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Introduction
This text is for a six-day excursion between Issaquah, 

Washington (just east of Seattle), and Portland, Oregon, that 
emphasizes Tertiary and Quaternary volcanic geology of the 
western Columbia Plateau and the Cascade Range of southern 
Washington and northern Oregon (Figs. 1, 2). It summarizes 
the geology of selected areas along the route and provides a 
brief introduction to the general volcanic history of the 
Columbia River Basalt Group and the southern Washington 
Cascades. An extensive but not exhaustive list of references is 
included. The road logs are designed to be self-guiding; as 
such, they are more complete than necessary for guided bus 
excursions.

Tectonic and geophysical setting of the Cascade Range 
in southern Washington

The Cascade Range has been an active arc for about 36 Ma 
as a result of plate convergence (Atwater, 1970). Volcanic 
rocks between 55 and 42 Ma occur in the Cascades (Vance et 
al., 1987) but are probably related to a rather diffuse volcanic 
episode that created the Challis arc extending southeastward 
from northern Washington to northwest Wyoming (
Armstrong, 1978; Vance, 1979). Convergence between the 
North American and Juan de Fuca plates continues at about 4 
cm/yr in the direction of N50°E, a slowing of 2-3 cm/yr since 
7 Ma (Riddihough, 1984). According to most interpretations, 
volcanism in the Cascades has been discontinuous in time and 
space (McBirney, 1978; Luedke and Smith, 1982; Guffanti 
and Weaver, 1988), with the most recent episode of activity 
beginning about 5 Ma and resulting in more than 3000 vents (
Guffanti and Weaver, 1988). In Oregon, the young terrane is 
commonly called the High Cascades and the old terrane the 
Western Cascades, terms that reflect present physiography 
and geography. The terms are not useful in Washington, 
where young vents are scattered across the dominantly 
middle Miocene and older terrane.

Oligocene and Miocene rocks in the southern Washington 
Cascades and adjacent western Washington and Oregon are 
tectonically rotated in a clockwise sense according to pa-
leomagnetic data (Simpson and Cox, 1977; Beck and Burr, 
1979; Bates et al., 1981; Wells and Coe, 1985). The amount of 
rotation in general increases with increasing age. Rocks 
probably about 30-35 Ma in the southern Washington Cas-
cades are rotated about 34° (Bates et al. , 1981), whereas the 
12 Ma Pomona Member of the Saddle Mountains Basalt is 
rotated only 8-10° at the western end of the Columbia Gorge (
Wells and England, in press; Wells et al., in press). Middle 
Eocene rocks in the Oregon Coast Range are rotated 

from 20° to as much as 65° (Wells and Coe, 1985), and 
Eocene rocks in central Oregon (Clarno Formation), more 
than 300 km inboard of the continental margin, an average of 
16° (Grommé et al., 1986). In some models, the rotation 
pattern implies that the Paleogene trend of the Cascades was 
northwestward rather than northward as at present (Magill et 
al., 1981). In other models, the rotation is confined to domains 
tens of meters to as much as 30 km across and is related to 
shear along dextral northwest-trending faults or Riedel shears 
rather than to wholesale regional block rotation of 
microplates (Beck, 1980; Wells and Coe, 1985). The 
continuum model of Wells and England (in press) suggests 
that the average rate of rotational shear is about 1.3° per 
million years near the southwest margin of the southern 
Washington Cascades. The origin of the rotations remains 
unresolved, but appropriate strike—slip faults in the region 
make the dextral-shear model attractive. No evidence for 
significant rotation younger than 12 Ma has been recognized, 
owing in large measure to the paucity of upper Miocene 
rocks in southern Washington and northern Oregon.

In Washington and Oregon, a striking contrast has existed 
for the past 5 Ma in the style of volcanism in the Cascades 
relative to geography (Weaver and Malone, 1987; Guffanti 
and Weaver, 1988). North of Mount Rainier, young vol-
canism is concentrated in only a few isolated andesitic and 
dacitic composite cones (notably Glacier Peak, Mount Baker, 
and the volcanoes of the Garibaldi belt in British Columbia), 
whereas south of Mount Hood moderate-sized andesitic and 
dacitic composite cones are relatively unimportant features of 
a landscape dominated by small andesite and basalt vents (
Guffanti and Weaver, 1988). The area between Mounts 
Rainier and Hood is transitional; large andesite and dacite 
composite cones (Rainier, Adams, St. Helens, Hood, and the 
extinct Goat Rocks volcano) occur together with fields and 
scattered vents of olivine basalt (Indian Heaven, Simcoe 
Mountains, and the King Mountain fissure zone south of 
Mount Adams).

Weaver and Malone (1987) point out that the southern 
Washington Cascades are also transitional geophysically (Fig. 
3). An east—west saddle in an otherwise west-to-east Bou-
guer gravity gradient occurs along the Columbia River be-
tween Oregon and Washington (Thiruvathukal et al. , 1970; 
Couch and Baker, 1979). North of Mount Adams a broad 
gravity low follows the Cascade crest, whereas south of 
Mount Hood the Cascade gravity low merges eastward into a 
low related to extension of southeast Oregon (Weaver and 
Malone, 1987).

Magnetotelluric profiles south of Mount Hood reveal a flat-
lying, relatively simple conductivity structure (Stanley,
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1984), whereas profiles in the southern Washington Cascades 
show a high-conductivity anomaly that dips eastward and may 
reflect accreted marine sedimentary rocks in a compressed 
forearc basin (Stanley et al., 1987) (Fig. 3; see following 
section).

Heat flow in the southern Washington Cascades is be-
tween 70 and 90 mWm-2 (Blackwell and Steele, 1983), 
whereas that south of Mount Hood averages about 100 mWm 
-2 (Blackwell et al. , 1982) and that north of Mount Rainier a 
relatively low 40-60 mWm-2. A rapid transition occurs from 
low heat flow west of the Cascades to high heat flow in the 
Cascade Range in both Oregon and southern Washington (
Blackwell and Steele, 1983).

The southern Washington Cascades are seismically active (
Fig. 3). Most earthquakes occur along the 100 km long, 

north-northwest-trending St. Helens seismic zone (Weaver 
and Smith, 1983), where most focal mechanisms show dex-
tral slip parallel to the trend of the zone and consistent with 
the direction of plate convergence (Grant et al. , 1984; Weaver 
et al. , 1987). Other crustal earthquakes are concentrated just 
west of Mount Rainier and in a broad area near Portland (
Weaver and Malone, 1987). Few earthquakes occur north of 
Mount Rainier or south of Mount Hood (Weaver and 
Michaelson, 1985).

From tomography, Rasmussen and Humphreys (1988) 
interpret the subducted Juan de Fuca plate as a quasi-planar 
feature dipping about 65° to about 300 km under the southern 
Washington Cascades. The plate is poorly defined seismi-
cally, however, owing to a lack of earthquakes within it (
Weaver and Baker, 1988). Guffanti and Weaver (1988)

FIGURE 1—Features of Juan de Fuca–North American subduction system (Riddihough, 1984) relative to Cascade Range and Columbia Plateau. Open arrows, 
ridge-spreading directions; solid arrow, convergence direction. The 40 and 60 km contours show depth of seismicity in upper part of downgoing slab (Weaver and 
Baker, 1988). Generalized subdivision of Cascade Range from Hammond (1979). Distribution of Columbia River Basalt Group from Tolan et al. (in press). Solid 
triangles, major Quaternary volcanoes: MM, Meager Mountain; C, Mount Cayley; G, Mount Garibaldi; B, Mount Baker; GP, Glacier Peak; R, Mount Rainier; 
SH, Mount St. Helens; A, Mount Adams; H, Mount Hood; J, Mount Jefferson; TS, Three Sisters; N, Newberry; D, Diamond Peak; CL, Crater Lake (Mount 
Mazama); ML, Mount McLoughlin; MK, Medicine Lake; ST, Mount Shasta; L, Lassen Peak. M, Monument dike swarm; SE, Seattle; V, Vantage; Y, Yakima; P, 
Pasco; PE, Pendleton; S, Spokane; C, Clarkston.
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FIGURE 2—Geologic map (faults not shown) for southern Washington Cascades and adjacent Columbia Plateau, simplified from Walsh et al. (1987). Units in 
order of increasing age: Qa, basin-fill, alluvium, drift, and landslide deposits; Ql, lahars, including 1980 debris avalanche at Mount St. Helens; Qv, Quaternary 
volcanic rocks; QPv, Quaternary and Pliocene volcanic rocks; Ms, Miocene sedimentary rocks, mostly younger than bulk of Yakima Basalt Subgroup; Mcr, 
Yakima Basalt Subgroup; Mv, lower and middle Miocene volcanic rocks; MOv, Miocene and Oligocene volcanic rocks; Ov, Oligocene volcanic rocks; OEv, 
Oligocene and Eocene volcanic rocks; Ev, Eocene volcanic rocks; Es, Eocene sedimentary rocks; pT, pre-Tertiary rocks; solid, intrusions, mostly of early and 
middle Miocene age. Dashed line, route of field trip with selected stops numbered.
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FIGURE 3—Map from Weaver and Malone (1987) showing selected geo-
physical and geologic elements of southern Washington and northern Oregon 
Cascades. Stippled, late Cenozoic volcanic rocks (Luedke and Smith, 1982). 
Large letters, volcanic centers: R, Rainier; G, Goat Rocks; A, Adams; S, St. 
Helens; IH, Indian Heaven; SV, Simcoe volcanics; H, Hood. Ruled area, 
southern Washington Cascades conductor (SWCC) (Stanley et al., 1987). 
Earthquakes: circles with cross, depth <30 km; squares with cross, depth >30 
km; date and magnitude given for magnitudes >5; small symbols for 
magnitudes between 2.5 and 4.9. Bold solid line (SHZ), St. Helens seismic 
zone. Bold dashed line, location of Juan de Fuca plate at 60 km depth. Light 
lines, Bouguer gravity contours in milligals, filtered to pass wavelengths >100 
km at reduction density of 2.43 g/cm3. SLP, Spirit Lake pluton.

show that the present volcanic front of the Washington Cas-
cades, defined by the westernmost young vents, parallels the 
curved trend of the subducting plate reflected by the 60 km 
depth contour. The front trends northwest in northern 
Washington—where Glacier Peak, Mount Baker, and the 
volcanoes of southern British Columbia occur along a vir-
tually straight line—and northeast in southern Washington. A 
90 km gap free of young volcanoes between Mount Rainier 
and Glacier Peak is landward of that part of the sub-ducting 
plate with the least average dip to a depth of 60 km (Guffanti 
and Weaver, 1988). South of Portland, the volcanic front is 
offset 50 km eastward and extends southward into California, 
probably still parallel to the trend of the convergent margin (
Guffanti and Weaver, 1988).

The southern Washington Cascades conductor
A recent magnetotelluric survey of the southern Wash-

ington Cascades, combined with geomagnetic variation data (
Law et al. , 1980), defines a broad, high-conductivity anom-
aly with a resistivity of 1-4 ohm m and a thickness possibly 
more than 15 km, whose top is 2-8 km below less conductive 
volcanic and sedimentary rocks at the surface (Stanley et al. , 
1987). This anomaly, the "southern Washington Cascades 
conductor " (SWCC) of Stanley et al. , is roughly within the 
area bounded by Mounts Rainier, St. Helens, and Adams but 
extends somewhat farther north than Mount Rainier (Fig. 3). 
Three aeromagnetic lows approximately enclose the SWCC. 
One of the lows coincides with the western margin of the 
SWCC and with the St. Helens seismic zone (Weaver and 
Smith, 1983), in which clusters of 5-15 km deep earthquakes 
occur in an apparent dextral shear zone.

Another aeromagnetic low occurs within the SWCC west and 
south of Mount Rainier and correlates with a zone of folds 
mapped by Hammond (1980) and Fiske al. (1963); the north 
end of the low coincides with an elongate belt of seismicity 
just west of Mount Rainier. The third low coincides with the 
southern end of the SWCC but extends farther south into 
Oregon.

Stanley et al. (1987) interpret the SWCC as caused by "
marine sedimentary rocks of early Jurassic to Eocene age, 
containing hypersaline fluids and possibly dominated by shale 
facies" that form-an accreted seamount complex in a 
compressed forearc basin. Mount Rainier lies on the eastern 
edge of the SWCC (Stanley et al., 1987), and Mount St. 
Helens is on the western edge as well as on the St. Helens 
seismic zone (Fig. 3). Fundamental tectonic controls on the 
locations of these volcanoes may reflect the accretionary 
history of the region.

Traverse across the Cascades on Interstate 90
The rocks along and south of this route are largely Ce-

nozoic, but Mesozoic basement is locally exposed in inliers 
and fault blocks. The route follows a transition from dom-
inantly Tertiary volcanic rocks south of 1-90 to the largely 
pre-Tertiary North Cascades. Four major groupings of rocks 
are present:

Mesozoic: Jurassic ophiolite and island-arc rocks and their 
associated Jurassic and Cretaceous sedimentary cover; Early 
Cretaceous high P–T metamorphic rocks, largely blueschist, 
greenschist, and phyllite; and Cretaceous plutonic rocks.

Eocene strata: Thick sections of nonmarine arkose and 
interbedded volcanic rocks.

Rocks of the Cascade magmatic arc: Lava flows and 
volcaniclastic rocks of the Oligocene Ohanapecosh Formation 
and the overlying upper Oligocene and lower Miocene Fifes 
Peak Formation, and the shallow granitoid plutonic rocks of 
the Miocene Snoqualmie batholith.

Columbia River Basalt Group: Miocene flood basalt 
erupted from vents far east of the Cascade Range.

Smith (1904) and Smith and Calkins (1906) worked out 
much the basic geology of this area. Porter (1976) described 
the Quaternary deposits along 1-90.

1-90 crosses the southern end of the Straight Creek fault, a 
major Tertiary structure. This fault, more than 500 km long, 
extends southward down the Fraser River in British Columbia 
into the Washington Cascades to 1-90, where it splits into a 
series of southeast-trending splays that disappear beneath the 
Columbia River Basalt Group. About 90-110 km of dextral 
strike–slip occurred on the fault (Vance, 1985; Kleinspehn, 
1985). Marked lithologic differences distinguish the 
Mesozoic and Eocene units on either side of the Straight Creek 
fault.

Mesozoic rocks

A wide variety of units, mostly of Jurassic or Cretaceous 
age, represent several exotic terranes that accreted to western 
North America certainly before the Eocene and probably 
before the end of the Mesozoic. The Mesozoic section west of 
the Straight Creek fault consists of graywacke and argillite 
with local chert and limestone. These sedimentary rocks are 
associated with greenstone, gabbro, and minor tonalite; all 
rocks are highly folded, faulted, and sheared. Contacts be-
tween units are commonly tectonic. Frizzell et al. (1987) 
mapped the suite as two tectonic-melange belts distinguished 
by differences in relative abundance of sedimentary
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and igneous rocks. The western melange belt, consisting 
largely of Jurassic marine turbidites, is widely exposed along 
the western front of the Cascades north of North Bend. The 
eastern melange belt, distinguished by more abundant green-
stone, chert, and limestone, occurs in scattered outcrops north 
of Snoqualmie Pass. U—Pb ages for tonalite and gabbro in the 
melanges are Jurassic, and fossils from the chert and clastic 
sedimentary rocks have mostly Late Jurassic and Early 
Cretaceous ages. The lithology and age of the melanges led 
Frizzell et al. (1987) to conclude that the igneous rocks are an 
oceanic suite (root of an island arc?) that were intruded into 
the sedimentary rocks prior to the deformation that formed the 
melange.

Several Mesozoic units lie just east of the Straight Creek 
fault and between its southeasterly splays. The most wide-
spread is the high P—T Easton Metamorphic Suite consisting 
of blueschist, greenschist, and phyllite. Farther north, lith-
ologically equivalent rocks of the Shuksan Metamorphic Suite 
(Misch, 1966) occur extensively west of the Straight Creek 
fault and have been offset about 90 km from the Easton by 
dextral slip (Vance, 1985). Most workers have interpreted the 
Easton and related rocks as metamorphosed oceanic basalt of 
MORB affinity and its sedimentary cover (Brown, 1986; 
Dungan et al., 1983). Radiometric dating suggests a Late 
Jurassic age for the Easton protolith and an Early Cretaceous 
age for its metamorphism (Brown et al., 1982). Other 
Mesozoic units between the Straight Creek splays include 
medium-grade pelitic schist (Stout, 1964) and gneissic tonalite 
of Jurassic age (Frizzell et al. , 1984).

Two other Mesozoic units are visible from 1-90 in the 
Stuart Range 30 km north of Cle Elum. The older, the Upper 
Jurassic and Lower Cretaceous Ingalls Tectonic Complex, 
consists of a faulted sequence of ultramafic rocks, gabbro, 
diabase, pillow basalt, and associated sedimentary rocks 
generally interpreted as an ophiolite (Southwick, 1974; Tabor 
et al. , 1982b, 1987; Miller, 1985a). The younger unit (95-88 
Ma) consists of tonalite, diorite, and granodiorite of the Upper 
Cretaceous Mount Stuart batholith, which intrudes the Ingalls.

