction aggregate mines have been
developed in the quadrangle, but 30 of these are depleted and
others are nearly depleted. Many of the active larger mines are
located along the I-90 corridor where highway construction and
repair serve as a reliable large-scale market. Government, the
timber industry, and mining companies have developed or iden-
tified an additional 577 small pits, quarries, and potential bar-
row sites. This large number of small mines results from an
abundance of quality gravel and rock resources throughout the
quadrangle, which allowed operators to minimize haul distances
to low-volume end uses, chiefly logging road construction.

Currently about 177 million tons of construction aggregate
have been extracted or are contained in larger permitted mines,
borrow pits, and small quarries in the Snoqualmie Pass quadran-
gle. This large volume of high-quality construction aggregate
available will mitigate eventual shortages elsewhere in King,
Pierce, and Kittitas Counties.
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Appendix 1. Glossary of mining-related terms

The terms defined below are modified from Jackson (1997), American Geological Institute (1997), and Washington State Department of Transporta-

tion (1999).

Aggregate, construction aggregate — A mixture of sand and gravel or
sand and crushed rock used in portland cement concrete, asphaltic con-
crete, mortar, plaster, or graded fill. Gravel and crushed stone that are in
grain-to-grain contact in the aggregate are strong enough to support the
weight of roads, buildings, or other infrastructure. The sand keeps the
coarse aggregate in grain-to-grain contact by limiting the ability of the
larger particles to shift laterally.

Alluvium — Unconsolidated boulders, cobbles, pebbles, sand, silt, and
(or) clay deposited relatively recently from a stream or river and sorted
by the current velocity.

Andesite — Gray volcanic rock composed of a finely crystalline
groundmass, commonly surrounding a few visible crystals (pheno-
crysts) of feldspar and one or more black minerals such as biotite, am-
phibole, or pyroxene. Andesite forms much of the Cascade Range and
forms most of the edifices of Mount Rainier, Baker, St. Helens, and Ad-
ams. Most andesitic lava results from subduction processes. If andesitic
magma cools deep underground, the resultant rock type is granodiorite,
a coarsely crystalline igneous rock.

Asphalt — Heavy oil (tar) produced from oil wells that is used to make
asphalt roads.

Asphaltic concrete — Concrete made of asphalt and crushed aggregate.

Asphalt-treated base — A specific construction aggregate used to pre-
pare the base of an asphaltic concrete road.

Basalt — A black volcanic rock that is finely crystalline. Basalt is the
most common rock in the earth’s crust and forms the floor of almost all
of the oceans. In Washington, basalt covers the entire Columbia Basin
and much of the Cascade Range and high Olympic Mountains. Basalt
that erupted on land (for example, the Columbia River Basalt Group) is
hard and makes excellent crushed aggregate, whereas basalt that
erupted on the sea floor is commonly weak (for example, much of the
Crescent Formation basalts).

Batching, batch plant — A concrete manufacturing process or plant that
mixes aggregate and portland cement or aggregate and asphaltic ce-
ment to manufacture concrete. Basically, a batch plant functions like a
gigantic eggbeater and bowl.

Blend(ing) sand — Sand that is combined with coarse aggregate in order
to achieve the appropriate grading for an end product. The sand must be
clean and hard with a Sand Equivalent of at least 27.

Boulder - A rock fragment larger than 10 inches (256 mm) in diameter
that has been somewhat rounded by abrasion in the course of transport.

Cement — (1) baked limestone dust and water that glues aggregate parti-
cles together to form concrete; (2) minerals, usually precipitated from
hydrothermal fluids, that naturally glue the grains of a rock together
creating a hard sediment or harder rock.

Clast — A rock fragment of any size, initially broken off bedrock by the
force of water freezing in cracks or by impact from another rock. Clasts
become smaller as they roll off a hillside and (or) down a stream.

Clay — Sediment composed of particles that are plastic, consolidated
when dry, and are smaller than 0.000079 inch (0.002 mm) in diameter.
Clay will not support weight (it behaves as a paste) because it is com-
posed primarily of platy clay minerals. Clay is unsuitable for use in con-
struction aggregates, and even small amounts must be washed off
coarser aggregate.

Coarse aggregate — Gravel or crushed stone that is larger than % inch
(4.76 mm) in diameter. All clasts in coarse aggregate are larger than pea
gravel (pebbles, cobbles, and boulders).

Cobble — A rock fragment larger than a pebble, but smaller than a boul-
der, having a diameter in the range of 2% to 10 inches (64256 mm) that
has been somewhat rounded by abrasion in the course of transport.
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Construction aggregate — see Aggregate

Cross-bed — A bed inclined at an angle to the main plane of stratifica-
tion. Usually indicates deposition in a delta.

Crushed stone — Bedrock, cobbles, or boulders that have been crushed
with a mechanical crusher to gravel-size rock fragments with at least
three freshly broken faces. Crushed stone makes an excellent base
course for road construction because the rock fragments tend to form an
interlocking matrix. It is the only material suitable for asphaltic con-
crete because asphalt sticks only to freshly broken surfaces.

Dacite — Light gray igneous rock composed of a finely crystalline
groundmass, commonly surrounding a few visible crystals (pheno-
crysts) of feldspar, quartz, and one or more black minerals such as bio-
tite or amphibole.

Degradation Test — A laboratory test designed to test the durability of
rock under wet conditions. The degradation number indicates the per-
centage of rock remaining intact after tumbling with steel balls in a wet
chamber. Large numbers indicate favorable rock.

Dike — A tabular intrusive rock that cuts across the bedding or foliation
of the country rock.

Fine aggregate — Sand and gravel or crushed stone that will pass
through a Y-inch (4.76 mm) sieve, but will be trapped in a 200 mesh
(ultrafine) sieve.

Granite — A light gray or pink, coarsely crystalline (typically Ys-inch
crystals) intrusive igneous rock composed of the hard minerals quartz
and feldspar with minor amounts of black mica and black iron-magne-
sium-rich minerals. Granite and closely related rocks can make excel-
lent construction aggregate.

Gravel — An unconsolidated natural accumulation of typically rounded
rock fragments resulting from erosion and consisting predominantly of
particles larger than sand, such as boulders, cobbles, and pebbles, in
any combination.

Intrusive rock — Igneous rock that was emplaced below the carth’s sur-
face as a magma that cooled very slowly to form a coarsely crystalline
rock.

Kame — A hummock, terrace, or short ridge composed of stratified sand
and gravel deposited at the margin of a glacier as a delta or fan. In
Washington, the term is generally applied to landforms created by de-
position in the low area between the margin of a glacial ice sheet and the
confining hills. After the ice has melted away, a high-quality sand and
gravel deposit frequently remains.