Eocene sedimentary and volcanic rocks
Eocene strata dominate the bedrock along 1-90 between 

Issaquah and Cle Elum. They include volcanic and fluvial 
arkosic rocks, in places interbedded. The sedimentary units 
are quartzose to arkosic micaceous sandstone, shale, and 
conglomerate derived from a plutonic and metamorphic ter-
rane farther east or northeast. They are locally marine but 
mostly fluvial and deltaic. Major coal production came from 
the Puget Group and the Roslyn Formation. The Eocene units 
are thick (2-4 km) and were deposited in rapidly subsiding, 
fault-bounded extensional basins (Tabor et al. , 1984; 
Johnson, 1985). Many of the Eocene volcanic assemblages 
are bimodal, composed of basalt (or andesite) and high-silica 
rhyolite. Radiometric ages of the volcanic rocks are 51-42 
Ma, mostly middle Eocene (Tabor et al. , 1984; Turner et al. , 
1983; Frizzell et al. , 1984). Invertebrate faunas in the rare 
marine sedimentary units are middle to late Eocene. The 
volcanic rocks do not belong to the Cascade arc but instead to 
the older and much broader Challis arc (Armstrong, 1978), 
which encompasses large areas of Eocene volcanic and 
shallow plutonic rocks in the Pacific Northwest. Ewing (
1980) and Heller et al. (1987) discussed the regional tectonics 
and paleogeography during the Eocene.

Fig. 4 is a simplified correlation chart for some of the

FIGURE 4-Correlation of Eocene rocks of central Washington Cascades and 
vicinity. Diagram and sources of data from Vance et al. (1987).

Eocene units along the field-trip route. These units pose 
several stratigraphic and tectonic problems. Obvious contrasts 
exist between Eocene rocks east and west of the Straight 
Creek fault. The extent to which the fault merely separated 
adjacent basins with different histories or juxtaposed the 
basinal sequences by major dextral movement is unresolved. 
Stratigraphic relations are not fully understood for the Eocene 
units separated by the southeastern splays of the Straight 
Creek fault.

Some Eocene volcanic units exhibit clear structural con-
trol. For example, eruption of basalt in the Teanaway For-
mation was localized in the southeastern bend of the Straight 
Creek fault. However, no structural control has been iden-
tified for other thick volcanic units, such as the Tukwila 
Formation interbedded in the Puget Group between North 
Bend and Seattle.

The Puget Group is widely exposed in the eastern Puget 
Sound basin and in the western Cascade foothills, where it is 
at least 2.7 km thick (Buckovic, 1979). East of Seattle the 
Puget Group is underlain by the Raging River Formation and 
is subdivided into three formations (Vine, 1962, 1969). From 
the base upward the four units are: (1) Raging River 
Formation, fossiliferous and tuffaceous marine sedimentary 
rocks of middle Eocene age; (2) Tiger Mountain Formation, 
nonmarine arkosic sedimentary rocks; (3) Tukwila Formation, 
largely coarse andesitic pyroclastic and volcaniclastic rocks 
with arkosic interbeds; (4) Renton Formation, non-marine 
arkose.

Abrupt facies changes characterize the Puget Group. The 
volcanic rocks of Mount Persis (Tabor et al. , 1982a), prob-
ably correlative with the Tukwila Formation, make up the 
entire Eocene section in the western Cascade foothills of 
southern Snohomish County but are absent in the thick Puget 
section of southern King County.

Interbedded volcanic and arkosic sandstones of the Naches 
Formation occur along 1-90 between Snoqualmie Pass and 
Easton west of the Straight Creek fault. The Naches is as thick 
as 3 km and is mostly coeval with, and lithologically similar 
to, the Puget Group. Silicic lava flows and ash-flow tuffs are 
abundant in the Naches; one prominent silicic welded tuff, the 
Mount Catherine Rhyolite Member (Foster, 1960; Hammond, 
1977; Tabor et al. , 1984), has been mapped separately.

The Puget Group over most of its extent is deformed into 
tight plunging folds. The Oligocene marine Blakeley for-
mation (informal), which conformably overlies the Puget 
Group, is likewise folded, but farther north the volcanic rocks 
of Mount Persis, coeval with the Blakeley, are not.
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The Naches Formation is modestly to strongly deformed, 
particularly near the Straight Creek fault, where tight over-
turned folds occur. The Naches was folded in at least two 
episodes. The first predates the Oligocene Ohanapecosh For-
mation, which overlies the Naches with marked angular 
unconformity near the Straight Creek fault. This uncon-
formity is absent above the Puget farther west. The second, 
weaker episode of folding warped both the Ohanapecosh and 
Naches.

The Eocene stratigraphic sequence near the bend of the 
Straight Creek fault (Fig. 5) was described and named by 
Smith (1904) and Smith and Calkins (1906) and further 
studied by Foster (1960), Stout (1964), and Tabor et al. (
1982b, 1984). Field-trip guides (Hammond, 1977; Gresens et 
al. , 1977) provide additional data on the Eocene units. The 
Eocene section in this area is quite different from that west of 
the Straight Creek fault. The oldest unit, the Swauk Formation, 
is a thick nonmarine arkosic unit that unconformably overlies 
the Ingalls Tectonic Complex. Silicic volcanic rocks (Silver 
Pass Volcanic Member) interbedded in the Swauk Formation 
are dated at about 50 Ma. Consequently, the Swauk is older 
than the Eocene rocks west of the Straight Creek. The Swauk 
was moderately folded about 48 Ma. Basalt flows of the 
Teanaway Formation (about 47 Ma) and the overlying 
sandstone of the Roslyn Formation were deposited 
unconformably on the eroded Swauk. The Swauk—Teanaway 
unconformity is the earliest clear evidence of movement on 
the Straight Creek fault. A swarm of north-northeast-trending 
feeder dikes for the Teanaway reflects continued dextral shear 
on the Straight Creek fault

FIGURE 5—Generalized geologic map of central Cascades in Washington, 
simplified from Tabor et al. (1984). SP, Snoqualmie Pass; LO, Lookout 
Mountain; SCF, Straight Creek fault. Geologic units, in order of increasing age; 
Q, Quaternary deposits; Tgr, Grande Ronde Basalt; Ti, Snoqualmie batholith; 
Tv, Miocene and Oligocene volcanic rocks; Tn, Naches Formation, undivided; 
Tmc, Mount Cathrine Rhyolite Member of Naches Formation; Tg, Guye 
Sedimentary Member of Naches Formation; Tr, Roslyn Formation; Tf, basalt 
of Frost Mountain; Tte, Teanaway Formation; Tt, Taneum Formation; Tm, 
Manastash Formation; Ts, Swauk Formation; P, pre-Tertiary rocks, undivided. 
Stops 1-3 labeled.

during Teanaway time. The Teanaway and Roslyn were then 
deformed into a broad synclinal fold, probably in response to 
late movement on the Straight Creek fault.

Cascade arc
The Cascade magmatic arc in Washington is defined by a 

narrow north—south belt of Oligocene and Miocene shallow 
plutons and coeval volcanic rocks. This belt coincides closely 
with the zone of large Quaternary stratovolcanoes that 
dominate the present landscape. In Washington, the Cascade 
arc is superposed on the older, unrelated Eocene rocks of the 
much broader and more diffuse Challis magmatic field (
Vance, 1982). Inception of the Cascade arc occurred about 36 
Ma and is marked by the outbreak of volcanism (
Ohanapecosh Formation) and emplacement of the earliest 
Cascade plutons in the Index and Chilliwack batholiths (
Vance et al. , 1986).

Rocks of the Cascade arc are widely exposed south of I90. 
The two major units are the Ohanapecosh Formation and the 
uppermost Oligocene and lower Miocene Fifes Peak 
Formation (Fiske et al. , 1963; Vance et al. , 1987). The 
Ohanapecosh includes thick sequences of well-bedded vol-
caniclastic rocks of intermediate composition and debatable 
depositional environment (Fiske, 1963; Vance et al. , 1987), 
as well as andesitic and local silicic lava flows and silicic ash-
flow tuffs. Hammond (1977) described thick, near-vent 
rhyodacitic ash-flow tuff along the shore of Lake Keechelus 
that correlates with the Ohanaceposh on the basis of field 
relations and radiometric ages (Tabor et al., 1984). The 
volcaniclastic rocks of Wildcat Creek (Swanson, 1978) in the 
Tieton River area on the east flank of the Cascades are a 
distal facies of the Ohanapecosh (Vance et al. , 1987). 
Oligocene forearc-basin deposits west of the Cascades (
Blakeley formation of the Puget Sound basin and Lincoln 
Creek Formation of southwest Washington) consist largely of 
volcaniclastic debris reworked from the Ohanapecosh.

The Ohanapecosh Formation is overlain, commonly un-
conformably, by the Fifes Peak Formation, which consists 
mostly of andesitic to basaltic lava flows, pyroclastic rocks, 
and lahars, as well as several thick silicic ash-flow tuffs. 
Vents for the Fifes Peak are known in the Fifes Peaks them-
selves (Carkin, 1985) and in the Tieton River area (Swanson, 
1978). Fiske et al. (1963) defined the Stevens Ridge 
Formation to include silicic ash-flow tuffs between the 
Ohanapecosh and Fifes Peak Formations in Mount Rainier 
National Park. Recent work shows that such tuffs are com-
mon throughout the section and are not useful for regional 
stratigraphic subdivision. Therefore, Vance et al. (1987) 
referred the Stevens Ridge to member status within the Fifes 
Peak Formation.

Volcanic rocks in the range 18-5 Ma are sparsely rep-
resented in the Cascade arc in Washington. However, scat-
tered plutons in this interval are present, and recent 
sedimentological studies and radiometric dating (Smith et al. , 
1988) confirm that the dacitic volcaniclastic detritus in the 
Ellensburg Formation, which overlies and interleaves with 
the Columbia River Basalt Group, is the distal volcanic debris 
from eruptions of this time.

The Snoqualmie batholith, a typical shallow plutonic 
complex of the Cascade arc, is exposed in many places along 
1-90 for about 15 km west of Snoqualmie Pass. This 
composite intrusive body ranges from gabbro to granite, but 
is dominantly hornblende—biotite tonalite and granodiorite (
Erikson, 1969; Tabor et al., 1982a; Frizzell et al. , 1984).
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Radiometric dating indicates that the batholith consists of two 
major phases, each with a wide compositional range. A 
northeastern phase is about 25 Ma and correlates with the 
Grotto batholith and related smaller plutons farther north. This 
phase intruded and postdates movement on the Straight Creek 
fault. The southern part of the batholith, including the 
exposures along 1-90, is in the range 20-17 Ma.

Summary of the geology of the Mount St. Helens area
Mount St. Helens rests on the deeply dissected remains of 

the mid-Tertiary Cascade magmatic arc, represented by a 
diverse assemblage of variably altered subaerial volcanic and 
plutonic rocks (Fig. 6). Near the volcano, 5-7 km of Tertiary 
rocks are exposed in the east-dipping limb of a broad, south-
trending and plunging anticline. Exceptional exposures occur 
near Spirit Lake, where vegetation and surficial deposits were 
removed by the May 1980 eruption and subsequent erosion.

Many age determinations show that volcanic and plutonic 
activity that constructed the Tertiary arc in southern Wash-
ington occurred largely between 36 and approximately 17 Ma 
(Frizzell et al. , 1984; Phillips et al. , 1986; Evarts et al. , 
1987; Vance et al. , 1987). Volcanism was more or less 
continuous during this period. Although unconformities are 
common in the section in southern Washington (Fiske et al. , 
1963; Evarts et al. , 1987; Vance et al. , 1987), none has 
regional extent. K—Ar and 40Ar-39Ar ages from just north of 
Mount St. Helens indicate a deposition rate of about 360 
m/m.y. , similar to those compiled by Smith (in press, a) for 
other well-mapped and dated mid-Tertiary sequences in the 
Washington Cascades. Radiometric ages suggest that the rate 
of volcanism in southern Washington declined between 20 
and 17 Ma, and that a subsequent further downturn coincided 
with eruption of the Grande Ronde Basalt on the Columbia 
Plateau. Beds of Cascade-derived tephra between

flows of Grande Ronde Basalt indicate that explosive vol-
canism did not stop entirely, but reliable age determinations 
from the Cascades in the 17-5-Ma range are rare (Smith et al., 
1988; Smith, in press, a).

The rate of volcanism in southern Washington increased in 
the early Pliocene, after regional folding, uplift, and extensive 
erosion. The volcanism continues but is localized and sporadic 
relative to that of the mid-Tertiary. Products of this period 
include basalt fields such as Indian Heaven as well as the 
prominent composite cones of Mounts Rainier, Adams, and St. 
Helens.

Mid-Tertiary volcanic rocks
The Tertiary section near Mount St. Helens contains rocks 

typical of near-vent depositional environments, characterized 
by abundant lava flows and domes, coarsely pumiceous 
pyroclastic rocks, coarse lithic tuff breccia and lapilli tuff, 
fine- to medium-grained intrusive rocks, and widespread, 
locally intense, hydrothermal alteration. Most of the units are 
discontinuous and lenticular. Well-bedded, finer-grained 
volcaniclastic rocks of more distal character, such as those in 
the Ohanapecosh Formation near Mount Rainier (Fiske et al., 
1963), are common only near Cougar south of Mount St. 
Helens (Fig. 6).

The eruptive products range from olivine-phyric basalt to 
pyroxene rhyodacite. The distribution of these chemically 
diverse rocks is complex but not random. The upper Eocene 
and lower Oligocene section west of Mount St. Helens is 
almost entirely basalt and basaltic andesite, whereas lower 
Miocene rocks farther east are mostly pyroxene andesite and 
dacite. The relative volume of pyroclastic rocks increases up-
section. Vent areas of several kinds have been recognized, 
including a swarm of mafic dikes west of Spirit Lake, a silicic 
dome field on the east flank of Strawberry Mountain north of 
Bear Meadow, and an inferred caldera along Quartz Creek.

Most rocks are phyric, but sparsely phyric to aphyric 
andesite and dacite are common. Phenocrysts in basalt are 
plagioclase, olivine, and in some samples augite; andesite and 
dacite typically contain plagioclase, augite, and hypersthene. 
Rhyodacite and silicic tuff rarely contain quartz phenocrysts. 
Notably absent from the Tertiary volcanic rocks are 
hornblende and biotite, although hornblende occurs rarely in a 
few subvolcanic intrusions.

Chemical analyses of the least altered samples have sub-
alkaline tholeiitic to calc-alkaline compositions typical of 
volcanic arcs (Ewart, 1982). The ratio of calc-alkaline to 
tholeiitic rocks increased with time. The most notable chem-
ical feature is relatively low K20 (Fig. 7); in this respect the 
rocks resemble those of evolved ensimatic arcs such as the 
Aleutians more than those of the Quaternary Cascades (Evarts 
et al. , 1987).

Plutonic rocks
Intrusive rocks are widespread near Mount St. Helens and 

elsewhere in southern Washington (Hammond, 1980). They 
range from shallow subvolcanic dikes and plugs to medium-to 
coarse-grained epizonal granitic bodies typified by the Spirit 
Lake pluton (Evarts et al. , 1987). Compositions of the 
intrusive and volcanic rocks span the same range, from olivine 
gabbro to granite, and many probably fill synvolcanic 
conduits. Most of the smaller bodies have not been dated. A 
composite sill complex along Windy Ridge east of Spirit Lake 
has a K—Ar age (plagioclase) of about 24 MaFIGURE 6—Simplified geologic map of the area near Mount St. Helens.
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FIGURE 7—K2O - SiO2 variation for Tertiary volcanic rocks near Mount St. 
Helens. Heavy line encircles field of Quaternary volcanic rocks in southern 
Washington Cascades (Hammond and Korosec, 1983). Generalized trends for 
Quaternary rocks at Mounts St. Helens, Rainier, and Adams from Greeley and 
Hyde (1972), Condie and Swensen (1973), Hoblitt et al. (1980), and Hildreth 
and Fierstein (1985). Modified from Evarts et al. (1987).

(roughly 2 Ma younger than its host rocks), and several KAr 
and fission-track ages on the Spirit Lake pluton are about 21 
Ma. Most of the intrusive bodies are probably only slightly 
younger than their volcanic country rock, late Oligocene to 
early Miocene. Intrusions elsewhere in the Cascades gen-
erally have similar ages (Tabor and Crowder, 1969; Engels et 
al., 1976; Mattinson, 1977; Power et al. , 1981; Tabor et al. , 
1982a; Frizzell et al., 1984; Vance et al., 1987).

The Spirit Lake pluton consists of three major phases, each 
containing many smaller units. The earliest phase corn-prises 
phyric quartz diorite and granodiorite that occur as relatively 
fine-grained dikes with hornfels screens in the northwest part 
of the pluton and as isolated bodies in the main phase. Most 
of these rocks display intense deuteric alteration and are 
intruded by rocks resembling those of the main phase. The 
pluton consists mostly of the main and granite phases, which 
are coarser and more massive than the quartz diorite. The 
pluton has a configuration of a flat-roofed cylinder tilted 
eastward with its country rock. Its contact sharply truncates 
wall rock and is generally simple, but complex to gradational 
contacts are common internally. Stratigraphic evidence 
suggests an emplacement less than 3 km deep.

Chemical and petrographic attributes of the Spirit Lake 
pluton are those of I-type granitic rocks found in most arc 
environments (Brown et al. , 1982). Plagioclase, augite, and 
hypersthene generally form euhedral to subhedral crystals in 
a matrix of coarse anhedral to micrographic quartz and K-
feldspar. Minor late hornblende and biotite occur sparingly, 
mainly in the deeper western half of the pluton. SiO2 contents 
vary from 56 to 75%.

Metamorphism and hydrothermal alteration
The Tertiary rocks were affected by very low-grade, zeo-

lite-facies burial metamorphism. Some massive flows and 
densely welded ash-flow tuffs still contain glass (albeit hy-
drated), but generally the glass was replaced by iron-rich 
smectitic clay minerals that provide the green colors char-
acteristic of the Tertiary units. More intense recrystallization 

took place around plutonic bodies. The Spirit Lake pluton 
produced a well-developed contact-metamorphic aureole 
consisting of an inner zone of fine-grained black amphibole 
hornfels and an outer zone of green albite—epidote hornfels. 
Broad zones of epidote-bearing hornfels commonly surround 
even small phaneritic intrusive bodies, which may therefore be 
cupolas extending from a much larger pluton at shallow depth.