Limestone — A rock composed of the mineral calcite. Normally, these
are rocks deposited in the ocean from materials that are by-products or
remnants of shells. Limestone is an important source of construction
aggregate in much of the nation.

Loess — Silt and fine sand that is produced by the erosion of glacial
outwash and transported by wind.

Los Angeles Abrasion Test— A laboratory test to assess the strength of
aggregate under dry conditions. A 100-pound sample is placed in a tum-
bler resembling a washing machine with a tungsten carbide ball weigh-
ing about five pounds. The tumbler is revolved 500 times and then the
sample is passed through a U.S. Standard No. 4 sieve. The larger the
percent of the sample that passes through the sieve, the weaker the sam-
ple. The Los Angeles Abrasion number indicates the percent of the
sample that has passed through the sieve.

Outwash — Sand, gravel, and coarser round rock deposited from
streams and rivers issuing from alpine or continental (ice-age) glaciers.
Proximal outwash was deposited relatively close to the snout of a gla-
cier and is poorly sorted and has a large fraction of cobbles and boul-
ders. Distal outwash was deposited miles from the edge of the glacier
and is relatively well sorted and dominated by sand.
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Overburden — The material that overlies an aggregate or mineral re-
source and must be removed before mining the underlying material.

Pebble - A stone, usually rounded by water transport, /s to 2% inches in
diameter—the size of a small pea to that of a tennis ball.

Pebble imbrication — A sedimentary fabric characterized by disk-
shaped or elongate pebbles dipping in a preferred direction at an angle
to the bedding. It is commonly displayed by pebbles on a stream bed,
where flowing water tips the pebbles so that their flat surfaces dip up-
stream.

Pit - This term is restricted herein to sand and gravel mines, regardless
of size. A borrow pit is a small (<3 acre) mine that periodically pro-
duces unprocessed gravel and other sediment, generally for use as fill.

Pit run — Unprocessed material taken directly from the undisturbed
geologic formation.

Plug — A vertical, pipe-like body of magma that represents the conduit
to a former volcanic vent.

Portland cement— Cement made by heating limestone to about 2,700°F
(calcining) to form lime. This lime is mixed with small amounts of wa-
ter and dries to a hard adhesive that can glue aggregate together to form
portland cement concrete. Portland cement by itself does not have great
compressive strength, and it is costly because of the heat used in its
manufacture. For these reasons, aggregate is added to form concrete.
The gravel in portland cement concrete has great compressive strength
and adds inexpensive filler to the mix.

Quarry — Used exclusively herein for mines that produce aggregate by
blasting bedrock.

Round rock, round rock aggregate — Coarse aggregate that has been
rounded by the process of stream or glacial transport. It generally has
greater value than crushed aggregate because it is less expensive to
mine, easy to mix in batch plants, and easy to finish to a smooth surface
with trowels or other tools when used in concrete. Asphalt does not ad-
here effectively to round rock aggregate.

Sand Equivalent Test— A laboratory test that measures the cleanness of
a sample in terms of the relative proportion of fine-grained dust or clay.
High numbers indicate less dust and (or) clay, whereas low numbers in-
dicate greater plasticity. Favorable samples have values greater than
30.

Sill — A tabular intrusion that parallels the bedding or foliation of the
sedimentary or metamorphic country rock and is substantially wider
than it is thick. Sills form within a few miles of the Earth’s surface.

Silt— Sediment composed of particles that are unconsolidated or poorly
consolidated when dry and will pass a U.S. Standard No. 200 sieve
(0.0025 in.) but are larger than clay (0.000079 in.). Silt has little or no
cohesive strength because it contains a small proportion of clay miner-
als. Abundant silt can render a gravel deposit unsuitable for use in con-
struction aggregates.

Specific gravity — The specific gravity of a sample is the weight of the
substance relative to the weight of an equal volume of water. The spe-
cific gravities of water, weak aggregate, granite, limestone, and basalt
are 1.0, 1.95, 2.65, 2.72, and 3.2 grams per cubic centimeter, respec-
tively.

Stabilometer R Value Test— A laboratory test that measures horizontal
deformation when a vertical weight is applied. High numbers indicate
stronger materials. Favorable samples have values greater than 70.

Till - Very poorly sorted clay, silt, sand, gravel, cobbles, and boulders
deposited directly from glacial ice in the form of a moraine or a com-
pact blanket of sediment under the ice. Generally, till is unsuitable for
construction aggregate.



Appendix 2. Methods

INVENTORY PHILOSOPHY

Two end-member philosophies for resource inventory have
been employed in Washington: (1) strictly factual reporting
showing only those sand, gravel, and bedrock resources that
have been proven to exist because they are part of active mines,
and (2) a speculative approach that reports all of the potential
aggregate deposits that might exist, as determined from surficial
geologic or soils mapping. Both approaches have shortcomings.
The first philosophy results in underestimation of available ag-
gregate in any given area by ignoring high-quality deposits that
have not been mined. The second philosophy results in overesti-
mation of the resource because this method cannot adequately
account for the heterogeneous nature of aggregate-bearing geo-
logic units. In this study, we attempt to achieve a balance be-
tween these two philosophies using a method that includes the
geologic and engineering criteria described below.

The accuracy of any assessment of undiscovered gravel or
bedrock resources, whether performed as a proprietary explora-
tion project or as a governmental or academic research study, is
largely controlled by the quantity and quality of available
subsurface data. As a general rule, subsurface information is not
readily available for undeveloped deposits. Consequently, min-
eral economists categorize resources based on degree of cer-
tainty that any given deposit actually exists, mainly as deter-
mined from subsurface and other data.

The most commonly used categories are identified and un-
discovered reserves, which are further subdivided as shown on
Table 4. In order to demonstrate that an identified (or commer-
cially viable) resource exists, the geology of the deposit must be
very well known and (or) the deposit must have been defined by
closely spaced exploratory drilling. Such costly work is beyond
the scope of this study. Conversely, studies that rely solely on
surficial information in order to delineate speculative undiscov-
ered reserves are of little value to industry and have led to poor
land-use decisions.

In this study, we mapped hypothetical (and some specula-
tive) undiscovered reserves throughout the state as defined in
Table 4 and shown on Plate 1. The most widely available source
of subsurface geological data for mapping hypothetical reserves
is water-well logs, but the accuracy of information on these logs
is generally very poor or even misleading. To reduce the inher-
ent uncertainty introduced by use of these logs, we depict hypo-
thetical reserves only where the average of data from several
water wells, together with other information such as landform
analysis (geomorphology), geotechnical bores, outcrop descrip-
tions, hydrologic data, and mine data allow reasonable extrapo-
lation of surficial data into the subsurface. These hypothetical
reserves are shown on Plate 1 with isopachs (thickness contours)

for the gravel deposits. Elsewhere, speculative undiscovered re-
serves are mapped, but only where several data sets strongly
suggest the presence of a deposit meeting the threshold criteria.
These speculative reserves are shown on Plate 1 as simple poly-
gons showing the extent of high-quality sand, gravel, or bedrock
at the surface.

DEFINITION OF SIGNIFICANT RESOURCES

This study is limited to assessing significant aggregate re-
sources. Significant aggregate resources are defined herein as
those hard and durable sand and gravel or bedrock deposits that
are likely to yield at least 10 million cubic yards of recoverable
aggregate. Ten million cubic yards is the approximate volume
necessary to maintain existing infrastructure in a 100,000-per-
son market during the 20-year period mandated by the Growth
Management Act, calculated as follows. Lingley and Manson
(1992) estimated that the total annual per capita demand for
sand, gravel, and crushed rock products in Washington is ap-
proximately 12 cubic yards. An informal rule of thumb used in
industry and government is that about half of the demand for
construction aggregates in any market will be used to repave
roads, rebuild bridges, and remodel existing buildings, and half
is used for new construction. Therefore, a hypothetical mainte-
nance level of production for a 100,000-person market can be
approximated as follows:

100,000 persons x 12 cubic yards/year x 20 years x 50%
= ~10 million cubic yards

Local governments might want to designate at least double
this volume for every 100,000 people in order to ensure ade-
quate resources to implement a 20-year comprehensive plan and
to meet other goals of the Growth Management Act (Lingley and
Jazdzewski, 1994).

THRESHOLD CRITERIA USED IN
PREPARING THIS INVENTORY

Inherent weaknesses in many common rock types in the earth’s
crust, such as claystone or layered sedimentary and metamor-
phic rocks, coupled with unfavorable alteration and weathering
processes render much of the outcropping bedrock and gravel
unsuitable for construction aggregates. Furthermore, extraction
or development costs may exceed expected return under current
market conditions. In order to reduce the probability of includ-
ing weak or insignificant resources, we have developed the fol-
lowing threshold criteria to determine which resources should
be included in our inventory.

Table 4. Classification of gravel and bedrock resources (modified from U.S. Bureau of Mines and U.S. Geological Survey, 1976)

IDENTIFIED RESERVES

UNDISCOVERED RESERVES

Measured

Indicated

Inferred

Hypothetical

Speculative

Deposit whose engineering
properties, reserves in tons or
cubic yards, and grain sizes
are measured with a margin
of error <20% (that is, a mine
or a well-drilled prospect)

Deposit whose measure-
ments, together with reason-
able geologic projections, can
be used to compute reserves
in tons or cubic yards

Reasonable extension of
indicated or measured deposit
(generally <0.50 miles);
thickness contours can be
drawn with confidence

Undiscovered resources that
may reasonably be expected
to exist; applicable where
landforms, water wells, prox-
imal mines, or geophysical
data justify such extension

Unexplored surficial deposit
with no subsurface data

Active mine

Densely drilled deposit

Deposit with good subsurface
control

Possible deposit defined only
by poor subsurface control

Possible deposit; surficial
data only
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THICKNESS-—Only those deposits that are known or likely to
exceed 25 feet in the thickest portions are depicted. Thin gravel
deposits rarely contain significant reserves. For example, a 20-
foot-thick deposit covering 20 acres would yield only about
500,000 cubic yards of sand and gravel, and the value of the
gravel might not exceed proceeds from selling the land in its un-
disturbed state for its real estate value. Moreover, current min-
ing technology does not allow efficient excavation of thin ve-
neers of sediment or bedrock. Thin deposits must spread over a
large area in order to contain a significant volume of gravel, but
relatively inexpensive excavating equipment (that is, front-end
wheel loaders) cannot be used to carry pit run long distances
within the mine. Finally, thinner deposits require greater surface
disturbance per unit of aggregate produced, and damage to the
plant/soil ecosystem increases in proportion to the surface area
of mining. Therefore, permitting costs per unit of resource gen-
erally increase as a function of decreasing thickness.

SURFACE AREA AND DIMENSIONS OF THE DE-
POSIT—Few gravel deposits are more than 100 feet thick and,
consequently, the deposit must cover a large area to contain sig-
nificant volumes of construction aggregate. The smallest geo-
logic polygons inventoried as significant gravel resources cover
at least 0.25 square mile (160 acres). The volume of a 50-foot-
thick gravel unit of this size would be about 10 million cubic
yards. Additionally, we map only those deposits that have mini-
mum widths of 1,500 feet. As noted above, deposits with long,
narrow map patterns are generally inefficient to operate. Al-
though environmental issues are not considered herein, long
narrow deposits are generally associated with rivers or streams
where mining cannot take place owing to environmental consid-
erations.

The surface area of each deposit was initially estimated us-
ing 1:100,000-scale geologic maps compiled by the Washington
Division of Geology and Earth Resources (Washington Division
of Geology and Earth Resources, 2001) and other geologic maps
(Bentley and others, 1980, 1993). The resulting polygons were
modified where the portion of the deposit meeting the threshold
criteria is less extensive than the mapped surface area of the de-
posit. Most of the geologic polygons depicted on this compila-
tion contain mines or outcrops with engineering tests that prove
at least some of the rock or sediment meets the threshold criteria.
This approach, taken to expedite the inventory process, proba-
bly results in omission of a few significant resources.

OVERBURDEN—Only those deposits that have stripping ra-
tios (ratios of overburden to gravel or overburden to rock) of less
than 1 to 3 are included in this inventory. Overburden can cost
from $0.35 to more than $1.50 per ton to remove. Typically,
miners try to achieve a net profit of $1.00 per ton, and landowner
royalties are typically $0.50 to $1.00 per ton. Therefore, the
overburden volume must be much less than the volume of under-
lying aggregate if the mine is to be commercially viable. The
stripping ratio can be larger where supply restrictions, favorable
topography, or other considerations allow the overburden to be
removed profitably. The largest known stripping ratio for a prof-
itable mine in Washington was 1 to 2, or 0.50.

The practice of topsoil sales and (or) synthesis is one method
of profitably disposing of thicker organic or clay-rich overbur-
den, but as a general rule, most overburden must be saved for
reclamation (Norman and others, 1998; Norman and Lingley,
1992). Historically, few gravel deposits with more than 10 feet
of overburden have been mined.