Intense metasomatic alteration of several types has been 
recognized in the area (Evarts et al., 1987). Widespread but 
localized low-temperature alteration to carbonate and clay is 
particularly common near abundant dikes and along minor 
faults, such as on Johnston Ridge. Higher-temperature argillic 
to advanced argillic assemblages occur in three areas near the 
north end of the Spirit Lake pluton. A few kilometers farther 
south is the Earl porphyry copper—molybdenum deposit, the 
largest of many such occurrences in the Washington Cascades. 
The Earl is within the Spirit Lake pluton, yet multiple age 
determinations indicate that it is about 4 m.y. younger than, 
and thus not genetically related to, the pluton.

Quaternary volcanism exclusive of Mount St. Helens
Quaternary rocks near Mount St. Helens are restricted to 

isolated monogenetic vents south and southwest of the vol-
cano. Basalt and basaltic andesite are dominant, but a few 
silicic domes and plugs follow an east-northeast trend south-
west of Mount St. Helens (Evarts et al., 1987).

In contrast to the Tertiary rocks, many of the younger 
intermediate to silicic rocks contain phenocrysts of horn-
blende and biotite. They are typically more phyric (especially 
the dacite) and richer in K2O at equivalent silica contents than 
the Tertiary rocks (Evarts et al. , 1987).

Structural elements
Broad, open folds with north- to northwest-trending axes 

dominate the structure of the southern Washington Cascades (
Hammond, 1980; Walsh et al. , 1987). The age of folding is 
poorly constrained, but much probably occurred in the middle 
to late Miocene, for all mid-Tertiary rocks are affected 
whereas Pliocene rocks apparently are not. A few low-angle 
unconformities within the mid-Tertiary section suggest that 
minor folding took place as the rocks were accumulating (
Evarts et al., 1987; Vance et al., 1987), although such 
unconformities are easily confused with those caused by 
primary dips at volcanoes.

Few faults of regional significance have been documented 
in the southern Washington Cascades (Walsh et al., 1987). 
Rapid facies changes within the volcanic pile make faults hard 
to find. However, even mapped faults in the well-exposed area 
north of Mount St. Helens are clearly minor features that may 
reflect local stress near volcanoes rather than regional tectonic 
stress. Many of these faults are associated with hydrothermal 
alteration or are occupied or cut by Tertiary dikes. The only 
demonstrably young faulting was related to emplacement of 
the Goat Mountain dacite plug west of Mount St. Helens. No 
surface offset along the north-northwest-trending St. Helens 
seismic zone (Weaver and Smith, 1983) is apparent; this zone 
connects several clusters of shallow earthquakes, including 
those beneath Mount St. Helens, whose preferred focal 
mechanisms suggest dextral displacement parallel to the trace 
of the zone.

Minor but pervasive north- and northwest-trending dextral-
shear zones, as well as northeast-trending sinistral-shear
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zones, occur in the area east of Mount St. Helens. Sub-
horizontal slickensides on stepped fault surfaces allow the 
sense of displacement to be determined, but offsets are less 
than a few centimeters. These shear zones are part of a 
regional system of similar structures, chiefly dextral, rec-
ognized on the western Columbia Plateau in Washington and 
northern Oregon; in places they are simply shear zones with 
little displacement and in other places faults with offsets of 
hundreds of meters or more (Bentley and Anderson, 1980; 
Anderson et al., 1987).

Evarts et al. (1987) and Weaver et al. (1987) discuss linear 
trends of geologic features that may reflect deep crustal 
structures in the Mount St. Helens area (see also Stop 34). 
Mount St. Helens, Mount Rainier, and Glacier Peak define a 
north-northeast-trending segment of the modern arc. This 
trend coincides with that of the major epizonal Miocene 
intrusions of the region, such as the Silver Star (east of 
Vancouver (Felts, 1939)), Snoqualmie, Tatoosh, and Spirit 
Lake bodies, which define the core of the Tertiary arc. Thus 
the position of the volcanic front in southern Washington has 
been more or less fixed for 25 Ma. The position of Mount St. 
Helens may be determined by the intersection of this broad 
trend with younger crustal flaws manifested in a line of 
Quaternary silicic vents and the St. Helens seismic zone.

Geophysics
Williams et al. (1987) inferred a large, shallow "intrusive 

complex" under Mount St. Helens on the basis of gravity 
data. The inferred complex is interpreted to be 5-6 km thick 
and to intrude the putative compressed forearc marine basin 
in the southern Washington Cascades conductor (Stanley et 
al., 1987). Conceivably, this complex could be the source of 
gabbroic inclusions (Heliker, 1984) in the dacite of Mount St. 
Helens, although its size (10 by 20 km to as large as 18 by 22 
km) is much larger than the inferred current magma reservoir.

Finn and Williams (1987) found a residual magnetic high 
over Mount St. Helens after correcting pre- and post-1980 
aeromagnetic data for terrane effects. The high is about 200
m deep and is within the edifice of the volcano. They suggest 
that the high, which is not reflected by the gravity data, 
results from terrain that predates Mount St. Helens, such as a 
buried andesitic or basaltic cone or a valley filled with lava 
flows. These two possibilities cannot be distinguished, 
although the presence of an eroded and buried cone, perhaps 
fed by the inferred intrusive complex, is appealing. Such a 
cone would probably be older than 50 ka, the approximate 
age of the oldest dacite from Mount St. Helens.

Mount St. Helens
Mount St. Helens is young. Its oldest known deposits were 

erupted about 50-40 ka, and the cone that partly collapsed in 
1980 is only 2200 years old. Since its birth it has produced 
more than 60 tephra layers (Mullineaux, 1986), several tens 
of volcanically induced debris flows (at least six of which 
entered the Columbia River 100 km downstream (Scott, 
1988)), and the equivalent of 60 km3 of dacitic lava (Smith, 
1987). It has been the most active volcano in the Cascades 
during the Holocene, and for that reason its eruption in 1980 
came as no surprise. The volcano has been studied 
intensively, and its eruptive history is known with greater 
clarity than that of any other Cascade volcano.

Eruptive history
Crandell (1987) divides the eruptive history of the volcano 

into "four extended stages of intermittent activity, each last-
ing two thousand years or longer. The volcano is now in such 
a stage that began about 4000 radiocarbon years ago" (Table 
1). The stages are separated by dormant intervals of thousands 
of years. Each stage contains eruptive periods with durations 
of decades to centuries; those periods for the current stage are 
named, but those for past stages are not. Many 14C and 
dendrochronologic ages (Crandell et al. , 1981; Mullineaux, 
1986; Yamaguchi, 1983, 1985) provide a well-constrained 
context within which to interpret the volcanic history.

Mullineaux (1986) recognized at least one tephra set, 
containing several layers of tephra, in each eruptive stage and 
period except the Sugar Bowl and Goat Rocks periods, each of 
which has a single layer. The tephra sets and even single 
tephra layers form distinctive markers, recognizable by the 
assemblage and relative proportions of ferromagnesian 
phenocrysts (hypersthene, hornblende, biotite, cum-
mingtonite, olivine, and augite). The tephra sets and some of 
the layers can be correctly identified in the field with a mortar, 
pestal, and binocular microscope using methods developed by 
D. R. Mullineaux.

The tephras are the most useful means of placing deposits 
of Mount St. Helens in proper stratigraphic context. They are 
also used to date events far from the volcano. For example, 
set S, about 13 ka, is interbedded with deposits of the 
Missoula floods on the Columbia Plateau and provides one of 
the best dates for the floods (Mullineaux et al., 1978; Waitt, 
1985). Tephra layer Cs, about 37 ka, spread far southward into 
the Lake Lahontan basin of Nevada, where it is probably 
equivalent to the Marble Bluff Bed (Davis,

TABLE 1—Eruptive history of Mount St. Helens. Simplified from Crandell (
1987). 1Stages are capitalized; periods are in Spirit Lake eruptive stage. 2

Approximate 14C age in years before 1950. 3t., tephra; p.f., pyroclastic flow; 
lahars formed in each stage. 4Years before 1980, from tree-ring ages and 
historical records. 5Years before 1980, from tree-ring and 14C ages. 6One tephra 
layer only. 7Probably includes dormant intervals of at least a few centuries.

Eruptive stage or 
period1 Age2

Tephra 
set Nature of volcanism3

Present 1980– 1980 Phreatic explosions, 
cryptodome, landslide, 
blast; dacite t. , p.f., and 
dome

Goat Rocks 180-1234 T6 Dacite t. and dome; 
andesite flow

Kalama 500-3505 X
W

Dacite t. , p.f., and dome; 
andesite t.

Sugar Bowl 1150 D6 Dacite dome, blast, t., 
and p.f.

Castle Creek 2200-1700 B Andesite, dacite, and basalt, 
t.; andesite and basalt flows; 
andesite and dacite p.f.

Pine Creek 3000-2500 P Dacite t., dome, p.f.
Smith Creek 4000-33007 Y Dacite t., dome, p.f.
SWIFT CREEK 13-10 ka7 J

S
Dacite t., dome, p.f.

COUGAR 21-18? ka7 K
M

Dacite t., dome, p.f. and 
lava flows

APE CANYON <50-36? ka C Dacite t. and p.f.
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1978; Mullineaux, 1986). Layer Yn, about 4 ka, occurs near 
Entwhistle, Alberta, 900 km north-northeast of Mount St. 
Helens (Westgate et al., 1970; Mullineaux, 1986). Layer Ye 
occurs in northeast Oregon, 300 km from the volcano (
Borchardt et al., 1973). Layers Wn (1480 A.D.) and We (
1482 A.D.) (Yamaguchi, 1983, 1985) have been identified 
400 km northeast and east of the volcano, respectively (Smith 
et al., 1977). Layer T (1800 A.D.) occurs in northwestern 
Montana, 375 km away (Okazaki et al., 1972).

Pyroclastic flows and lahars formed in each eruptive stage 
and period (Mullineaux and Crandell, 1981; Crandell, 1987). 
Many pyroclastic flows carry lithic fragments probably de-
rived from coeval domes. Lava flows are known with cer-
tainty from only the Cougar stage and the Castle Creek and 
Kalama periods, although the "floating island" lava flow (
Lawrence, 1941; Hoblitt et al., 1980) probably erupted in the 
19th century (Crandell, 1987).

All chemical analyses reported by Smith and Leeman (
1987; see also Smith, 1984) and Crandell (1987) from pre-
Castle Creek tephras are silicic andesite or dacite (Fig. 8), 
mostly with water-free SiO2 contents of 61-68%, but rarely as 
low as 57%.

The lack of mafic tephra suggests that no basaltic andesite 
or basalt was erupted before Castle Creek time. Proximal 
exposures are needed to test this suggestion, however, be-
cause mafic lava flows can be erupted with little tephra. 
Large dacite or silicic andesite domes of Pine Creek age, but 
no mafic flows, occur in the lower half of the present crater 
wall, so it is unlikely that mafic flows were produced during 
Pine Creek time. Three dacite or silicic andesite domes of 
possible Smith Creek age or older are exposed in the northern 
part of the crater; their age assignment is based on the 
presence of cummingtonite, which is absent in younger 
deposits. However, domes and tephras of a given period need 
not have the same phenocryst assemblage. Aside from these 
questionably older domes, no pre-Pine Creek deposits occur 
in the crater. Near-vent mafic flows, perhaps in a small cone (
Finn and Williams, 1987), conceivably could be hidden by 
the Pine Creek domes. No direct evidence exists for such 
flows, but gabbro inclusions resembling those

FIGURE 8—Total alkali–silica diagram for Mount St. Helens. Analyses 
from Smith (1984), Smith and Leeman (1987), and Crandell (1987), cal-
culated water-free to 100%. Symbols indicate age (see text). See Fig. 15 
for field names.

in the present dome (Heliker, 1983, 1984) occur in Cougar and 
Pine Creek deposits (J. S. Pallister, written comm. 1988) and 
suggest that mafic magma was in the reservoir system during 
much of Mount St. Helens' history, possibly even before 50 ka 
(Williams et al., 1987). Nonetheless, the volcano has surely 
been dominated by silicic domes throughout most of its 
history.

A major compositional change occurred at the onset of 
Castle Creek time about 2200 years B.P. The period began, 
was dominated by, and ended with basalt, basaltic andesite, 
and lesser andesite, although dacite tephras, pyroclastic flows, 
and possibly a dome also formed (Fig. 8) (Mullineaux and 
Crandell, 1981; Smith and Leeman, 1987; Crandell, 1987). 
Numerous mafic lava flows, mostly borderline trachybasalt 
and trachybasaltic andesite (Le Bas et al., 1986) (Fig. 8) 
although more often called olivine basalt and two-pyroxene 
basaltic andesite, were erupted from all sides of the volcano, 
especially the southwest and north. The Cave Basalt (the one 
basalt plotted in Fig. 8) issued from an unknown vent probably 
near the southwest base of the cone about 1700 14C years B P. 
; it contains 3.4 km long Ape Cave, the longest known 
uncollapsed segment of a lava tube, as part of its 8.3 km long 
tube system (Greeley and Hyde, 1972).

Sugar Bowl dome on the north flank of the cone east of the 
Breach formed about 1200 14C years B.P. Two lateral blasts, 
the largest of which threw lithic debris 10 km north- east of 
the vent, probably accompanied dome growth (Crandell and 
Hoblitt, 1986). East dome, at the east base of the volcano, 
chemically resembles Sugar Bowl; it is undated, but 
bracketing ages allow it to be of Sugar Bowl age. The 
rhyodacitic compositions of both domes (Fig. 8) are the most 
silicic (69-70%) yet found at Mount St. Helens (Smith and 
Leeman, 1987).

The Kalama eruptive period began in winter or early spring 
of 1479-1480, as deduced from dendrochronologic
dating of the dacitic Wn tephra (Yamaguchi, 1983, 1985), the 
most voluminous tephra from Mount St. Helens since the Y 
tephras about 4000 years B.P. Another widespread tephra fall, 
We, occurred in winter or early spring of 1481-1482. Episodic 
activity thereafter produced voluminous silicic andesite lava 
flows. The symmetric pre-1980 cone, known as North 
America's Fuji, was built by these and the older Castle Creek 
flows. A dacite dome formed at the summit during Kalama 
time, and lahars and pyroclastic flows were frequently 
produced.

The Goat Rocks eruptive period began in 1800 A.D. with 
the dacitic tephra layer T and ended in 1857 (Crandell, 1987). 
The "floating island" silicic andesite flow was erupted before 
1838, and an explosion sent lithic ash 100 km downwind in 
1842. The Goat Rocks dome was extruded on the northwest 
flank of the volcano 600-700 m below the summit within 
several years after the 1842 explosion, possibly during or 
before 1847, when Paul Kane, a Canadian artist, painted a 
famous canvas of its growth. A large fan of debris spread 
downslope from the Goat Rocks dome; prismatic jointing is 
common in blocks of the fan, and paleomagnetic 
measurements indicate that some of the blocks were de- 
posited above the Curie point and others below (R. P. Hoblitt 
in Crandell, 1987). Contemporary accounts indicate activity 
several times during the 1840's and 1850's, but are non- 
specific and even contradictory. The last significant activity 
before 1980 was "dense smoke and fire" in 1857, although 
minor, unconfirmed eruptions were reported in 1898, 1903, 
and 1921 (Majors, 1980).
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Volcanic activity, 1980-1988

This activity has been thoroughly documented and is fa-
miliar to most volcanologists. See especially the papers in 
Lipman and Mullineaux (1981), a series of nine papers in 
Science (v. 221, no. 4618, 1983), and Swanson et al. (1987) 
for general summaries. Only a brief synopsis is given here; 
other specifics are mentioned in the road log.

Seismicity began several days before March 20, 1980, 
when an earthquake (M = 4.2) centered under the volcano 
commanded wide attention. The first of a series of small 
phreatic explosions occurred on March 27, accompanying the 
opening of a crater within a horseshoe-shaped graben 
concave northward at the summit of the cone. Strong seis-
micity continued, at times with bursts of volcanic tremor (
Endo et al. , 1981; Qamar et al., 1983); deep tremor was felt 
statewide in early April but died away without returning. By 
mid-April a bulge was obvious on the north flank of the 
volcano; geodetic measurements began shortly thereafter and 
documented horizontal growth of the bulge at a steady 
maximum rate of >1.5 m/day (Lipman et al. , 1981a). The 
bulge was surface evidence of a cryptodome intruding the 
volcano. Seismicity continued into May, with fewer but 
larger earthquakes, and phreatic activity was intermittent. No 
magmatic gas was detected, although new fumaroles 
appeared in the crater and at the head of the bulge.

At 0832 on May 18, a complex earthquake (M = 5.1) shook 
the volcano, probably causing (but possibly caused by) a 
huge, 2.7 km3 landslide that in three different blocks 
successively removed the bulge and upper 400 m of the 
volcano (Voight et al. , 1981, 1983), leaving a 600 m deep 
crater 2 km wide rim-to-rim. The landslide quickly devel-
oped into a debris avalanche that sped at 110-240 km/hr for 
24 km down the North Fork Toutle River; arms of the 
avalanche entered Spirit Lake, 8 km from the summit, and 
overtopped 300-380 m high Johnston Ridge north of the 
Toutle. The avalanche buried the Toutle Valley to a depth of 
nearly 50 m. Its hummocky deposit is distinctive; similar 
morphology at other volcanoes has been reinterpreted in light 
of its observed origin (Siebert et al., 1987).