STRENGTH AND DURABILITY—In order to perform ade-
quately as construction aggregate, gravel or bedrock must have

high compressive strength and resist degradation when wet.
Without these characteristics, the aggregate cannot support the
weight of roads or buildings. Much of the vertical compressive
strength, or load-bearing capacity, comes from grain-to-grain
contact among individual pebbles that are effectively stacked up
and prevented from shifting by cement and fine aggregate.
Stronger aggregate commands a higher price, but weak rock is
of no use. Minimum specifications for strength and durability of
various rock products are published by the Washington State
Department of Transportation in the Standard Specifications for
Road, Bridge, and Municipal Construction, 2000 (Washington
State Department of Transportation, 1999), a key reference
book for the industry that is updated periodically. Specifications
for gravel and bedrock are determined with laboratory tests in-
cluding Los Angeles Abrasion, Degradation, Sand Equivalent,
Specific Gravity, and Stabilometer tests (Appendix 1). Table 1
identifies some of the specifications required for certain uses of
aggregate.

For this study, we inventory gravel and bedrock that meet
WSDOT specifications for asphalt-treated base (Table 1). As-
phalt-treated base is a compacted layer of aggregate treated with
asphalt for stability and weatherproofing and placed directly on
bulldozed earth or rock of the subgrade. The minimum accept-
able test results are: Los Angeles Abrasion <30%, Degradation
=15, Sand Equivalent >30%, specific gravity >1.95 grams per
cubic centimeter, and weight percent passing a U.S. Standard
No. 200 sieve <9%. If most of the deposit appears to meet these
specifications, then we depict the entire deposit as meeting the
strength and durability threshold criteria (Plate 1; Appendices 3
and 4).

OTHER CONSIDERATIONS—Typically, sand and gravel
deposits should have a sand-to-gravel ratio of 40:60 and be free
of weak or deleterious materials such as foliated metamorphic
rock, poorly indurated clasts, clay, iron oxides, sulfides, glassy
volcanic rock, and organic matter (Kroft, 1972; Washington
State Department of Transportation, 1999).

SOURCES OF DATA

The locations of most mines in Washington are given in McKay
and others (2001). Data for existing and terminated mines are ar-
chived in Washington Department of Natural Resources permit
files, Washington State Department of Transportation pit site
files, and U.S. Forest Service mine files. The thicknesses of
mined units, for example, are taken from Washington Depart-
ment of Natural Resources Form SM-2 or from other permit-re-
lated documentation such as Environmental Impact Statements.
The surface extent of geologic units is depicted on Washington
Division of Geology and Earth Resources geologic maps
(Washington Division of Geology and Earth Resources, 2001;
Phillips, 1984; Walsh, 1984) and U.S. Geological Survey maps
(Booth, 1990; Tabor and others, 2000). Hydrology studies are
particularly useful in assessing the stratigraphy of gravel depos-
its. Such reports are inctuded in various types of environmental
documentation, wellhead protection studies, and water-resource
reports. Many logs of geotechnical bores (for example, bores for
foundation engineering studies) are useful. Water-well logs and
some logs of geotechnical borings are archived by the Washing-
ton Department of Ecology and the Washington State Depart-
ment of Transportation, respectively.



Appendix 3. Mine and outcrop database

This database contains information about most small active and
terminated borrow pits or quarries and large active, terminated,
and proposed mines in the Snoqualmie Pass 1:100,000 quadran-
gle. It also includes data from important outcrops, such as sites
that have been identified as probable aggregate resources on the
basis of laboratory tests and geologic work. All of the borrow
pits, quarries, gravel pits, and outcrops in this database are plot-
ted on Plate 1. The information contained herein is available
digitally as part of the geographic information system (GIS)
files for the Snoqualmie Pass quadrangle. References to “notes”
mean that the data were taken from field notes generated by the
authors during this study. The columns that are not self-explana-
tory are defined as follows:

WADNR unique number — The Washington Department of Nat-
ural Resources (WADNR) unique number used by the geo-
graphic information system (GIS) to relate a feature on Plate 1 to
arow in the database. The first four digits of the number identify
the 7.5-minute quadrangle map in which the mine is located.
The last four digits are a unique number in each 7.5-minute
quadrangle.

WADNR data type code — The code number that indicates the
type and size of the mine, as follows: 13= outcrop; 15 = small
borrow pit or quarry (point); 16 = small terminated/depleted
borrow pit or quarry (point); 18 = large active mine (polygon);
21 = large terminated/depleted mine (polygon); 22 = large pro-
posed mine (polygon).

WADNR permit number — The five-digit number on Washing-
ton Department of Natural Resources form SM-2, Application
Jfor Surface Mining Reclamation Permit (for a permitted mine).

WSDOT/USFS site number — A pit or quarry number assigned
by the Washington State Department of Transportation
(WSDOT) or a number that has been arbitrarily assigned by the
authors for mines owned by the U.S. Forest Service (USFS).
These numbers link results of strength and durability testing or
other data to a particular mine. WSDOT numbers consist of a
letter that identifies the county the site is in, followed by a se-
quentially assigned number; USFS numbers begin with ‘FS’.

Y % section, % section, Section, Township, Range, Meridian —
Legal description of the mine with reference to the Government
Land Office grid. Townships and ranges are shown on Plate 1.

Product — The material being mined: rock, sand, or gravel.

Rock type — The type of rock that is being quarried at the site, if
the mine is a quarry.

Geologic unit — The short label that identifies a particular unit
on a geologic map. This field indicates the unit in which the
mine is located. See Appendix 5 for some geologic unit descrip-
tions; descriptions of geologic units not in Appendix 5 can be
found in Tabor and others (2000). (OB) refers to a geologic unit
mapped as bedrock but producing sand and gravel from the
overburden, whereas (BR) indicates a unit mapped as unconsoli-
dated sediment, such as glacial outwash, that is producing
quarry in an unmapped, mis-mapped, or small bedrock expo-
sure.
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Qualifier — Indicates either that the thickness shown in the adja-
cent column is exact because the mine penetrates all the way
through the resource (blank) or that the actual resource thick-
ness is greater than the thickness reported because the bottom of
the resource was not identified (>).

Resource thickness (feet) — The thickness, in feet, of the sand,
gravel, or bedrock that is being mined.

Million cubic yards — The estimated volume (in millions of cu-
bic yards) of aggregate resource present within the permitted
boundary of a mine as of May 2000.

Million tons — Reserve weight calculation based on reserve vol-
ume estimates. Conversion factors are 1.5 yd*/ton for sand and
gravel; 2.4 yd*/ton for basalt and gabbro; and 2.2 yd*/ton for sili-
ceous igneous rock.

Acres — Typically the number of acres permitted on the Wash-
ington Department of Natural Resources form SM-2, Applica-
tion for Surface Mining Reclamation Permit. For unpermitted
mines, indicates the estimated area of the mine. Includes not
only areas of aggregate extraction, but also all operations associ-
ated with the mine (stockpiling, crushing, screening, scales,
etc.).

Percent depletion — The percentage by which the resource
within the mine boundary has been depleted by mining, deter-
mined by communication with the mine operators or by field in-
vestigations.

Overburden thickness (feet) — The thickness, in feet, of soil,
clay, or non-commercial aggregate that must be removed in or-
der to reach the aggregate resource.

Stripping ratio — The overburden thickness divided by the re-
source thickness. A value of less than 0.33 (ratio of less than 1:3)
is preferred.

Los Angeles Abrasion, Degradation, Specific Gravity, Sand
Equivalent, and Stabilometer R Value tests — Results of labora-
tory tests, conducted mainly by the WSDOT, that reflect the
quality of the deposit. See the glossary (Appendix 1) for expla-
nation of tests.

Percent >2% inches, Percent %—2% inches, Percent <% inch,
Percent <U.S. No. 200 sieve — Results of laboratory grain-size
analysis of samples. Values are given in weight percent. The
first three fields divide the whole sample, and the fourth field re-
fers to the amount of silt and clay in the entire sample.
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Appendix 4. Well database

This database contains information about all water wells and
geotechnical bores that are plotted on Plate 1. The information
contained herein is available digitally as part of the geographic
information system (GIS) files for the Snoqualmie Pass
1:100,000 quadrangle. The columns that are not self-explana-
tory are defined as follows:

WADNR unique number — The Washington Department of Nat-
ural Resources (WADNR) unique number is used by the geo-
graphic information system (GIS) to relate a feature on Plate 1 to
arow in the database. The first four digits of the number identify
the 7.5-minute quadrangle map in which the well is located. The
last four digits are a unique number on each 7.5-minute quadran-
gle.

WADNR data type code — The code number that indicates the
type of drill hole, as follows: 11 = water well (point); 12 =
geotechnical or other bore (point).

WADOE well number — One of a variety of numbers found on
the Washington Department of Ecology (WADOE) water-well
report forms. The possible types include start card, application,
or permit numbers.

Data verified? — Relates to the quality of data. ‘Y’ indicates that
the drill log is from a geotechnical bore or has been verified by a
consulting firm; otherwise, the field is blank.

Well location — Gives the street address of the well or the nearest
geographical feature. Washington State Department of Trans-
portation bores are referenced to the bridge, intersection, or
street location where the bore is drilled.

Y % section, % section, Section, Township, Range, Meridian —
Legal description of the well with reference to the Government
Land Office grid. Townships and ranges are shown on Plate 1.
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Geologic unit — The short label that identifies a particular unit
on a geologic map. This field indicates the unit in which the well
is located on the surface. See Appendix 5 for some geologic unit
descriptions; descriptions of geologic units not in Appendix 5
can be found in Tabor and others (2000).

Qualifier — Applies only to the deepest gravel thickness re-
ported (see following columns) and indicates that either the
thickness is exact because the whole layer is penetrated by the
well (blank) or that the actual gravel thickness is greater than the
thickness reported because the bottom of the gravel was not
identified in the well log (>).

Overburden thickness (feet) — The thickness, in feet, of soil,
clay, or non-commercial aggregate that must be removed in or-
der to reach the aggregate resource.

Ist gravel thickness (feet), 1st interbed thickness (feet), 2nd
gravel thickness (feet), 2nd interbed thickness (feet), 3rd
gravel thickness (feet) — These fields refer to the interpretation
of the well log by the authors, starting at the ground surface.
‘Gravel thickness’ refers to the thickness of a likely aggregate
resource, whereas ‘interbeds’ are non-commercial materials
such as silt and clay.

Depth to water-bearing zone (feet) — Gives depth, in feet, to top
of the first water-bearing unit encountered during drilling.

Bedrock penetrated? — This column contains eithera Y (yes), N
(no), or blank (unknown) indicating whether the well was
drilled to the depth of bedrock.

Reference — The source of data for the well log, if other than the
Washington Department of Ecology water-well log archives.
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Appendix 5. Aggregate-producing geologic units

This appendix describes some geologic units that have been
mined for construction aggregates and (or) that have potential to
produce gravel or rock meeting the threshold criteria. This list is
based on a reconnaissance investigation, and therefore some im-
portant units may have been overlooked. In order to provide data
for engineers and geologists, these unit descriptions incorporate
geological terms too numerous to be included in the glossary.
The rocks and sediments listed below are described using the
unit symbols and nomenclature from the most recent geologic
map of the Snoqualmie Pass quadrangle (Tabor and others,
2000). Unit symbols used in DGER’s digital geologic database
(Washington Division of Geology and Earth Resources, 2001)
are provided in parentheses.

Quaternary Sédiments

Qa
(Qa)

Alluvium—Unconsolidated gravel, boulders, and
sand deposited on the flood plains of major rivers.
Clasts are composed of reworked glacial sediment,
much of which is hard and durable granitic or volca-
nic material derived from Canada or the Cascade
Range. This unit also includes a variety of weaker
volcanogenic clasts derived from the central Cas-
cades. Deposits of unit Qa are generally less than 50
feet (15 m) thick and do not contain significant gravel
reserves, except where the unit can be mined together
with nearby glacial gravels. Generally, gravel in this
unit is discontinuous and interfingers with fine sand
or clay. Consequently, it is easy to overestimate the
volume of gravel available in any given alluvial de-
posit.

Alluvium is present throughout the study area. A
total of 32 small pits and 20 larger mines produce
from alluvium. The average reported Los Angeles
Abrasion Test result for this unit is 22 percent.

Ql
(Qls)

Landslide deposits—Heterogeneous rubble depos-
its resulting from down-slope movement of sediment
and rock. The size of particles varies greatly from de-
posit to deposit, from large boulders to silts and
clays. Where mined, this unit is composed largely of
talus.

Landslide deposits are present in all steeper parts
of the study area. In the Snoqualmie Pass quadrangle,
22 small mines and 1 large mine have produced from
this unit. Meaningful test data are not available for
this unit, but each landslide contains a unique mix-
ture of rock types.