The landslide removed confining pressure on the cryp-
todome and its surrounding hydrothermal system. Juvenile 
gas was rapidly released from the cryptodome and super-
heated ground water flashed to steam, causing a blast that 
exploded laterally from the collapsing north flank. The blast, 
called a "stone wind" by local journalists, knocked down 
most trees (the equivalent of about 150,000 houses) in a 600 
km2 area. Its maximum velocity may have been supersonic (
Kieffer, 1981b). The degree to which juvenile gas or flashed 
ground water drove the blast is debated (Eichelberger and 
Hayes, 1982; Kieffer, 1981a, b; see also Brugman, 1988), as 
is the question of whether the blast was, in volcanologic 
terms, a low-aspect-ratio ignimbrite (Walker and McBroome, 
1983) or a surge (Hoblitt and Miller, 1984; Waitt, 1984b).

Soon after the blast, a lahar rushed down the South Fork 
Toutle River and several streams draining the south and east 
flanks of the volcano. Whether water for these lahars came 
from snowmelt or from ground water ejected by the eruption 
is hotly argued. The largest lahar, down the North Fork 
Toutle, did not start until early afternoon; it was fed as the 
debris avalanche dewatered (Janda et al 1981). In addition to 
causing havoc along the rivers themselves, the lahars fed so 
much debris into the Columbia River that 31 ships were

stranded in upstream ports until the 4 m deep channel was 
dredged to its pre-eruption depth of 12 m—the first in a series 
of similar dredgings to maintain Portland as a seaport.

Juvenile dacite pumice and ash mixed with lithic debris 
began erupting soon after the blast (Criswell, 1987), perhaps 
from the shallow root of the cryptodome. The flux increased 
about noon, apparently with arrival of pumice from a 7-10 km 
deep reservoir (Rutherford et al., 1985; Carey and Sig-
urdsson, 1985; Scandone and Malone, 1985). Experimental 
work suggests that just before eruption this reservoir was at a 
pressure of 220 ± 30 MPO, Pwater, was 0.5-0.7 Ptotal, and the 
temperature was 930° ± 10°C (Rutherford et al., 1985). 
Pyroclastic flows fed by the eruption column covered the 
debris avalanche in the upper North Fork Toutle basin, 
forming the pumice plain. Hydroexplosions created phreatic 
pits on the pumice plain, possibly as the pyroclastic flows 
covered the dewatering debris avalanche (Moyer and Swan-
son, 1987).

Plinian to subplinian explosions took place on May 25, 
June 12, July 22, August 7, and October 16-18, 1980. Products 
of the explosions decreased in SiO2 content with time from 65 
to 63% or less, possibly because they tapped a magma body 
zoned chemically (Lipman et al., 198 lb), mineralogically (
Kuntz et al. , 1981), and in gas content (Melson, 1983; 
Scandone and Malone, 1985).

Small domes grew in June and August but were destroyed 
by the next explosion. The current dome began growing after 
the last major explosion on October 18. As of November 
1988, 17 episodes of dome growth have taken place, each 
lasting several days to one year (1983-1984), with the latest in 
October 1986. The dome stands 267 m above its vent and 350 
m above its north base, is 860 x 1060 m across, and contains 
74 x 106 m3. The dome is highly phyric—with 30-35% 
plagioclase, 5% hypersthene, 1-2% hornblende, 1-2% Fe–Ti 
oxides, and <0.5% clinopyroxene (Cashman, 1988)—about 
50% crystalline, and contains about 63% SiO2. Its episodes of 
growth were preceded by geodetic and seismic precursors that 
enabled their prediction (Swanson et al., 1983, 1985; 
Chadwick et al., 1988). The geometry and volumetric rate of 
growth of the dome followed consistent patterns with time (
Swanson and Holcomb, in press). Several hundred small 
explosions occurred from the dome between 1980 and 1986, 
and a few large rockfalls spawned minor lithic pyroclastic 
flows and surges, none of which had sufficient volume to 
leave the crater (Mellors et al., 1988). Several small lahars 
formed when snow melted during explosions and rockfalls (
Waitt et al., 1983; Waitt and MacLeod, 1987).

Petrologic interpretation

Smith and Leeman (1987) found that the St. Helens dacite 
has similar or even lower contents of many incompatible 
elements than do basalt and andesite from the volcano, but is 
relatively enriched in Ba, Rb, K, Cs, and Sr. The unusual 
depleted nature of the dacite, and low bulk distribution 
coefficients for numerous trace elements, preclude an origin 
by fractionation of the basalt or andesite. Smith and Leeman (
1987) favor an interpretation involving melting of meta-
basaltic crustal rocks enriched in Ba, Rb, Cs, and Sr owing to 
interbedded sedimentary rocks or metasomatic enrichment of 
the source region. They consider mantle-derived basaltic 
magma to be the heat source for crustal melting.
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White Pass—Goat Rocks Neogene volcanism

The White Pass—Goat Rocks area has been the site of 
volcanism since 4 Ma, producing at least 25 volcanoes and 
more than 175 km3 of material (Clayton, 1983). Geoffrey 
Clayton has been working on these rocks for many years, and 
the following is excerpted from his M.S. thesis (Clayton, 
1983) and a USGS open-file report on the Goat Rocks 
Wilderness (Swanson and Clayton, 1983).

Pliocene volcanism (4-2.8 Ma) resulted in domes, tuff, and 
shallow intrusions of hornblende dacite north of White Pass. 
South of the pass, high-silica rhyolite tuff, many layers of 
which are welded, forms a 650 m thick section on the east 
flank of the present Goat Rocks area. Flow-layered rhyolite 
and autobreccia probably belong to one or more domes and 
have a zircon fission-track age of 3.2 Ma. Smith (in press, b) 
mapped part of a caldera margin enclosing the rhyolitic 
deposits.

Silicic volcanism ended about 3 Ma, and undated olivine 
basalt was locally erupted onto the rhyolitic rocks. Soon 
thereafter, lava flows of high-K2O andesite, dominantly py-
roxene-phyric but including some flows with abundant horn-
blende, began to form the large composite Goat Rocks 
volcano. Eruptions probably took place between about 2.5 Ma 
and 0.6 Ma, as judged from zircon fission-track ages and 
magnetic polarity. Some large-volume lava flows entered 
paleovalleys and advanced many kilometers from their source. 
The most notable of these flows is 2 km3 Tieton Andesite, 
which moved about 80 km eastward down the valleys of the 
ancestral Tieton and Naches Rivers. Thick sections of lava 
flows with radial dips of 10-20° surround the hydrothermally 
altered core of the volcano; dikes cut the flows and define 
several sectors of a radial swarm. The Cispus Pass pluton 
occupies the southern part of the altered core and may be as 
young as 1 Ma (based on one fission-track age).

After a period of erosion, hornblende andesite erupted from 
vents near the core of Goat Rocks volcano. The highest point 
in the Goat Rocks area, Gilbert Peak (2476 m), is capped with 
hornblende andesite. Old Snowy Mountain along the Cascade 
crest erupted lava flows of hornblende andesite that poured 
westward into the glaciated valley of the Cispus River. The 
hornblende andesite is glaciated and at least as old as late 
Pleistocene. Whether it represents rejuvenation of the Goat 
Rocks volcano or independent volcanism is not clear.

More than 200 olivine basalt and basaltic andesite lava 
flows formed the 700 m high Hogback Mountain shield 
volcano just south of White Pass during the late Pliocene and 
early Pleistocene. The flows intertongue with those from Goat 
Rocks. A magnetic reversal in the upper part of the shield may 
mark the base of the Olduvai event (1.7-1.9 Ma; Mankinen 
and Dalrymple, 1979).

As volcanism at Goat Rocks and Hogback Mountain waned 
in the early Pleistocene, activity shifted to the Tumac Plateau 
north of White Pass. Most of the plateau is composed of 
hornblende andesite and olivine-bearing basaltic andesite. At 
least five volcanoes on the plateau are of late Pleistocene age. 
The youngest, Tumac Mountain, is a basaltic shield that last 
erupted 20-30 ka as estimated from tephra studies (Clayton, 
1983).

Many Pliocene and Quaternary lava flows of olivine basalt 
erupted in a zone extending 25 km south from the Goat Rocks 
to the base of Mount Adams (Hildreth and Fierstein, 1985). 
One vent, the subglacial Walupt Lake volcano, may 

date from the Evans Creek maximum ca 18-15 ka (Ham-
mond, 1980; Swanson and Clayton, 1983).

Indian Heaven volcanic field
The Indian Heaven volcanic field, midway between Mount 

St. Helens and Mount Adams, is a Quaternary center, chiefly 
of basalt. Paul Hammond has worked here for many years but 
has published few detailed results (Hammond et al. , 1976; 
Hammond and Korosec, 1983; Hammond, 1984, 1987). He 
graciously allowed some of his work to be summarized, 
mainly from an informal field guide he wrote in 1985.

About 60 eruptive centers lie on the 30 km long, N10°E-
trending, Indian Heaven fissure zone (Hammond, 1984; 
Hammond et al. , 1976). The 600 km2 field has a volume of 
about 100 km3 and forms the western part of a 2000 km2

Quaternary basalt field in the southern Washington Cascades, 
including the King Mountain fissure zone along which Mount 
Adams was built (Hammond et al. , 1976; Hildreth et al., 
1983).

All lava flows at Indian Heaven have normal magnetic 
polarity (Hammond et al. , 1976) and so are assumed to be 
younger than about 0.73 Ma, consistent with their mor-
phology and geomorphic relations. Two K—Ar ages (Ham-
mond and Korosec, 1983; Hammond, 1987) suggesting ages 
between 3 and 4 Ma are probably too old (Korosec, 1987a, b); 
they are based on trace contents of radiogenic argon, and no 
evidence exists for a long hiatus or marked erosion to explain 
the lack of reversely magnetized flows in the section. The 
youngest eruption produced Big Lava Bed about 8200 14C 
years B.P.

The field is dominated by small shield volcanoes sur-
mounted by cinder and spatter cones. Subglacial vents occur 
on the northwest flank of the field (Hammond, 1987). The 
overall shape of the field is that of a north—south elongate 
shield, with basal diameters of 30 km and 10-15 km, whose 
center rises about 1 km above its base. Hammond (1984) 
noted that most of the flows erupted from the center of the 
field. Hence Indian Heaven can be interpreted as a large, 
complex shield volcano, fed by a central reservoir, that 
supports numerous flank vents. Pahoehoe and a'a typify the 
basalt flows; some of the andesite is block lava. Tephra 
production was minimal, although the basaltic tephra ac-
companying extrusion of the Big Lava Bed flow has a vol-
ume of about 105 m3. Big Lava Bed is known for its tubes and 
for the remarkable microtopography on its surface, which 
mostly results from inflation of the flow when its feeder tubes 
clogged.

The field is dominantly basaltic (Fig. 9) (Smith, 1984; 
Hammond, 1984), but basaltic andesite and andesite also 
occur. Mann Butte, a rhyolite dome or plug east of the field, 
was once considered to be Pleistocene (Hammond et al. , 
1976) but is now interpreted as Tertiary (P. E. Hammond, oral 
comm. 1986). About half of the basaltic andesite and andesite 
was erupted on the flank of the field, possibly from 
fractionated stranded magma bodies, and the rest in the central 
part of the field (Hammond, 1984). Both low-K, olivine-
normative tholeiitic basalt and high-Al, hypersthene-
normative calc-alkaline basalt occur (Smith, 1984; Hammond, 
1984), as well as transitional types. In this regard the basalt at 
Indian Heaven is representative of basalt elsewhere in the 
southern Washington Quaternary field (Smith, 1984).

The field occupies a 100 mgal gravity low (Hammond et al. 
, 1976; Williams et al. , 1988) that may reflect light Ter-
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FIGURE 9—Total alkali—silica diagram for Indian Heaven. Unpublished 
analyses courtesy of P. E. Hammond; published analyses from Smith (1984). 
Field names as in Fig. 15; R, rhyolite; T, trachyte.

tiary rocks below the field, a hydrothermally altered or frac-
tured zone, or a shallow magma reservoir as yet undetected by 
other means.

The elongate field follows the direction of regional ex-
tension and faulting as well as overall volcanism in the 
Cascades. A few north-trending normal faults are mapped just 
northeast and southwest of the field (Walsh et al. , 1987), 
chiefly on the basis of relations within the Tertiary section. 
Little is known of their ages.

Mount Hood
Mount Hood, 3428 m high, is the fourth highest peak in the 

Cascades and the highest in Oregon. It was named after a 
British admiral and first described in 1792 by William 
Broughton, member of an expedition under command of 
Captain George Vancouver (Broughton, 1929). The first 
geologic reconnaissance primarily described the existing 
glaciers (Hague, 1871). A complete geologic study of Mount 
Hood is still wanting; no detailed geologic map exists, and few 
ages have been obtained on lava flows that form most of the 
cone.

Early history
The Mount Hood area has hosted volcanic activity since at 

least the middle Miocene. More than 400 m of locally derived 
intermediate and silicic volcaniclastic rocks (1411-Ma 
Rhododendron Formation) interfinger with and overlie the 
Wanapum Basalt (Wise, 1968, 1969; Priest et al. , 1982; Keith 
et al., 1982, 1985). The Rhododendron underlies flows of the 
10.5-Ma Last Chance andesite of Priest et al. (1982). These 
units are cut by the Laurel Hill and Still Creek quartz diorite 
plutons and related offshoots, with K—Ar ages of about 9.3-8.
5 Ma (Bikerman, 1970; Priest et al. , 1982; Keith et al. , 1985). 
In the Pliocene, local vents erupted thick flows of andesite and 
minor basalt that cap many of the ridges surrounding Mount 
Hood (Zigzag Mountain, Tom Dick and Harry Mountain) (
Wise, 1969).

The late Pliocene Sandy Glacier volcano (Fig. 10) pro-
duced basalt, basaltic andesite, and minor andesite near the 
site of Mount Hood (Wise, 1968, 1969). More than 900 m of 
this composite cone are exposed on the west flank of Mount 
Hood under Sandy and Reid Glaciers and contain

FIGURE 10—Map of Mount Hood area, showing localities mentioned in text and locations of stops.
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the most mafic rocks known on Mount Hood (Figs. 11, 12). 
The youngest exposed flows of the Sandy Glacier volcano 
have a K–Ar whole-rock age of about 1.3 Ma (Keith et al. , 
1985). Reversely magnetized andesite flows of approximately 
the same age (Keith et al. , 1985) occur in the inverted 
topography of Vista Ridge and apparently came from a vent 
now buried under the northern flanks of the mountain. Aero-
magnetic data indicate a reversely magnetized body, perhaps 
the source of the flows, beneath the northern flank (Flanagan 
and Williams, 1982; Williams and Keith, 1982).

Construction of the cone
The age of the main edifice of Mount Hood is poorly 

known. All lava flows tested have normal magnetic polarity, 
so the cone is probably less than 0.73 Ma. Whole-rock K-Ar 
ages for two andesite flows and one dike of the main cone 
range from 0.6 to 0.3 Ma (Keith et al., 1985); the dated flows 
are from stratigraphically low parts of the section in the upper 
Zigzag River canyon.

The volcano comprises approximately 70% andesite flows 
and 30% clastic material (mostly concentrated high on the 
cone) (Wise, 1969). Flows near the summit dip away from a 
source higher than, and north of, the present summit. Most of 
the flows are less than 3 m thick, but notable exceptions occur 
in Steele Cliff and Illumination Ridge, where lava apparently 
ponded to depths of over 100 m. Eruptions were relatively 
non-explosive, and significant tephra deposits were limited to 
the flanks and a small area east of the mountain, where they 
rarely have a total thickness in excess of 1 m.

Most of the cone-building flows are medium-K silicic 
andesites (Fig. 12); a few others are mafic dacite. The cone-
building flows include no basaltic andesite or basalt, in 
contrast to the older Sandy Glacier volcano. The cone-build-
ing flows are phyric, chiefly two-pyroxene andesite with lesser 
olivine andesite; hornblende is a disequilibrium phase in about 
half the flows. Neither Wise (1969) nor White (1980) 
recognized an overall chemical trend with time in major- or 
trace-element compositions.

After construction of most of the cone, flank eruptions 
produced relatively small flows from satellite vents on Vista 
Ridge and The Pinnacle. A flow from The Pinnacle has a

FIGURE 11—Total alkali–silica diagram for Mount Hood. Representative 
analyses from Wise (1969) and White (1980), recalculated water-free to 
100%. Field names as in Fig. 15.

FIGURE 12—Andesite classification for Mount Hood, from Gill (1981) 
except that basalt–andesite division is 52, not 53%. Data sources as in Fig. 11. 
HKBA, high-K basaltic andesite; BA, basaltic andesite; LKBA, low-K 
basaltic andesite; HKSA, high-K silicic andesite; SA, silicic andesite; LKSA, 
low-K silicic andesite.

K–Ar whole-rock age of 0.15 ± 0.02 Ma (Keith et al., 1985). 
Wise (1969) interpreted flows erupted near Cloud Cap Inn to 
be young, but one sample yielded whole-rock K–Ar ages of 
0.49 to 0.65 Ma, similar to, or even older than, the age of the 
main cone (Keith et al. , 1985). The satellite flows including 
Cloud Cap are chemically more mafic than the andesite 
forming the main cone (Wise, 1969; White, 1980), 
comprising medium-K mafic andesites or basaltic andesites (
Figs. 11, 12).