Qvr,
QVF1 -6
(Qgo)

Ice-age (Fraser Glaciation) glacial outwash—
Sand and gravel that are moderately to well sorted,
stratified, and well bedded with silty sand to silty
clay. These sediments were deposited in ice-age
proglacial and ice-marginal environments. These de-
posits are made up of hard and durable clasts derived
from Canada, the north Cascade Range, and local
sources. However, much of the outwash in the Cedar
and Green River channels is composed of andesite
clasts (Kroft, 1972).

Outwash deposits are limited to the northwestern
portion of the study area. Typical outwash deposits
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range from 50 feet (15 m) to more than 150 feet (45
m) in thickness. The large Cedar River outwash
channel includes several large deposits and may
reach 150 feet (75 m) in thickness (Brown and
Caldwell, 1978). However, this great thickness prob-
ably includes older units and thin intervening till lay-
ers.

For the most part, mines within the outwash lie
above the water table and cause relatively little envi-
ronmental impact, except where they impinge on ri-
parian zones. Preserved ice-age outwash channels
are characterized by low elevation and gentle topo-
graphic relief. Consequently, potential sites for min-
ing outwash can also be prime farmlands or zoned for
rura] five-acre tracts. These land uses are generally
incompatible with mining. Most of the Cedar River
outwash channel lies within the municipal watershed
for Seattle.

A total of 26 small pits and 31 larger mines pro-
duce from the glacial outwash. It is the main produc-
ing interval in the North Bend—Cumberland com-
plex. Los Angeles Abrasion and Washington Degra-
dation Test values are typically less than 20 and 25
percent respectively (Appendix 3)

Qag
(Qad,)

Alpine glacial drift—Includes sand, gravel, clay,
and other sediments derived from outwash or till that
were deposited by alpine glaciers and glacial melt-
water streams. Alpine glacial drift also includes de-
posits from alluvial fans, slope wash, talus deposits,
small fans, and bogs. For the most part, these depos-
its are younger than the continental glacial deposits
(unit Qvr).

Alpine glacial drift is present in most valleys is-
suing from the Cascade Range. Nineteen large and 15
small mines in the Snoqualmie Pass quadrangle have
extracted aggregate from this unit. It is the main pro-
ducing unit in the Bullfrog complex. Test data are un-
available for this unit.

Miocene Volcanic Rocks

Tgn, Grande Ronde Basalt—Fine-grained basalt that is
Tgro commonly columnar- or hackly-jointed. A few
(Mvg) interbeds of tuffaceous fine-grained sandstone,

siltstone, and mudstone are present. Some of the
flows display localized pillow zones. The flows gen-
erally have vesicular or brecciated flow tops, but the
interiors of the flows consist of dense basalt, which is
ideal for asphalt aggregate. In general, colonnades
and entablatures contain the best rock. The flows are
middle Miocene in age (16.5 to 15.0 million years).
Grande Ronde Basalt crops out only in the south-
eastern portion of the Snoqualmie Pass quadrangle
and has been quarried in only three locations. How-
ever, this unit is the most important bedrock unit in
eastern Washington and along the Columbia and
Cowlitz Rivers southwest of the Snoqualmie Pass
quadrangle. It has been extensively quarried in many
other locations, where much of the unit consists of
very high quality rock. In 13 quarries in the adjacent



Tf
(Mva,
Mvafp)

Tfc

(Mthp ,
MthpC'
MthpS)
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Yakima 1:100,000 quadrangle (Weberling and oth-
ers, 2001), Los Angeles Abrasion and Washington
Degradation Test values average 20 percent and 72
respectively.

Fifes Peak Formation volcanic flows—Heteroge-
neous volcanic flows, mudflow breccias, and
volcaniclastic and sedimentary rocks. Porphyritic
andesites, dacites, and basalt flows, which are typi-
cally 75 to 150 feet (23 to 46 m) thick and intensely
fractured. Poorly developed columns (hexagonal pil-
lars roughly 4 feet [1.2 m] in diameter and tens of feet
high) are present, and some flows exhibit platy joint-
ing that commonly facilitates excavation. The ande-
site contains some glass that can be detrimental to ag-
gregate quality. Massive to well-bedded breccias
contain andesite clasts similar to the flows. The
volcaniclastic sandstones, siltstones and lapilli-tuffs
are generally well bedded. Most of this unit consists
of weak rock. The age of the Fifes Peak Formation is
mainly early Miocene, but some late Oligocene rocks
have been dated (Tabor and others, 2000).

This unit also includes the volcanic rocks of Cou-
gar Mountain of Frizzell and others (1984). Thin,
well-bedded sandy to silty units are found locally in
these Miocene rocks. Feldspar and mafic pheno-
crysts are very common, and some flows display a
glassy texture. Some minerals in the andesite and ba-
salt show alteration to clay that may weaken the rock
or create alkali-reactive mixtures that could degrade
portland cement concrete.

Fifes Peak Formation flows are found in the south
half of the Snoqualmie Pass quadrangle. Because of
their proximity to the market, they are currently the
most important source of quarried bedrock in the
Snoqualmie Pass quadrangle. Scenic bedrock knobs
that protrude out of the flat plain of Osceola mudflow
deposits surrounding the town of Enumclaw are
mostly Fifes Peak Formation. These knobs are partic-

ularly well suited to top-down quarry mining. The -

three biggest bedrock mines in the region, the
Enumclaw, White River, and 410 quarries, produce
from the Fifes Peak Formation. (See Table 3 and Ap-
pendix 3.) Additionally, rock from this unit has been
mined in 186 small forest quarries. Los Angeles
Abrasion Test data from 23 of these quarries average
25 percent.

Fifes Peak Formation tuffs-—Mainly rhyodacite
ash-flow tuff and well-bedded volcaniclastic sedi-
mentary rocks. Alteration of this unit is locally so
pervasive that original grain types and textures are
not discernable. Tuffs are locally welded and exhibit
crude columns. The rock in these units has been dated
at about early Miocene.

These units are found in the south-central and
southwestern part of the Snoqualmie Pass quadran-
gle. Despite the unfavorable lithologic characteris-
tics, 23 quarries have used rock from these units.
Most of the rock is used for forest road construction
and maintenance. Data from 12 quarries give Los An-
geles Abrasion Test results averaging 22 percent.