Between about 0.05 and 0.1 Ma (based on profiles of soil 
development), a sector collapse on the north or northeast side 
of the volcano formed a debris avalanche that traveled the 
length of Hood River, crossed the Columbia River, and 
moved 5 km up the White Salmon River—a distance of at 
least 40 km (Vallance, 1986). The avalanche deposits locally 
are more than 40 m thick; much of Hood River town is built 
on them. No source for the avalanche is evident, and no 
avalanche deposits crop out within 10 km of the volcano, 
because of a thick blanket of glacial outwash. This leaves as a 
mystery the exact point of origin of what is probably the 
largest single event to occur on Mount Hood.

The 5 km long Parkdale flow erupted in Upper Hood River 
Valley about 6 ka. It chemically resembles the basaltic 
andesite from The Pinnacles (Wise, 1969).

The latest addition to the cone was a composite hornblende 
dacite dome, Crater Rock, just south of the summit. Wise (
1969) considered the dome as coeval with the main stage of 
cone building, but Crandell (1980) and Cameron and Pringle 
(1986) interpreted it to have formed 200-300 years ago.

The summit of Mount Hood is about 1 km south of the apex 
of a gravity high of at least 8 mGals. Williams and Keith (
1982) interpreted the high to reflect a dense intrusive body 
that fed Mount Hood and its forerunners.

Glaciation
Twelve glaciers and named snowfields cover approxi-

mately 80% of the cone above the 2100 m level and contain 
about 0.35 km3 of ice (Driedger and Kennard, 1986). Most
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of the glaciers have remained roughly constant in size over 
the last few decades, after retreating from a neo-glacial 
maximum early in the 18th century (Lawrence, 1948).

Modem glacier termini are at about 2100 m, but in the last 
major alpine glaciation (Fraser, about 29-10 ka) glaciers 
reached the 700-800 m level. During this time, ice spread 15 
km from the summit area (Crandell, 1980).

Lacustrine siltstone from near-terminus periglacial lakes 
plaster valley walls just upstream from the mouth of Polallie 
Creek on the east side of the mountain. Highway 35 crosses 
White River near the maximum extent of Fraser ice, and the 
left-lateral moraine is prominent just upstream from the 
bridge. The full extent of the Fraser-age glaciers has not been 
accurately mapped.

Glacier retreat released large volumes of outwash, some of 
which filled the ancestral Hood River Valley near Parkdale, 
forming the flat surfaces of Upper Hood River Valley and 
Dee Flat. Outwash also formed a debris fan in the upper East 
Fork Hood River.

Evidence of older glaciation is seen in roadcuts on the 
southeast side of the volcano and in rolling morainal land-
scape near Brightwood west of the volcano. The deposits are 
not dated but may be coeval with the Hayden Creek Drift 
near Mount Rainier (Crandell, 1980), probably about 0.14 Ma 
(Colman and Pierce, 1981).

Postglacial eruptive history
Mount Hood has had at least four eruptive periods in and 

after late Fraser time, in order of decreasing age: (1) Polallie (
15-12 ka; Crandell, 1980), (2) Timberline (1400-1800 yrs B.
P.; Crandell, 1980; Cameron and Pringle, 1986), (3) Zigzag (
400-600 yrs B.P.; Cameron and Pringle, 1986), and (4) Old 
Maid (170-220 yrs B.P.; Cameron and Pringle, 1987). Work 
in progress will determine the details of these episodes in 
order to assess hazards of a future eruption.

The Polallie eruptive period occurred during the final stage 
of the Fraser Glaciation (Crandell, 1980). Lahars, thin 
tephras, and pyroclastic flows intertongue with late Fraser-
age outwash in Upper Hood River Valley. Elsewhere, Po-
lallie deposits mantle ridge crests and valley walls but not 
valley floors. Probably glacial ice still occupied valley floors 
at the time of the eruptions. No radiometric ages have been 
obtained for the Polallie.

The Timberline eruptive period broke the apparent 10 ka 
long post-Polallie quiescence. The vent shifted from its sum-
mit location during Polallie time to the high southwest flank. 
Erupted material except airfall tephra was consequently con-
fined to the Sandy, Salmon, and Zigzag River drainages, 
where it formed the broad, gently sloping debris fan that 
dominates the southwest flank of the volcano. Pyroclastic 
flows dated at 1440 ± 155 yrs B.P. (Cameron and Pringle, 
1986) moved at least 8 km down the Zigzag River, and lahars 
reached the mouth of the Sandy River more than 80 km from 
the volcano. Small debris fans formed in the canyons of the 
upper Salmon and Sandy Rivers. An upper age for the 
Timberline of 1830 ± 50 yrs B.P. was obtained from a 
pyroclastic-flow deposit near Zigzag (K. A. Cameron and P. 
T. Pringle, unpubl. data).

The Zigzag eruptive period was apparently minor, feeding 
several lahars and related floods into the Zigzag River and 
one pyroclastic flow into the Sandy River. The pyroclastic 
flow has an age of 455 ± 135 yrs B.P. , and trees buried by 
the first lahars are 550 ± 130 yrs old (Cameron and Pringle, 
1986).

The Old Maid eruptive period apparently began with em-
placement of the Crater Rock hornblende dacite dome high 
on the north flank of the cone. Reconnaissance work shows 
that the dome comprises three lobes of markedly differing 
internal structure (Cameron and Pringle, 1986) but does not 
clarify how each lobe relates to the others. Numerous lahars 
probably fed by avalanches from the dome and accompa-
nying snowmelt entered the Sandy, Zigzag, Salmon, and 
White Rivers; a pyroclastic flow traveled from the Crater 
Rock area at least 9 km along the White River. One lahar 
extends 65 km along the White River, and the sandy run-out 
deposit from another is identifiable 80 km from the mountain. 
At least 60 m of lahar and fluvial deposits partly fill the upper 
White River canyon near Timberline Lodge. A terrace 
composed of a lahar overlain by reworked eruptive debris is 
more than 13 m thick on the lower Sandy River, 60 km from 
the mountain. Dendrochronologic dating of some of these 
events (Cameron and Pringle, 1987) indicates that the Sandy 
River lahar occurred in the mid-1790's, the pyroclastic flow 
in the upper White River about 1800, and the lahar that 
traveled 80 km down the White River between 1800 and 
1810.

The post-glacial products are dominantly mafic dacite and 
silicic, medium-K andesite (Wise, 1969; White, 1980; Cran-
dell, 1980), generally more silicic than the cone-building 
flows. White (1980: 5) claims that, within the post-glacial 
sequence, "a general trend can be seen in which rocks from 
the younger units are slightly richer in SiO2 and poorer in 
MgO, CaO, and Fe2O3."

Historical activity
No major eruptive events have occurred at Mount Hood 

since systematic records began in the 1820's. Reports of 
steam and tephra emissions accompanied by red glows or "
flames" from the area of the post-glacial vent are known from 
1859, 1865 (twice), and 1903 A.D. No tephra deposits have 
been correlated with these events, though the summit area is 
capped by stratified tephra and scattered pumice blocks and 
breadcrust bombs.

Present thermal activity is in fumarole fields near Crater 
Rock, which stands at the apex of a semicircular zone of 
fumaroles and hydrothermally altered, heated ground. In 
summer 1987, maximum ground temperatures were near 
85°C and maximum fumarole temperatures were about 92°C 
(Cameron, 1988), slightly above the boiling point of water at 
3100 m. Many of the fumaroles are actively precipitating 
crystalline sulfur. Comparison of modem and historical pho-
tographs shows that the amount of perpetually snow-free 
ground surrounding the fumarole fields has been increasing 
since last century. Until the 1980 eruption of Mount St. 
Helens, the only volcanically related human fatality in the 
Cascades occurred in the thermal area at Mount Hood in 
1934, when a climber exploring ice caves in Coalman Gla-
cier suffocated in the oxygen-poor gas.

Jökulhlaups (glacial-outburst floods) have been recorded 
from the Zigzag, Ladd, Coe, and White River Glaciers. In 
1922, a dark debris flow issued from a crevasse high on 
Zigzag Glacier and moved 650 m over the ice before en-
tering another fissure; this event initiated a scare that Mount 
Hood was erupting (Conway, 1921). The Ladd Glacier jök-
ulhlaup in 1961 destroyed sections of the only road around 
the west side of the mountain and partly undermined a tower 
of a major powerline (Birch, 1961). The Coe Glacier out-
burst occurred around 1963, causing a section of trail to be
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abandoned and the "round-the-mountain" trail to be rerouted 
farther from the glacier. Jökulhlaups from White River 
Glacier were reported in 1926, 1931, 1946, 1949, 1959, and 
1968; the Highway 35 bridge over the White River was 
destroyed during each episode. The more frequent outbursts 
from White River Glacier may be due in part to an increase in 
size of the fumarole field at the head of the glacier at Crater 
Rock (Cameron, 1988).

A rainfall-induced debris flow on Polallie Creek on Christ-
mas 1980 killed one and destroyed an 8 km section of 
Highway 35. The flow started as a moderate slope failure of 
only 3800 m3, but rapidly bulked up and deposited over 76,
000 m3 of debris at the mouth of Polallie Creek (Gallino and 
Pierson, 1984). The debris dammed the East Fork Hood 
River, creating a temporary lake; the dam breached, and 
flooding destroyed the highway.

Felt earthquakes occur on Mount Hood every two years on 
average. Seismic monitoring, in effect since 1977 (Weaver et 
al., 1982), indicates a generalized concentration of earth-
quakes just south of the summit area and 2-7 km below sea 
level. A seismic swarm in July 1980, during which nearly 60 
earthquakes (mostly 5-6 km deep, with a maximum 
bodywave magnitude of 2.8) were recorded in a 5 day period 
(Rite and Iyer, 1981), prompted development of an emer-
gency response plan to coordinate local authorities in the 
event of future eruption.

Geodetic surveillance of the volcano was initiated in 1980, 
and 30 EDM lines and several tilt stations were resurveyed in 
1983 and 1984 (Chadwick et al., 1985; Cascades Volcano 
Observatory, unpubl. data). Observed changes are within the 
range of expected error.

Columbia River Basalt Group
The Columbia River Basalt Group is the youngest and most 

studied flood basalt. The province underlain by the basalt is 
loosely termed the Columbia Plateau. Such a designation for 
the entire province is a misnomer, however, because the basalt 
has been sharply folded and broadly warped, so that its top 
varies in elevation from slightly below sea level in the Pasco 
Basin to more than 2.5 km above sea level in the Wallowa 
Mountains of northeast Oregon. On this trip we will see only a 
small part of the western section of the plateau, as well as part 
of the route taken by some flows as they followed the 
ancestral Columbia River across the Cascades.

Stratigraphy and age
The group is formally divided into five formations (Fig. 13)

, which in turn are broken into formal and informal members (
Swanson et al., 1979a; Camp, 1981; Beeson et al., 1985; 
Reidel et al., in press; Bailey, in press). On this trip we will 
visit flows in the Grande Ronde and Wanapum Basalts only.

The group has a volume of about 174,000 km3 and covers 
about 164,000 km2 (Tolan et al., in press). These figures have 
been revised downward from previous estimates. It was 
erupted between 17.5 and 6 Ma, as measured by KAr and 40

Ar-39Ar ages (Long and Duncan, 1983; McKee et al., 1977, 
1981; Swanson et al., 1979a). Early eruptions (17.5-17 Ma) 
fed the Imnaha Basalt, which is confined to the southeast part 
of the province (Hooper et al., 1984). More than 85% of the 
group was formed during a 1.5 m.y. period between about 17 
and 15.5 Ma (Fig. 14), resulting

FIGURE 13—Stratigraphic subdivision of Columbia River Basalt Group. N, 
normal magnetic polarity; R, reversed polarity; T, transitional polarity. 
Subscripts denote magnetostratigraphic units.

in the Grande Ronde Basalt (Mangan et al., 1986; Reidel et al., 
in press) and the greatly subordinate and geographically 
limited Picture Gorge Basalt (Waters, 1961; Bailey, 1986). 
Later eruptions formed the Wanapum Basalt (about 15.5-14.5 
Ma) and the Saddle Mountains Basalt (about 146 Ma) (
Swanson et al., 1979a; Camp, 1981; Beeson et al., 1985). 
Relatively little erosion took place between flows, owing to 
the rapid rate of accumulation, except during Saddle 
Mountains time. However, a regionally extensive saprolite (
fossil soil) or a sedimentary interbed separates the Grande 
Ronde and Wanapum in most places; flows just below and 
above the contact typically are normally magnetized, so that 
the time represented by the break is probably less than a few 
hundred thousand years, most likely less

FIGURE 14—Cumulative volume erupted vs. age for units of Columbia River 
Basalt Group. Dots separate formations; solid triangles are selected 
radiometric dates. Data from Tolan et al. (in press).
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than 100,000 yrs. In Saddle Mountains time, however, in-
terflow erosion was significant, and most contacts are ero-
sional unconformities.

Chemical composition
All major flows within the Yakima Basalt Subgroup (focus 

of this trip) are tholeiitic, with MgO contents from 2.75 to 8.
25% (Table 2; Fig. 15). Specific chemical compositions 
characterize each formation (Wright et al., in press). Flows of 
the Grande Ronde Basalt are aphyric and have low MgO (3-
6%), high SiO2 (52-58%), relatively low TiO2 (1.52.5%) and 
FeO (9-13%), and a relatively low initial 87Sr/86Sr isotopic 
ratio (0.703-0.705). Most flows of the Wanapum Basalt have 
lower SiO2 (49-52%) for the same range of MgO, much 
higher contents of TiO2 (>3%) and FeO (1315%), and 
slightly higher initial 87Sr/86Sr (0.704-0.7055). Both 
formations contain similar trace-element contents despite the 
contrasts in major-oxide composition. Chondritenormalized 
rare-earth patterns for both formations are enriched in light 
rare earths, slightly concave upward with small or no 
negative europium anomalies, and parallel or slightly 
convergent toward the heavy rare earths at differing degrees 
of absolute rare-earth content. Flows of the Saddle Mountains 
Basalt span a wide range of major-oxide compositions, some 
of which resemble those of older units. With few exceptions, 
incompatible trace elements are enriched and compatible 
elements (particularly Sr and Sc) depleted relative to older 
units, and 87Sr/86Sr ratios are higher (>0.707). Chondrite-
normalized rare-earth patterns for many units are steeper and 
show a more pronounced negative europium anomaly than 
are those of the older formations. The Umatilla is the only 
member in the Saddle Mountains with a large positive 
europium anomaly.

FIGURE 15-Total alkali-silica diagram for Yakima Basalt Subgroup. 
Selected analyses from Wright et al. (in press). Rock types and fields 
from Le Bas et al. (1986). B, basalt; BA, basaltic andesite; A, andesite; 
D, dacite; TB, trachybasalt; TBA, trachybasaltic andesite; TA, 
trachyandesite.

Vent systems
Linear vent systems are located only in the eastern half of 

the province, except for feeders for the Picture Gorge near the 
southern limit of the province (Fig. 1) (Waters, 1961; Swanson 
et al., 1975, 1979a; Tolan et al., in press). Some of the vent 
systems are longer than 150 km, and all trend within a few 
degrees of due north, commonly slightly north-northwest. The 
systems are correlated with specific

TABLE 2-Representative major-oxide and trace-element analyses of Grande Ronde, Wanapum, and Saddle Mountains Basalts (Wright et al., in press).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
SiO2 53.84 55.69 49.90 52.37 51.70 50.94 49.95 50.12 54.76 54.34 50.87 54.26 52.00 51.27 47.51 50.20

A12O3 14.37 13.78 16.82 15.47 13.48 14.27 13.44 14.17 14.24 14.49 16.05 13.85 15.04 13.28 13.79 14.17
"FeO" 11.37 11.85 10.16 10.78 14.35 13.50 14.78 13.93 12.29 11.18 9.54 12.65 10.45 14.79 15.03 14.21
MgO 5.25 3.51 8.21 5.91 4.44 4.57 4.50 5.16 2.75 4.51 8.25 3.98 7.19 4.18 6.05 4.89
CaO 8.97 7.11 10.83 9.90 8.08 8.56 8.67 8.82 6.21 8.42 10.79 7.40 10.39 8.35 9.75 8.63
Na2O 2.92 3.20 2.43 2.91 2.74 2.85 2.80 2.59 3.39 2.65 2.29 2.58 2.23 2.44 2.28 2.69
K2O 1.10 2.01 0.37 0.68 1.36 1.25 1.21 1.05 2.56 1.76 0.39 1.71 0.65 1.25 0.78 1.44
TiO2 1.75 2.23 0.97 1.46 3.02 3.12 3.60 3.23 2.79 1.90 1.48 2.92 1.62 3.61 3.70 2.93
P2O5 0.23 0.43 0.17 0.36 0.61 0.68 0.84 0.73 0.82 0.51 0.19 0.44 0.24 0.60 0.87 0.64
MnO 0.19 0.20 0.14 0.l5 0.22 0.25 0.20 0.19 0.19 0.23 0.14 0.22 0.18 0.23 0.24 0.20
Ba 472 730 175 348 549 556 600 539 3313 876 303 592 243 485 611 541
Ce 38.0 54.2 16.3 32.3 51.0 54.2 62.7 57.4 88.2 80.5 31.5 73.8 35.3 68.7 85.6 67.8
Cr 54.9 12.5 151.4 159.7 39.5 44.3 13.6 82.0 3.6 36.6 283.7 18.9 109.0 18.5 148.8 24.0
La 19.5 27.6 7.6 15.2 25.4 27.0 31.1 28.0 46.7 43.7 15.7 38.2 17.0 33.7 42.9 35.3
Nb 11.5 13.0 6.0 8.7 13.0 17.0 17.0 15.8 21.3 16.7 13.0 21.8 13.0 24.5 23.7 25.7
Ni 15.5 - 117.0 42.7 39.3 33.6 27.0 35.0 2.7 47.0 203.3 16.0 51.3 30.7 42.0 28.5
Rb 30.5 45.4 - 15.8 35.4 31.4 34.6 26.6 47.0 38.2 10.0 47.3 10.0 27.6 19.8 18.0
Sm 5.6 7.3 2.7 4.2 6.1 6.9 7.6 7.9 9.8 7.8 4.3 8.4 4.7 9.4 10.7 7.1
Sr 335 359 353 397 317 313 286 302 276 277 252 257 227 213 227 350
Th 3.4 6.38 0.37 1.16 3.88 3.98 4.04 3.56 7.25 6.65 2.05 8.67 2.55 5.91 2.19 4.98
Yb 3.25 3.13 2.10 3.08 3.52 3.89 4.62 3.92 4.52 4.23 2.37 3.65 2.73 4.58 5.64 3.13
Zr 135 178 96 136 196 223 238 223 520 282 - 240 - 316 293 350

Grande Ronde Basalt:
1, High MgO
2, Low MgO

Wanapum Basalt:
3, Eckler Mountain Member, Robinette Mountain flow
4, Eckler Mountain Member, Dodge flow
5, Frenchman Springs Member
6, Roza Member
7, Priest Rapids Member, Rosalia type
8, Priest Rapids Member, Lolo type

Saddle Mountains Basalt:
9, Umatilla Member
10, Wilbur Creek Member
11, Asotin Member
12, Esquatzel Member
13, Pomona Member
14, Elephant Mountain Member
15, Ice Harbor Member, Basin City flow
16, Lower Monumental Member
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stratigraphic units chiefly by the presence of dikes of ap-
propriate chemical composition, petrography, magnetic po-
larity, and stratigraphic position. Hundreds of dikes have 
been identified, although many probably represent en-echelon 
segments of one vent system (Waters, 1961; Taubeneck, 
1970). Most dikes are known from the tri-state area of 
Washington, Oregon and Idaho, where they form the Chief 
Joseph dike swarm (Taubeneck, 1970). Distribution patterns 
for some flows of the Grande Ronde Basalt suggest that their 
feeder dikes are hidden beneath younger flows north of the 
Chief Joseph swarm (Reidel et al. , in press). The dikes 
typically are a few meters wide, but some are wider than 20 
m. Composite dikes, consisting of basalt of two or more 
different compositions and hence ages, have not been found, 
but multiple dikes, with internal jointing patterns suggestive 
of two or more pulses during the same intrusive event, are 
common. Remnants of spatter cones and other near-vent 
features, similar to those of modem Kilauea, occur locally (
Swanson et al., 1975). The degree of vesicularity and 
breakage of pyroclasts in these deposits resembles that of 
modem basaltic tephra, so it is unlikely that the magma was 
unusually rich in gas.

Volumes and eruption rates

Flood-basalt provinces by definition contain flows of huge 
volume, on the order of 5-10 km3 or more; this is the major 
distinction between flood-basalt and plains-basalt provinces (
Greeley, 1977), such as the Snake River Plain and Iceland, in 
which flows are generally much less than 1 km3. Recent work 
by Tolan et al. (1987, in press) suggests that about 300 great 
flows were erupted on the Columbia Plateau, with an average 
volume per flow of about 580 km3. Numerous low-volume 
flows are probably present near vents, but the great flows form 
most of the province. Flows with volumes more than 100 km3

occur in all of the formations, but most such flows were 
erupted during Grande Ronde time, when at least 110 major 
flows with volumes of 90 km3 to more than 5000 km3 were 
produced (Reidel et al. , in press; Tolan et al., 1987, in press). 
Such a huge eruption, if from a shallow crustal source, would 
probably have resulted in recognizable subsidence along the 
trace of its fissure system. No such evidence has been found, 
so the inference on geologic grounds alone is that the 
eruptions tapped a deep reservoir. Viewed regionally, the 
overall saucer-like subsidence of the province might reflect 
withdrawal of magma, but its amplitude and diameter would 
demand a deep source. Petrologic evidence (Helz, 1978; 
Hooper, 1984; Wright et al. , in press) supports a deep storage 
reservoir, perhaps at the base of the lithosphere.

Model calculations (Shaw and Swanson, 1970), based on 
evidence that little cooling occurred during flowage of hun-
dreds of kilometers, suggest that eruption and emplacement 
spanned only a few days for these huge outpourings. The 
flows evidently moved 5-15 km/hr or faster (Shaw and 
Swanson, 1970) and advanced as sheet floods; no lava tubes 
have been found. The evidence for little cooling during 
transport is that flows quenched to glass when they entered 
water after traveling several hundred kilometers; the crystal 
content of the glass is no higher than that of chilled margins of 
feeder dikes. The effective viscosity of the lava was not 
unusually low; in fact, calculations of the viscosity based on 
the chemical composition for a range of reasonable water 
contents indicate that the lava was somewhat more viscous 
than modem Kilauea lava. According to Shaw and Swanson 

(1970), the high rate of eruption (about 1 km3/day/linear 
kilometer of fissure or higher, 3-4 orders of magnitude faster 
than rates of Hawaiian and Iceland eruptions; Swanson et al. , 
1975) combined with the huge volume of available magma 
enabled the flows to travel so far, a relation that Walker (
1973) found on empirical grounds (Fig. 16). Regional 
mapping (Swanson et al. , 1979b, 1980, 1981) indicates that 
the flows ponded against opposed slopes, including locally 
recognizable natural levees, and formed lowaspect-ratio (0.
0002-0.0001) lava lakes generally 30-40 m thick and 200-400 
km in diameter. The lakes cooled to ambient temperatures 
within a few years to a few tens of years (Long and Wood, 
1986).

Average magma supply rate

About 5.5% of the group was erupted during the first 0.5 
m.y. of volcanism to form the Imnaha Basalt (Tolan et al., in 
press). Activity peaked during the 1.5 m.y. Grande Ronde 
time, when 87% of the group was erupted, 85% as the Grande 
Ronde Basalt and 2% as the Picture Gorge Basalt and other 
coeval units. Activity waned thereafter, accounting for 6% of 
the group during Wanapum time, which lasted about 1 m.y. , 
and the remaining 1.5% during prolonged Saddle Mountains 
time from about 14 to 6 Ma.

During peak activity the average interval between major 
eruptions was about 13,500 yrs, the average volume per 
major flow was about 1350 km3, and the average magma 
supply rate to the surface was 0.1 km3/yr. This average 
supply rate is identical to that calculated for historical time at 
Kilauea (Swanson, 1972; Dzurisin et al., 1984). On this basis, 
a larger heat source for Grande Ronde Basalt than for modem 
Kilauea is unnecessary. An important distinction between the 
two provinces is that magma "leaks" from Kilauea almost 
continuously, whereas magma for the Columbia River Basalt 
Group, if produced at the Kilauea rate, must have been stored 
for thousands of years before ascent to the surface in order to 
account for the huge volumes of single flows. (Baksi, 1988, 
believes the maximum rate of supply, in R2 and N2 time, was 
two to three times that at Kilauea; this interpretation is based 
on his revision of the geomagnetic time scale and seems 
overdependent on the model he assumes.)

The difference in eruption style between Kilauea and the 
Columbia River Basalt Group could relate to the presence of 
a 40 km thick continental crust (Catchings and Mooney,

FIGURE 16—Relation of length and rate of effusion for representative lava 
flows of Grande Ronde and Wanapum Basalts and for historical flows 
throughout world. Modified from Walker (1973). Rates were observed except 
for Grande Ronde and Wanapum, which were calculated using model of Shaw 
and Swanson (1970).
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1988; Michaelson and Weaver, 1986) above the melting zone 
for the Grande Ronde and an oceanic crust over the melting 
zone for Kilauea. The continental crust may have provided a 
density trap preventing magma from rising until the trap was 
ruptured tectonically. Petrologic evidence suggests that the 
basalt was derived from a complex, multi-source mantle with 
little crystal fractionation or crustal contamination during 
rise to the surface (Hooper, 1982, 1984; Wright et al., in 
press; Carlson, 1984; Carlson and Hart, 1988; Hart and 
Carlson, 1987). This interpretation implies that the rise was 
rapid, consistent with the idea that fracturing was responsible 
for tapping magma at the crust—mantle interface.

Coeval deformation
The basalt was erupted into a subsiding basin centered 

north of Pasco, Washington, in which sediment was accum-
ulating (Reidel, 1984; Reidel et al., in press). How much of 
the subsidence owes itself to isostatic response caused by 
magma withdrawal, to weighting of the crust, and to 
tectonism is unclear (Catchings and Mooney, 1988). Recent 
seismic-refraction data, in concert with other geophysical 
data, suggest that rifting beneath the central part of the 
province occurred in the Eocene and possibly later (Catch-
ings and Mooney, 1988). If part of the Miocene subsidence 
was caused by magma withdrawal, significant lateral trans-
port of magma from beneath the center of the province to its 
eastern flank, the locus of venting, is required.

Tectonic deformation was clearly taking place as the basalt 
accumulated, because single flows change thickness in 
anticlines and synclines (Reidel, 1984; Reidel et al., in press). 
The fold pattern is complex, and no fully satisfactory model 
for its development exists (Laubscher, 1981; Davis, 1981; 
Barrash et al. , 1983; Hart and Carlson, 1987). Most folds 
trend within 20° of east, but some of the largest structures, 
such as the Pasco Basin and the Naneum Ridge anticline—
Hog Ranch uplift, trend nearly north, as does the Cascade 
Range, whose uplift raised the basalt as much as 2 km. Most 
of the folds are confined to the western half of the province, 
but the longest structure, the Blue Mountains uplift, bounds 
the Columbia Plateau along most of its southern margin.

Ongoing folding, coupled with Cascade uplift and broad 
subsidence centered on the Pasco Basin, markedly influ-
enced drainage patterns, particularly during Saddle Moun-
tains time when quiet periods were longer and canyons had 
time to form (Swanson and Wright, 1979; Fecht et al., 1987; 
Waitt and Swanson, 1987). This topography in turn con-
trolled the distribution of many flows of the Saddle Moun-
tains Basalt. The most notable example is the Pomona 
Member, which was erupted east of Lewiston, Idaho, flowed 
down the ancestral Clearwater and lower Snake Rivers, 
spread across the sagging central plateau, and left the plateau 
via structurally controlled channels that led through the Cas-
cade Range and finally to the Pacific Ocean, more than 600 
km from its vent (Swanson et al., 1979a; Anderson, 1980; 
Camp, 1981; Tolan and Beeson, 1984c; Anderson and Vogt, 
1987; Wells and Simpson, 1987).

Invasive flows and sedimentary interbeds

Sediment deposited between eruptions was commonly 
invaded by the next basalt flow that entered the area (
Schmincke, 1967c; Byerly and Swanson, 1978, 1987; 
Swanson et al. , 1979a; Niem and Niem, 1985; Wells and

Niem, 1987), producing pépérites and sill-like bodies called 
invasive flows that closely resemble classic intrusions. The 
only way to distinguish invasive flows from intrusions in such 
a setting is to know the stratigraphy and map the relations 
between subaerial and invasive components of the flow.

The sediment between the basalt flows has four general 
sources: erosion of highlands along the margin of the prov-
ince, erosion of basalt within the province, deposition of 
diatomite in lakes within the province, and explosive vol-
canism in the adjacent Cascade Range.

Evidence for coeval Cascade volcanism is clear. Primary 
pyroclasts, generally mixed with epiclastic detritus but 
forming pure tuff in places, occur in interbeds in the section of 
basalt (Schmincke, 1964, 1967d; Swanson, 1967, Priest et al., 
1982). However, no lava flows from the Cascades have been 
shown to be interbedded with the Grande Ronde or Wanapum 
Basalt; drilling in these formations just west of Mount Hood, 
Oregon, encountered andesite once thought to be flows (Priest 
et al., 1982) but now interpreted by some as intrusions (D. R. 
Sherrod and T. L. Tolan, oral comm. 1988). Apparently, active 
vents in the Cascades were beyond the limit of the basalt 
flows, so that only tephra and laharic debris reached them. 
Cascade-derived debris in interbeds of Grande Ronde and 
Wanapum age is so sparse relative to that in beds of Saddle 
Mountains age and younger (Schmincke, 1964, 1967d, Smith, 
1988; Smith et al., 1988) that some workers (e.g., Smith, in 
press, a; Sherrod and Smith, in press) suggest a downturn in 
Cascade activity followed by an upsurge during Saddle 
Mountains time. This idea is reasonable, although the short 
span of Grande Ronde and Wanapum time would by itself 
have resulted in minimal interbedding, all else being equal.

Speculations on origin

Rampino and Stothers (1988) and Alt et al. (1988) recently 
suggested that flood-basalt provinces are generated by boloid 
impacts. The Columbia River Basalt Group was probably not 
so generated. Geophysical work and deep drilling show no 
evidence of such an impact; in fact, the rift-like topography 
indicated by seismic refraction (Catchings and Mooney, 1988) 
beneath the center of the plateau would be nearly impossible 
to duplicate by impact. Moreover, calc-alkaline volcanism in 
the Cascades continued during flood-basalt volcanism but did 
not upsurge when basaltic eruptions began. One might expect 
that activity in the nearby Cascades would have followed suit 
if impact had triggered the basalt. Apparently the flood-basalt 
volcanism was independent of calc-alkaline volcanism, and 
neither was caused by impact.

Morgan (1981, 1988) suggested that new hot spots (mantle 
plumes) give rise to flood basalts, and Duncan (1982) argued 
that the Columbia River Basalt Group is the product of the 
Yellowstone hot spot. At least two major problems exist with 
this idea. First, no fossil hot-spot track is preserved in the 
province, despite 11 m.y. of volcanism (176 Ma). Instead, 
feeder dikes are distributed randomly across the eastern half of 
the province; for example, the 8.5 Ma feeders for the Ice 
Harbor Member are on the east flank of the Pasco Basin (
Swanson et al., 1979a), the 12 Ma feeder for the Pomona 
Member is more than 210 km east of there (in the opposite 
direction from that expected of a hot-spot trace) (Camp, 1981), 
and the other dikes lie in between. Second, the feeder system 
is only the northernmost part of a complex zone of basaltic 
dikes extending onto the Co-
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lumbia Plateau from the Basin and Range province of Ne-
vada (Fig. 17) (Zoback and Thompson, 1978; Christiansen 
and McKee, 1978). This zone is not only a locus of basaltic 
magmatism but also a "plane of symmetry" separating traces 
of silicic volcanism migrating west-northwest across eastern 
Oregon and east-northeast across Idaho (Armstrong et al. , 
1975; MacLeod et al . , 1975; Eaton et al. , 1978). The ba-
saltic activity along the zone began about 17 Ma, and the 
initiation of the migrating silicic volcanism about 13-14 Ma. 
The Yellowstone hot spot cannot easily explain these 
observations.

Lachenbruch and Sass (1977) and Christiansen and McKee 
(1978) pointed out that the high heat flow of the Basin and 
Range province requires the presence of a huge volume of 
Neogene basaltic magma, possibly equivalent to that pro-
duced on the Columbia Plateau, in the form of cooling 
intrusions in, or underplated (Furlong and Fountain, 1986) 
on, the base of the crust. In this context, Christiansen and 
McKee (1978) and R. L. Christiansen (numerous oral comms.
) suggested that stress relief at the base of the lithosphere, in 
response to crustal extension resulting from plate inter-
actions, generated the voluminous basaltic magma. In this 
hypothesis, extension was greatest in the Basin and Range, so 
that magma could be stored in crustal reservoirs that 
developed in response to the extension, and least on the 
Columbia Plateau, so that crustal reservoirs were not formed 
and most of the basaltic magma that intruded the crust con-
tinued through it to the surface and fed the flood-basalt 
eruptions. This idea does not explain the bilaterally sym-
metrical nature of migrating silicic volcanism (no published 
hypothesis does, although the traction concept of Eaton et al. 
, 1978, is stimulating), but does link the middle Miocene 
basaltic magmatism throughout the zone to plate interaction 
and as such is more appealing than either the hot spot or 
boloid-impact models.

Wright et al. (in press), building on work of Carlson (1984), 
conclude that the source for the basalt is a mixed oceanic—
continental mantle that includes depleted oceanic 

mantle, subducted oceanic crust, original continental mantle, 
and old continental crust. They postulate that large bodies of 
magma generated from this material were underplated as sill-
like bodies at the base of the continental crust and then 
tapped during deep continental extension or rifting. All of the 
magmas are inferred to have equilibrated with clinopyroxene 
during either melting or storage, but little evidence exists for 
fractionation of olivine, augite, and plagioclase as the 
petrogenetic models of Cox (1980) and Hooper (1984) 
demand. Wright et al. (in press) interpret the Grande Ronde 
as derived from relatively young oceanic mantle contami-
nated with subducted oceanic sediment, possibly with minor 
interaction with lower crustal rocks prior to or during ascent. 
They interpret the Wanapum to have much the same origin, 
except from a part of the oceanic mantle that had undergone 
Fe—Ti—P metasomatism. They interpret the Saddle Moun-
tains to have a source related in some way to those for the 
Grande Ronde and Wanapum, owing to the similarity in 
major-element chemistry. However, the different trace-ele-
ment abundances and ratios require additional complexity 
such as a second metasomatic event or melting of 2.5 Ga 
continental mantle with relatively high incompatible-element 
contents.

Field guides

These guides are planned for use with a large bus, but we 
designed optional stops and routes for use by vans and 
automobiles. We list too many stops (Fig. 18) for a bus load 
each day, but vans and passenger vehicles should have little 
trouble in visiting all of them.