Miocene Intrusive Rocks

Tip,
Tidp
(Mian)

Tsgg,
Tsgs
(Migds)

Tsgf
(Mimy)

Tiap
(Mimg)

Ter
(Migde)

Aphanitic intrusive andesite, undifferentiated—
Gray to green hypersthene and clinopyroxene intru-
sive andesite with glass and clay alteration, and mi-
nor gray hornblende dacite or rhyodacite porphyry,
granodiorite, and tonalite. The age is early to middle
Miocene.

This unit occurs as small, localized outcrops in
the central part of the Snoqualmie Pass quadrangle.
This unit has been used for three large quarries and
11 smaller mines. Rock from this unit may be locally
of high quality, but in some areas it has been ad-
versely altered by weathering. Only one site had a re-
ported Los Angeles Abrasion Test value, which is 33
percent.

Granodiorite of the Snoqualmie batholith—Gra-
nitic rock (granodiorite and tonalite) that crops out in
the north-central part of the Snoqualmie Pass quad-
rangle. This batholith is probably several miles thick
in many locations and of relatively uniform composi-
tion. For these reasons, this unit is probably among
the largest construction aggregate resources in the
state. The age of the unit is middle Miocene.

At least 27 quarries have used rock from this unit,
but mostly for forestry applications or building Inter-
state Highway 90. Units Tsgg and Tsgs exceed sev-
eral thousand feet in thickness and cover a large sur-
face area. Los Angeles Abrasion Test results reported
from five quarries average 21 percent. Aggregate is
mined from talus in this unit, where Los Angeles
Abrasion Test values do not meet the threshold crite-
ria.

Monzenite of the Snoqualmie batholith—Fine-
grained, highly-altered granitic rock (monzonite).
The age of this unit is middle Miocene.

Three quarries have used rock from this unit;
however, no test data are available.

Intrusive dacite—Dacite porphyry, which includes
some highly altered quartz-bearing volcanic rock and
some porphyritic rhyolite that grades into medium-
grained tonalite. The age of this unit is early Mio-
cene.

Unit Tiap is exposed as small outcrops in the cen-
tral part of the Snoqualmie Pass quadrangle, where it
is used for forestry applications. Rock from this unit
has been produced in at least 10 quarries, with Los
Angeles Abrasion Test data for five quarries averag-
ing 21 percent and ranging from 17 to 27 percent. At
a sixth quarry, altered andesite and volcaniclastic
clastic rocks yielded a Los Angeles Abrasion Test re-
sult of 55.

Carbon River stock granodiorite—Massive
granodiorite and granodiorite sills, locally with a
tonalite border phase. The Carbon River stock is a
satellite of the much larger Tatoosh pluton. Both
units probably extend to great depth. This unit is mid-
dle Miocene in age.

Unit Ter crops out in the southwestern part of the
Snoqualmie Pass quadrangle, and five small quarries
have used rock from this unit. Test data are unavail-
able for this unit.
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Tstn,
Tit
(Mit)

Tfci,
Tfce,
Tfrt,
Tfst,
Tfcr

(Mirfp)

Tonalite—Granitic rock (tonalite), a minor portion
of which grades into granodiorite or quartz diorite.
Some bodies of unit Tstn are texturally transitional to
pyroxenc andesite porphyry. Many small tonalite
masses may be satellites of the Snoqualmie or
Tatoosh batholiths. The age of this unit is late
Oligocene to early Miocene.

Unit Tstn is found in small outcrops throughout
the northern Snoqualmie Pass quadrangle. Rock
from this unit has been quarried in seven locations;
Los Angeles Abrasion Test values from four of these
average 24 percent.

Intrusive rhyolite of Clear West Peak, Fifes Peak
Formation—Chiefly intrusive rhyolite that is
mostly gray to purple. In places, the rock is highly al-
tered. This unit is included in the Clear West Peak
complex by Fischer (1970). Rocks are conspicuously
banded perpendicular to columnar joints, suggesting
steep and varied flow layering or multiple dikes, and
are locally intruded by andesite dikes. The rhyolite
may be mostly intrusive, but it includes some erupted
material. The age of this unit is early Miocene.

This unit is present in the southwestern part of the
Snoqualmie Pass quadrangle. Seventeen quarries
have used rock from this unit, including one large
mine. Los Angeles Abrasion Test data have been pro-
vided from 10 of these sites and average 17 percent.

Miocene-Oligocene Volcanic Rocks

Teg
(MDvagg)

Volcanics of Eagle Gorge—Dark green to black
andesitic and basaltic flows and flow breccias, minor
tuffs, and volcanic sedimentary rocks. Lava flows
variously exhibit platy jointing and columnar joint-
ing; some areas exhibit vesicular tops, scoria, and
amygdaloidal zones. The unit is late Oligocene to
carly Miocene in age.

Eagle Gorge volcanic rocks crop out in the cen-
tral part of the Snoqualmie Pass quadrangle. Twenty-
three forest quarries and three large mines have pro-
duced from this unit. Los Angeles Abrasion Test data
for 15 of these quarries average 23 percent and range
from 13 to 38 percent.

Miocene-Oligocene Intrusive Rocks

Tsm
{(MQian,
MOigb,)

Intrusive andesite and gabbro of the Snoqualmie
batholith—Intrusive andesite (DGER unit M®ian)
and gabbro (DGER unit M®igb) and minor dacite
(Frizzell and others, 1984). This unit may be the
chilled margin of a high-level cupola of the
Snoqualmie batholith. Mapped bodies include
closely spaced dike swarms. The rock, which is com-
monly altered to smectite and zeolite, has been dated
as late Oligocene to early Miocene.

Six small quarries have used rock from this unit,
but no test data are available.

Oligocene Volcanic Rocks

To,
Tolk,
Tv
(@vegn)

Ohanapecosh Formation—Well-bedded, multicol-
ored, volcanic- and crystal-lithic andesitic tuff and
breccia, volcaniclastic sedimentary rocks, and minor
flows. These flows alternate with massive tuff-brec-
cia and subordinate rhyolite, basalt, and andesite

flows. Numerous fission-track ages from zircon indi-
cate the rocks were erupted 28 to 36 million years ago
(late Eocene to Oligocene).

Many (189) small forest quarries and one large
mine have used rock from the Ohanapecosh Forma-
tion. Los Angeles Abrasion Test results reported
from 69 quarries average 25 percent and range from
14 to 45 percent.