Each day has a specific emphasis. The first stresses the 
Columbia River Basalt Group but also introduces the middle 
Tertiary geology of the Cascades. This day involves con-
siderable driving on high-speed roads and ends in Yakima. 
The second day crosses a section of Oligocene to Quaternary

FIGURE 17—Map showing spatial and temporal relations of dikes of 
Columbia River Basalt Group, Northern Nevada rift, and direction, onset time, 
and rates of migrating silicic volcanism toward South Sister, Oregon (S) and 
Yellowstone (Y). See text for discussion.

FIGURE 18—Map showing route of field trip between Issaquah, Washington, 
and Portland, Oregon. Numbers are stops. KV, Kittitas Valley; HRA, Hog 
Ranch axis.
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volcanic rocks on the east flank of the Cascade Range 
west of Yakima, ending in Packwood. The third day will 
involve a trip to the Mount St. Helens area, stressing the 
Tertiary geology as well as the May 18, 1980, eruption. 
The fourth day will be devoted to hiking trips around 
Mount St. Helens, including an arduous trip into the crater 
and a less strenuous excursion onto the Pumice Plain. No 
guide has been written for this trip, because the area is not 
open to the public and we do not want to encourage self-
guided tours. However, we will supply handouts. The fifth 
day involves a long drive on back-country roads to see 
Quaternary basalt of the Indian Heaven area, including 
subglacial deposits, and some of the geology of the 
Columbia Gorge, ending in Hood River, Oregon. The 
sixth day emphasizes the Quaternary volcanic geology of 
Mount Hood and ends in Portland.

Cumulative mileage is listed for each day of the trip, 
and interval mileages are given in boldface at the end of 
each entry. Numerous mileage check points are available. 
I- indicates Interstate, as 1-90 for Interstate 90.

Day 1, Issaquah to Yakima via Vantage
Drive east on 1-90 from Seattle to Issaquah.
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FIGURE 19—Person points to Roza Member of Wanapum Basalt invading 
and mixed with diatomite to form pépérite at Stop 5. Priest Rapids Member of 
Wanapum (top of photo) overlies thin silicic tuff (massive unit above lithic-
rich pépérite near upper right edge of photo) deposited on pépérite.



24



25

Day 2, Yakima to Packwood

FIGURE 20—Fine-grained base of pumiceous debris flow containing rare "
hot" dacite blocks. Stop 10.
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FIGURE 21—Base of columnar Tieton Andesite resting on gravel of an-
cestral Tieton River, Stop 11.

FIGURE 22—Micaceous sandstone and siltstone between flows of Grande 
Ronde Basalt at Stop 12. Lower flow invades sandstone. Hammer at contact.
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FIGURE 23—Stratigraphy of Tieton River area, simplified from Swanson (
1967). Ages for rocks older than Grande Ronde Basalt from Vance et al. (
1987). Data for Indian Creek unit from Miller (1985).
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FIGURE 24—Nearly horizontal andesite flows in basal shield of Tieton volcano, overlain by volcaniclastic cone. Base of shield (dashed line) overlies tilted flows 
and breccia of older volcano. Between Stops 13 and 14 on north side of canyon.

FIGURE 25—Bedded volcaniclastic rocks forming cone of Tieton volcano on 
north side of canyon between Stops 13 and 14. Note concave-upward attitude.

FIGURE 26—Volcaniclastic rocks of Wildcat Creek at Stop 15.
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FIGURE 27—Lapillistone base of graded lapilli tuff at Stop 15. Note possible 
load casts at base of bed.

FIGURE 28—Hornfelsed lapilli tuff along margin of Westfall Rocks mi-
crodiorite unit at Stop 16.
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FIGURE 29-Columnar-jointed hornblende andesite of Clear Fork at Stop 20. 
Trees on flow about 25 m high.
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Day 3, Packwood to Cispus Center via Windy Ridge
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Day 4, Hiking trips around Mount St. Helens
No guide has been written for this day because the area is 

not open to public and we do not want to encourage self-
guided tours. Participants will be provided with handouts.

Day 5, Cispus Center to Hood River via Indian 
Heaven

Retrace route back to Road 25 and then to junction with 
Road 99, where log starts.
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FIGURE 30—Map showing Pliocene and Quaternary vents (keyed to lo-
cation) and major flow fields (shaded) near field-trip route between Cispus 
Center and Hood River. Tumtum–Badger Ridge line connects isolated vents. 
BL, Battle Ground Lake; TT, Tumtum Mountain; SC, vent south of Swift 
Creek Dam; MM, Marble Mountain; PF, basalt of Paradise Falls; TL, The 
Loaf; BR, Badger Ridge; C, basalt east of Cispus Center; TCH, Trout Creek 
Hill; LL, Lacamas Lake lineament; CL, Cispus–Lewis fault zone. See text for 
discussion.
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FIGURE 31—Subglacial pillowed basalt invading lacustrine silt (light unit in 
floor of depression) overlain by sand at Stop 36. Crudely layered hyaloclastite 
overlies the sand. Height of exposure about 10 m.
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Day 6, Hood River to Portland via Mount Hood



40



41



42

Optional side trip to Old Maid Flat
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Mount St. Helens is a young composite volcano situated in 
southwestern Washington State, U.S.A. Participants of 
IAVCEI field excursion 2A will investigate deposits that 
range from prehistoric to modern. Most attention will be given 
to deposits of the 18 May 1980 eruption. In the course of six 
days, most flanks of the volcano will be visited (Fig. 1).

Pre-1980 activity

Mount St. Helens is 40-50 thousand years old. Recon-
structed from stratigraphic and chronologic studies (Mul-
lineaux and Crandell, 1981; Mullineaux, 1986; Crandell, 
1987), eruptive stages alternate with extended repose in-
tervals, both lasting thousands of years. The stages are di-
vided into eruptive periods that last for decades to centuries, 
separated by dormant periods also of decades to centuries (
Table 1). Through most of its history, Mount St. Helens has 
erupted dacitic lavas as tephra, domes, and pyroclastic flows. 
This pattern changed about 2200 years ago when andesite and 
basalt also began to appear. The current Spirit Lake stage 
began about 4000 years ago.

18 May 1980 eruption and precursors

Before 1980, Mount St. Helens was somewhat less known 
than other Cascade volcanoes such as Mount Rainier, Mount 
Hood, and Mount Shasta. That situation changed on 20 March 
1980 when seismic activity began to increase above 
background level. Seismic activity increased sharply on 25 
March and continued at a high level until 27 March when the 
first in a series of small eruptions occurred. Thereafter until 18 
May, the number of seismic events per day slowly decreased 
though the mean magnitudes slowly increased. Numerous 
eruptions occurred on 28 March. The number, duration, and 
vigor of the eruptions then slowly decreased until 22 April, 
when they temporarily stopped. A second interval of minor 
eruptive activity occurred between 7 and 14 May. No juvenile 
material was detected in any of these small precursory 
eruptions. The seismic and eruptive activity was accompanied 
by dramatic deformation of the summit and north flank of the 
mountain (Moore and Albee, 1981). Deformation became 
apparent as early as on 27 March, the day of the first eruption, 
when observers noted east-trending fractures across the 
summit. Fracturing and bulging of the north flank of the 
mountain grew progressively more con- 

spicuous through the period of precursory activity (Lipman et 
al., 1981a).

At 08:32 PDT on 18 May 1980, a magnitude 5.2 earth-
quake triggered* a collapse on Mount St. Helens's north flank, 
the part of the volcano that had become so dramatically 
deformed. [*Some suggest that the earthquake was caused by 
the initial movement of the landslide and not vice versa (
Kanamori et al., 1984).] Photographs reveal that the initial 
landslide consisted of two slideblocks. The landslide removed 
about 1 km of overburden from a "cryptodome" that had been 
intruding the volcano in the preceding two months—the 
inferred cause of the seismicity, north-flank bulging and 
surface fracturing, and phreatic eruptions before 18 May. The 
sudden depressurization of the cryptodome and its 
surrounding hydrothermal system caused the rapid expansion 
of the cryptodome and hydrothermal fluids. This series of 
explosions began about 30 seconds after the triggering 
earthquake and issued from the steep north-dipping scarp 
formed by the descending first slideblock (Voight, 1981). The 
explosions projected a hot gas–rock mixture upward and 
northward; it swept northward as a ground-hugging 
pyroclastic density current. The front of the current swept over 
the volcano's flanks at more than 600 km/hr. A second 
magnitude 5 + earthquake occurred about two minutes after 
the first (Endo et al., 1981; Kanamori et al., 1984). The effect 
of this event on the edifice is uncertain, because by that time 
the explosions and developing density current obscured the 
volcano's north flank. Photographs taken at about that time 
from the south show an odd ring of white clouds, which 
suggests that the second large earthquake may have been 
associated with a second edifice collapse (perhaps slideblock 
III?, perhaps also with an attending second series of 
explosions?) that trailed the first two slideblocks. Within 
about five minutes of the first earthquake, the density current 
extended 16-28 km from its source and devastated 600 km2 of 
high-relief terrain to the north, east, and west. As the current 
moved outward, it slowed and deposited sediment until its net 
density became less than that of the ambient air. It then rose 
buoyantly, although it still had a lateral velocity of several 
tens of km/hr. The outward motion ceased and a great 
mushroom-shaped cloud rose buoyantly from the devastated 
area (Sparks et al., 1986). By 09:00 this cloud reached a height 
of 30 km.

At about 08:42, a second density current evidently began
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FIGURE 1—Index map showing road access to Mount St. Helens and general location of the six days of field trips; e.g., D4 = area of trip for Day 4.

to move down the North Fork Toutle valley. Distant eye-
witnesses northwest of the volcano reported that it reached its 
maximum extent (20-25 km?) at about 09:20. Unlike the 
larger initial event, the second density current was confined 
to the one valley and seemed to stagnate near the ground 
rather than to rise convectively.

Meanwhile, the three or more slideblocks evolved into an 
enormous composite debris avalanche that flowed as much as 
28 km westward down the North Fork Toutle valley.

The first slideblock was set in motion before the initial 
explosions. Saturation of the seismic records indicates that the 
composite debris avalanche probably took about 10 to 12 
minutes to reach its maximum extent, several minutes after the 
density current had reached its maximum extent. The 
avalanche produced a hummocky deposit as thick as 200 m 
and with a relief of as much as 100 m (Voight et al., 1981).

While the density current was underway, high-velocity
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TABLE 1—Summary of eruptive history of Mount St. Helens (from Crandell, 1987, table 3). 1Years before 1980, based on tree-ring dates and historic 
records. 2Years before 1980, based on tree-ring dates and 14C dates.

Eruptive stage, period, and 
dormant intervals

Approximate 14C age 
in years before 
A.D. 1950

Tephra 
unit Nature of volcanism

Spirit Lake eruptive stage 

Eruption that began in 1980

Dormant interval ~123 yrs 

Goat Rocks eruptive period

Dormant interval ~200 yrs 

Kalama eruptive period

Dormant interval ~650 yrs 

Sugar Bowl eruptive period

Dormant interval ~600 yrs 

Castle Creek eruptive period

Dormant interval ~300 yrs 

Pine Creek eruptive period

Dormant interval ~300 yrs 

Smith Creek eruptive period

Dormant interval ~5000 yrs?

1180-123

22500-350

1150

2200-1700

3000-2500

4000-3300

1980

T

X
W

unnamed

B

P

Y

Laterally directed blast from cryptodome followed by eruption of 
dacite tephra and pyroclastic flows and development of dome in new 
crater.

Eruption of dacite tephra, andesite lava flow, dacite dome.

Eruptions of dacite and andesite tephra, dacite dome(s), pyroclastic 
flows, and andesite lava flows.

Eruption of dacite dome, laterally directed blast, pyroclastic flow(s), 
tephra falls.

Eruptions of andesite, dacite, and basalt tephra, andesite and basalt lava 
flow, andesite and dacite pyroclastic flows.

Eruption of dacite tephra, dacite domes, pyroclastic flows.

Eruptions of dacite tephra, dacite domes, pyroclastic flows; probably 
included dormant intervals as long as several centuries.

Swift Creek eruptive stage

Dormant interval ~5000 yrs?

13,000-10,000 J
S

Eruptions of dacite tephra, dacite domes, lithic and pumiceous 
pyroclastic flows; probably included dormant intervals of at least a 
few centuries.

Cougar eruptive stage

Dormant interval ~15,000 yrs

21,000?-18,000? K
M

Eruptions of pumiceous tephra, one or more dacite domes and lava 
flows, lithic and pumiceous pyroclastic flows; probably included 
dormant intervals of at least several centuries.

Ape Canyon eruptive stage <50,000-36,000? C Eruption of tephra and pumiceous pyroclastic flows.

floods (lahars) were generated on all flanks of the volcano 
except the collapsing north flank. The largest of the early 
lahars moved down the South Fork Toutle, Smith Creek, 
Muddy River, and Pine Creek drainages (Pierson, 1985; 
Brantley and Waitt, 1988; Scott, 1988a; Waitt, in press). 
However, the most voluminous lahar began hours later and 
did not reach its peak until about 13:30, some five hours after 
the paroxysmal eruption. This lahar originated in the upper 
North Toutle valley from water-saturated parts of the debris-
avalanche deposit. It caused widespread destruction along the 
120 km of river channel between its source and the Columbia 
River (Janda et al. , 1981).

Just after the edifice collapse and explosions, only a weak, 
drifting subvertical ash plume issued from the crater. The 
vigor of this plume increased slowly (Criswell, 1987). By 09:
00 it developed into a weak vertical Plinian eruption, and by 
10:10 into a strong one. Winds carried tephra to the east. At 
about 12:15 the shape of the eruption column changed as 
ejecta began to feed voluminous pumiceous pyroclastic flows 
as well as a vigorous vertical eruption column, though the 
column soon became much weaker while the flows con-
tinued. The pyroclastic flows poured through the breached 
crater into the upper North Toutle valley. Flows were pro-
duced at varying size and frequency until about 16:30, when 
they ceased and vigor of the vertical eruption increased (
Rowely et al., 1981; Criswell, 1987). After reaching a 
maximum height at about 17:15, the column height de- 

creased rapidly. By 18:15 only a weak eastward-drifting ash 
plume issued from the crater; the eruption was essentially 
over.

Activity after 18 May 1980

Smaller explosive eruptions produced pumiceous pyro-
clastic flows on 25 May, 12 June, 22 July, 7 August, and 16-
18 October. The explosive activity on 12 June was followed 
by the emplacement of a dome, which was partly destroyed by 
the eruptions of 22 July. A second dome was extruded after 
the explosive activity on 7 August; this was in turn destroyed 
in the October eruptions but was soon replaced by a third 
dome. Fifteen subsequent effusive eruptions have built the 
dome into a hemispherical mass about 270 m high and 1 km in 
diameter. As of April 1989, the latest such dome-building 
eruption occurred on 21 October 1986.

Terminology

The paroxysmal explosions of 18 May 1980 have attracted 
much attention from the scientific community. Different 
schools of thought have formed regarding their nature and 
genesis; the diversity of opinion has spawned a parallel 
diversity in terminology. At least 15 terms have been applied 
to the composite phenomenon, a new one introduced in nearly 
each new publication on the subject. Most workers would 
agree that the phenomenon responsible for the wide-
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spread devastation was a type of pyroclastic density current. 
While this term denotes pyroclastic flow and (or) pyroclastic 
surge nonspecifically, it is rather cumbersome to use re-
peatedly in the text. We will use surge as a terse synonym for 
the density current, and surge deposit for the deposit it 
produced.

A pyroclastic surge (Wohletz and Sheridan, 1979) travels 
as a fast-moving, turbulent, generally ground-hugging pyro-
clastic density current (Middleton and Hampton, 1976; Fisher, 
1983). In a pyroclastic surge (herein sometimes abbreviated as 
surge) the volume proportion of particles to gas is thought to 
be relatively low (Sparks et al., 1973; Walker and McBroome, 
1983).

A pyroclastic flow is a relatively nonturbulent, highly 
fluidized, hot pyroclastic density current in which the volume 
proportion of particles to gas is high (Sparks et al., 1973; 
Walker and McBroome, 1983).

A lahar is a mass flowage of water-saturated rock debris 
originating from the flank of a volcano (Crandell, 1971, 1987).

A debris avalanche is a rapid flow of rock debris (Varnes, 
1978) that may contain some water, although water is not 
necessary for the transport of the material. Large volcanic 
debris avalanches, common around stratovolcanoes, com-
monly produce lahars (Siebert et al., 1987).

We use the standard Wentworth particle-size terminology 
for sediments (Folk, 1966), which is increasingly used for 
volcanic materials (see Fisher and Schmincke, 1984, table 5-7)
. These terms describe only grain size and imply nothing 
whatever about grain shape, sorting, fragmentation mech-
anism, or depositional process.

Bibliography

The reference list is limited to papers cited in the text. A 
fairly comprehensive listing of hundreds of works on Mount 
St. Helens published between 1882 and 1986 is given by 
Manson et al. (1987).