Eocene Sedimentary Rocks

Tn,
Tns
(Ec2na,
EConas)

Naches Formation—Predominantly sandstone and
shale, but includes minor volcanic rocks such as rhy-
olite, andesite, and basalt flows and tuff, as well as
breccia with interbeds of feldspathic subquartzose
sandstone, siltstone, and rare coal. Although these
rocks are mapped as sedimentary, it is likely that
many of the pits and quarries produce from volcanic
intercalations. The andesites and basalts are amygda-
loidal in part, commonly columnar, and have
brecciated, vesicular tops. Rhyolite is found as flow-
banded flows or domes and minor ash-flow tuffs. The
interbedded sedimentary rocks are coarse-grained
micaceous feldspathic sandstone and argillite and
laminated siltstone. Both volcanic and sedimentary
rocks are thermally metamorphosed adjacent to Mio-
cene plutons.

The Naches Formation crops out in the east-cen-
tral portion of the quadrangle. One large mine and 31
small quarries have used rock from this unit. Los An-
geles Abrasion Test data from 5 of these average 23.
The only degradation test in the unit is 67.

Eocene Volcanic Rocks

Tpt,
Tmp
(EVCt,
Evap,)

Tof
(Ebem,
Evbimg)

Tukwila and Mount Persis Formations—Fine
crystalline volcanic rocks that are mostly very dark
gray aphanitic alkalic basalts in poorly defined
flows. Also included are andesitic intrusives, hetero-
geneous volcanic flows, breccias, and sedimentary
rocks. Near Tiger Mountain, unit Tpt consists partly
of a columnar-jointed sill 60 feet thick (T. J. Walsh,
Wash. Divn. of Geology and Earth Resources, oral
commun., 1999). The age of the Tukwila and Mount
Persis Formations is late Eocene.

These units crop out in the northwestern parts of
the quadrangle. Although most of the Tukwila For-
mation consists of weak, stratified volcaniclastic
rock types, it includes local basaltic flows, a few of
which are hard and durable. The Tukwila Formation
is mapped on Plate 1 as a possible bedrock resource
where cliffs or forest borrow pits suggest higher
quality deposits. These rocks have been used by the
Weyerhaeuser Company and Washington Depart-
ment of Natural Resources for forest road construc-
tion. Quarried bedrock products are produced from
13 small mines used for forest road maintenance. Re-
serves are limited to those contained in two borrow
pits. Quantitative rock quality data are not available.

Basalt of Frost Mountain—Dense black olivine ba-
salt that weathers red and has localized columnar
jointing and brown glass. The unit has minor white
siliceous alteration. Its age is late Eocene; potassium-
argon ages are 32 and 47 million years. The basalt of
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Frost Mountain is correlative with the Teanaway For-
mation, which crops out farther north.

This unit crops out in the southeastern
Snoqualmie Pass quadrangle and has been used lo-
cally for logging road construction and maintenance.
At least 12 quarries have developed in this unit; how-
ever no strength or durability data are available. A
railroad report (Newell Campbell, consultant,
Yakima, Wash., written commun., 2000) indicates
good quality aggregate, but most exposures are too
remote to be of value. Strength and durability are not
available for the Basalt of Frost Mountain.

Mount Catherine Rhyolite Member of the Naches
Formation—Flow-banded rhyolite, welded, crystal-
lithic ash-flow tuff, and feldspathic sandstone and
shale interbeds. The unusual hardness of the rhyolite
is probably due to recrystallization during intrusion
of the Snoqualmie batholith. Basalt flows and breccia
are found locally, as well as interbeds of coaly shale,
rare volcanic-rich pebble conglomerate, and quartz
pebble grit. The age of the unit is middle to late
Eocene.

This unit crops out in the east central portion of
the quadrangle. Eight small quarries in this unit have
provided rock for logging road construction and
maintenance. No analyses are available for this unit.

Rhyolite flows of Naches Formation, Cabin Creek
block—White to gray, flow-banded, platy jointed
flows or domes of rhyolite from a few feet to hun-
dreds of feet thick. Some rhyolite in this unit is prob-
ably intrusive. The unit contains minor interbeds of
basaltic tuffs and flows and feldspathic sandstone.
Fission track ages on zircon yield ages of 40 to 44
million years (middle Eocene).

This unit has been quarried at eight small mines
for logging road construction and maintenance. Av-
erage Los Angeles abrasion and degradation analyses
for four mines in unit Tnr are 29 and 22, respectively.

Basalt of Naches Formation, Cabin Creek block—
Basalt and glomeroporphyritic basalt with interbeds
of andesite and feldspathic sandstone and siltstone.
The unit occurs as thick flows, in part with vesicular
tops. It occupies a similar stratigraphic position to
the Tukwila and Mount Persis volcanic rocks. This
unit is middle Eocene to early Oligocene in age.

This unit crops out in the east-central portion of
the quadrangle. Twenty small forest quarries have
been developed in this unit, with Los Angeles abra-
sion and degradation analyses from four averaging
24 and 48, respectively.
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EXPLANATION

Potential extent of “hypothetical undiscovered” sand and gravel
reserves, most of which meet threshold criteria for strength,
durability, thickness, areal extent, and clast-size distribution,

and are not buried under thick layers of overburden (See text for
further explanation). Yellow and orange shades indicate approximate
gravel thickness in feet.

——sc—  Contour showing possible thickness of some hypothetical gravel
deposits meeting the threshold criteria (50-ft interval)

Potential extent of “speculative undiscovered” bedrock reserves,
most of which meet threshold criteria for strength, durability,
thickness, and areal extent, and are not buried under thick layers
of overburden. (See text for further explanation)

]

]

Potential extent of “speculative undiscovered” bedrock reserves which
locally meet the threshold criteria, but are composed mostly of weak
lithologies that are unsuitable for construction aggregate

Large active mine. Includes intermittently operated sites and a few
sites that may have been abandoned, but are not reported as such

Large depleted or abandoned mine

Large proposed mine

410

Small gravel pit, borrow pit, or quarry. Most of these mines
are used for forest road maintenance or construction and/or
do not significantly influence the market at this time

[¥] Depleted or abandoned small gravel pit, borrow pit, or quarry.
Includes mines with terminated state reclamation permits,
reclaimed sites, and mines that cannot be operated owing to
changes in land use (for example, the site has been flooded
by a reservair)

& Water well used in this study for subsurface information

&

Geotechnical or other borehole used in this study

¥  Sampling site for laboratory test of strength and durabili
of gravel or rock. Does not include analyses from most mines
(analyses from mines are described in Appendix 3)

¥  Geologic observations used in this report

=== Stratigraphic section measured as part of this study
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Scale 1:100,000

TOPOGRAPHIC CONTOUR INTERVAL 200 FEET

Lambert Conformal Conic Projection
1827 North American Datum
Washington State Plane Coordinate System, South Zone
Other base map information from the Washington Department of
Natural Resources, Geographic Information System Database - 2000
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