Day 1: Modern and ancient volcaniclastic sedimentation in Toutle River valley,
Mount St. Helens

Kevin M. Scott

Introduction
Observations of a 1982 lahar from Mount St. Helens during 

and just after its emplacement in the North Fork Toutle valley 
(Fig. 2), as well as of deposits of ancient lahars such as those 
we view today, show that a single flow 

wave can vary substantially during flow and leave deposits 
with rather different characteristics. The most common form 
upvalley is a debris flow having yield strength probably 
exceeding 400 dynes/cm2, whose deposit is a very poorly 
sorted sandy gravel or gravely sand commonly inversely

FIGURE 2—Map showing locations and geography of North Fork Toutle valley, route of trip for Day 1. Patterns show generalized distributions of main distal 
deposits resulting from 18 May 1980 eruption.
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graded at its base and normally graded at its top (lahar facies). 
The inferred sediment concentration during flow is 80-90% 
sediment by weight (Pierson and Scott, 1985). Downstream, 
the debris flow may incorporate water by overriding 
streamflow to transform into a hyperconcentrated flow having 
some strength with an initial sediment concentration of 60-
70% by weight (the hyperconcentrated range is defined as 40-
80% by weight) and leaving a moderately to poorly sorted 
deposit of sand or gravelly sand that is commonly 
structureless but may be distinctly but weakly stratified (
lahar-runout facies) . Still farther downstream the flow may, 
by further incorporation of water, transform into normal 
streamflow with little or no yield strength and sediment 
concentration less than 40% sediment by weight. The de-
posits are moderately well- to well-sorted sand or gravel and 
are conspicuously cross-stratified or plane-stratified (
streamflow facies) (Fig. 3). In vertical section, two or all three 
facies may be stacked (Fig. 4).

Our focus will be on the record of volcanically induced 
sedimentation downstream from Mount St. Helens in the 
North Fork Toutle valley (Fig. 2) (Scott, 1988a). The record of 
flows extending many tens of kilometers from the volcano 
may be more complete than that on or near the edifice. For 
example, some of the largest lahars (volcanic debris flows) 
resulting from prehistoric lake breakouts through volcanically 
emplaced blockages did not transform from water surges to 
debris flows until as much as 20 km away from Mount St. 
Helens.

The debris flows represent the middle segment of a flow 
wave both beginning and ending as normal streamflow. The 
transformations from an initial water surge to hyperconcen-
trated flow and then to debris flow occur near or on the 
volcano, however, and the deposits recording these trans-
formations are commonly eroded or may be covered by other 
volcanic deposits. Water surges erode sediment rapidly on 
steep slopes of the edifice to form a wave of hyperconcen-
trated flow, and sediment incorporation remains rapid as 
debris flow is formed. The debris-flow segment of the wave 
may continue to enlarge by the same process. The down-
stream transformations, in reverse order from that described 
above, commonly occur over tens of kilometers, yielding 
deposits much more extensive and likely to be preserved in 

the stratigraphic record. The characteristic facies associated 
with the downstream sequence of transformations are illus-
trated in Fig. 3. Note the presence of a transition facies in the 
channel interval where the debris flow transformed to 
hyperconcentrated flow. Hyperconcentrated-flow deposits 
most typically are thick, nearly structureless units of medium 
to coarse sand (0-2Φ) . They may be characterized by well-
developed inverse grading, especially in, and downstream 
from, the transition facies.

The downstream record of flow deposits can also reveal 
volcanic events that are not evident from the study of deposits 
on the volcano. An example is the series of four large lahars in 
the Toutle River system that occurred in a short period of time 
near the end of the Pine Creek eruptive period, about 2500 
radiocarbon years ago (Scott, 1988b). The two largest flows in 
the series are the largest in the history of the river system. The 
evidence for the origin of this series of flows as lake-breakout 
flood surges will be reviewed throughout the trip. A possible 
analog is the 1980 debris avalanche and the consequent 
formation of several large lakes by tributary blockage. 
Without intervention, a series of large flood surges would have 
been released by blockage failure or overtopping within 
several years after 1980.

Field guide

FIGURE 3—Facies of lahar deposits. The channel and floodplain facies occur in both the low-clay granular flows that transform to lahar-runout flows and in the 
high-clay flows that do not readily transform. The transitional and lahar-runout facies occur mainly in the granular flows. Arrows signify inversely graded bases 
of flows.
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FIGURE 4—Columnar sections of lahars and associated deposits at selected locations in the Toutle River system. The Coal Bank Bridge section contains the 
most complete sections of flow deposits of Swift Creek age.
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FIGURE 5-Cross section of peak-flow lahars of PC-1, PC-3, and 1980 (at 
Kid Valley, Stop 1-3). The unique boundary features by which individual 
flows are correlated are described in Scott (1988a).

Day 2: 18 May 1980 debris avalanche and pyroclastic surge ("blast")
near Elk Rock and Coldwater Lake, North Fork Toutle valley

Richard P. Hoblitt and Harry Glicken

Introduction

The events of 18 May 1980 began at 08:32 PDT with a 
magnitude 5.2 earthquake (Christiansen and Peterson, 1981; 
Endo et al., 1981), which triggered a collapse of the north 
side of Mount St. Helens. The resulting great rockslides and 
debris avalanche (Voight et al., 1981; Glicken, 1986, in press) 
became the world's largest historic mass movement. The 
initial rockslide relieved pressure on an intruding cryptodome 
and surrounding hydrothermal system, which resulted in a 
series of explosions that quickly developed into a pyroclastic 
surge (also known as the "blast"). Today we visit the Elk 
Rock and Coldwater Lake areas (Fig. 6) to examine deposits 
of the 18 May 1980 pyroclastic surge and debris avalanche.

Rockslides and debris avalanche
The rockslide consisted of three slideblocks (Fig. 7), the 

first two of which are apparent on eyewitness photographs. 
The first (slideblock I) remained relatively intact as it slid to 
the north. The initial explosions began on a steep north-
dipping face of slideblock II that developed behind the de-
scending slideblock I. Slideblock I deposited material on, and 
adjacent to, Johnston Ridge and in Spirit Lake. Part of 
slideblock I flowed downvalley to the west where it formed 
the margins of the debris-avalanche deposit. Most of slide-
block II and all of slideblock III were steered westward by 
Johnston Ridge and became a flowing debris avalanche. 
Slideblock III was not observed directly and may have con-
sisted of a number of smaller slideblocks.

The 2.5 km3 debris-avalanche deposit (Fig. 8) comprises: (
1) a block facies—pieces of the pre-1980 mountain trans-
ported relatively intact; each piece is called a debris-ava-
lanche block, or debris block for brevity, and (2) a mixed 
facies—a mixture of old Mount St. Helens rocks, cryptodome 
dacite, and diverse material picked up during flow; it is 
sometimes called "matrix facies." The eastern or up-valley part 
of the deposit was emplaced by a flow of discrete debris 
blocks derived from all three slideblocks. It is divided into five 
map units correlated with rock types on Mount St. Helens. The 
western part of the debris-avalanche deposit (more than 17 km 
from the source) consists of mixed facies with subordinate 
debris blocks. It was derived from an explosively motivated 
flow that was generated mainly from slideblock III and swept 
over the flow of debris blocks. Some of the mixed facies was 
also derived from disaggregation and mixing of debris blocks 
in the flow of debris blocks.

The entire deposit is characterized by hummocks inter-
spersed with irregular to circular depressions. This surface has 
as much as 75 m of relief. Hummocks of the block-dominated 
flow are generally larger than hummocks of the explosively 
motivated flow (Fig. 9). The hummocks partly reflect the 
extreme inhomogeneity in the moving debris avalanche.

The density of the old cone (2.2-2.4 g/cm3) was about 20% 
greater than the measured density (1.8 ± .4 g/cm3) of the 
debris-avalanche deposit (Glicken, 1986: 189-197). The 
average density of the deposit does not decrease with dis-



58

FIGURE 6-Index map of upper North Fork Toutle valley showing distribution of deposit of 18 May 1980 debris avalanche from Mount St. Helens and indicating 
route and stops for Day 2.

tance, which indicates that debris-avalanche blocks were 
dilated at the mountain rather than during transport (Fig. 10). 
Grain-size data indicate that the size of clasts (rocks that can 
be sieved without breaking) also does not decrease with 
distance, which suggests that dilation resulted mainly from 
shattering at the mountain.

The flow of debris blocks in the debris avalanche can be 
considered as a grain flow, where particles, either debris 
blocks or the clasts within the blocks, collide and create 
dispersive stresses normal to the general movement of ma-
terial. Water as liquid or vapor within the debris avalanche 
lowered the internal friction of the avalanche. Preservation of 
original volcanic stratigraphy and structures within many 
exposures of the debris-avalanche deposit indicates that par-
ticles commonly remained in contact with one another. Al-
though such features suggest laminar movement, the abundant 
evidence of disaggregation of debris blocks, mixing of their 
constituent clasts, and convoluted textures at some exposures 
suggest that the debris avalanche also had some char-
acteristics of turbulent flow.

The high mobility of the debris avalanche, expressed in 
low ratio of fall height to travel distance, probably resulted 
mainly from the explosions that accompanied the mass 
movement. The explosions facilitated mixing of material. In 
addition, water vapor and volcanic gas released in the 
explosions lowered interparticle friction.

The debris avalanche deranged the North Fork Toutle 
River drainage. Spirit Lake was inundated with about 0.4 

km3 of debris-avalanche deposit and its outlet was blocked (
Glicken et al. , in press; Glicken and Voight, in press). The 
debris avalanche dammed Coldwater and South Fork Castle 
Creeks to form Coldwater and Castle Lakes. Because of the 
possibility of catastrophic flooding from eventual overtop-
ping and consequent dam failure (Youd et al. , 1981; U.S. 
Army Corps of Engineers, 1984; Meyer et al. , 1986), the 
army engineers constructed artificial spillways to reduce the 
hazard posed by the three lakes (Fig. 6).

Pyroclastic surge
The explosion resulting from the rapid depressurization of 

the cryptodome produced a pyroclastic density current (here 
called surge) that devastated about 550 km2 of terrain near 
Mount St. Helens (Fig. 1). Early studies assumed that the 
explosion consisted of one extended impulse, but several 
independent data sets—seismic, photographic, eyewitness 
accounts, satellite sensors—suggest that explosions occurred 
in at least three major impulses. As is clear from photographs, 
the first series of explosions issued from slide-block II. This 
impulse overtook the front of the debris avalanche on the 
north flank of the volcano. A second impulse, inferentially 
associated with slideblock III, began about two minutes after 
the beginning of the first impulse. A third impulse started 
about eight minutes later. The relative contributions of these 
impulses to the stratigraphy of the pyroclastic-surge deposit 
are still under investigation.

The deposit and other effects of the explosions and pyro-



59

FIGURE 7-Cross section of Mount St. Helens (north is to right). a, Before March 1980; b, just before eruption of 18 May 1980, showing slideblocks seen on 
eyewitness photographs and inferred from post-eruption topography. From Glicken (1986, fig. 2).

FIGURE 8-Generalized map of debris-avalanche deposit. Three-letter symbols designate lithologic map units. Roman numerals indicate inferred relation to 
slideblocks from Mount St. Helens (compare to Fig. 7). From Glicken (1986, fig. 60). J, Johnston Ridge; H, Harrys Ridge. Patterned areas, lakes created or 
elevated by damming of debris-avalanche deposit. Symbols: dd, distal unit, dab, andesite-and-basalt unit; dmd, modern-dacite unit; dmu, modern undifferentiated 
unit; dod, older-dacite unit; dmx, mixed-block facies and matrix-facies unit; pf, pumiceous pyroclastic-flow deposits.
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complex, and many exposures differ in detail from the ideal-
ized composite sections described in the literature. Never-
theless, some generalities are still valid. The basal part of the 
deposit generally consists of coarse, grain-supported debris. 
Commonly this coarse basal material is mixed with wood 
fragments and conifer needles and contains a relatively high 
proportion of cryptodome dacite. In distal areas, the coarse 
basal unit is overlain by stratified sand and silt. In proximal 
areas, massive matrix-supported material may be sandwiched 
between the coarse basal unit and the overlying stratified unit. 
The uppermost part of the deposit is capped by a layer of silt-
sized material that commonly contains accretionary lapilli. At 
any given site, any or several of these strata may be absent. 
Parts of the debris-avalanche deposit containing cryptodome 
dacite are difficult to distinguish from the surge deposit.

Field guide

Parts of the maze of private roads in the upper North Fork 
Toutle valley frequently become washed out or closed by 
construction, and other routes then become the main track. 
Changes occur even as we write, and so some of the described 
roads will probably no longer be in service at the time of the 
field trip. The field-trip leaders will indicate any such changes 
just before the trip begins.

FIGURE 9—Sketch showing types of hummocks in debris-avalanche de-
posit. Matrix facies of this figure is called mixed facies in text. From 
Glicken (1986, fig. 12).

clastic surge of 18 May have been described in several 
published studies (Hoblitt et al., 1981; Moore and Sisson, 
1981; Waitt, 1981; Fisher et al., 1987; Criswell, 1987; Bran-
tley and Waitt, 1988). The deposit thins with distance from 
the source, from as much as a few meters near Mount St. 
Helens to as little as a few millimeters near its margin. The 
average grain size also decreases with distance from the 
source. The deposit is thicker in topographic lows and in the 
lee of obstacles than it is on topographic highs and on the 
stoss side of obstacles. The stratigraphy is variable and

FIGURE 10—Sketch relating evidence from debris-avalanche deposit to 
inferred processes. From Glicken (1986, fig. 61).
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FIGURE 11—Map showing walking tour of debris-avalanche deposit (Stop 2-7).
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FIGURE 12—Sketch showing relation of sheared-off trees to topography 
at Stop 2-9. Arrow points in general flow direction of surge and dashed 
line marks its inferred base.

Day 3: The Kalama eruptive period, southwest and south flanks

Richard P. Hoblitt

Introduction

Today we examine Kalama-age deposits on the southwest 
and south flanks of Mount St. Helens (Fig. 13). The Kalama is 
Mount St. Helens's most thoroughly studied prehistoric 
eruptive period. The Kalama period may be divided by the 
chemistry of its eruptive products into early dacite, andesite, 
and late dacite (Fig. 14).

Early dacite

After an apparent repose interval of about 600-700 years (
Hoblitt et al., 1980; Mullineaux and Crandell, 1981; Cran-
dell, 1987), activity commenced in A.D. 1480 (Yamaguchi, 
1983) with the eruption of layer Wn tephra (Table 1, Fig. 14) (
Mullineaux, 1986). Subsequently a series of smaller-volume 
tephras (layers Wa, Wb, We, Wd) were erupted over a period 
that lasted between two and perhaps 25 years (Fig. 14). 
Prevailing winds dispersed these early dacitic set-W tephras 
mainly to the northeast and east. "Early dacite" flowage 
deposits were emplaced mainly to the southwest in the 
Kalama River valley. Because there is little overlap between 
the areas of the tephras and the flowage deposits, chronologic 
relations between the two are not certain, but the tephras 
probably preceded the flowage deposits. Most of the flowage 
deposits consist largely of dense, poorly vesiculated dacite 
that is thought to have originated from collapse of an ancestral 
summit dome, the only evidence of 

which is the flows themselves. These flows are intercalated 
with less voluminous pumiceous flows probably produced by 
explosive eruptions. Some of the flowage deposits are clearly 
the products of pyroclastic flows or surges, and others were 
emplaced as lahars. The mode of origin of many flows is not 
evident from field criteria, but paleomagnetic determination 
of minimum emplacement temperatures helps to resolve the 
ambiguity. The bulk chemistry of the early dacites changed 
systematically with time. The SiO2 content declined from 
about 67% for the first tephras to about 65% for the 
uppermost early dacites (Fig. 14).

Andesite

Between two and 25 years after the beginning of the 
Kalama activity, the dacitic eruptions gave way to eruptions 
of andesitic tephras with a bulk SiO2 content of about 58% (
Fig. 14). The andesitic tephras of set X consist of many beds 
that are most abundant to the northeast and east, the prevailing 
wind direction, but are also present on all other flanks of the 
volcano. This pattern suggests that the andesitic tephras were 
erupted over perhaps months to years. The tephras were 
succeeded by the extrusion of numerous blocky andesite (SiO2
content 57-58%) lava flows on all flanks of the volcano, 
particularly to the southeast and east. These lavas are locally 
overlain by pyroclastic flows of identical chemistry and 
mineralogy, examples of which crop out in
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FIGURE 13—Index map for Day 3.
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Field guide

FIGURE 14—Plot of SiO2 content of Kalama-age materials. Upsection is to 
the right; the time of eruption increases irregularly to the right; P. flow = 
pyroclastic flow.

the Kalama River valley; tree-ring ages indicate the deposits 
were emplaced within about 90 years of the start of the 
Kalama eruptive period (D. K. Yamaguchi, unpubl. data).

Late dacite

The eruptive style and magma chemistry changed again 
sometime between about 25 and 167 years after the Kalama 
eruptive period began. A new dacitic summit dome (SiO2
about 61%) (Fig. 14) began to shed nonvesicular debris down 
the volcano flanks, at first mainly to the west and northwest. 
In A.D. 1647 (Yamaguchi, 1986), one or more explosions at 
the dome sent pyroclastic flows of vesicular dacite debris to 
the west-northwest into the Castle Creek valley (Fig. 6) and 
west into the South Fork Toutle River. The vesicular dacite is 
as much or more silicic (61-62% SiO2) than the preceding 
nonvesicular summit-dome debris. Subsequent summit-dome 
debris was nonvesicular; the vesicular summit-dome dacites 
constitute the only marker beds within the otherwise 
monotonous nonvesicular summit-dome dacites. After the 
eruption of the vesicular dacite, the dome continued to shed 
nonvesicular dacite for nearly 150 years. It is not known how 
the rate of this extrusion varied through time, it probably 
waxed and waned, but hot debris was still being emplaced on 
the east flank of the volcano late in the 18th century. Growth 
of the summit dome ceased at, or shortly before, the eruption 
of the T tephra in A.D. 1800, which has been defined as the 
beginning of the Goat Rocks eruptive period. The Kalama 
summit dome was destroyed on 18 May 1980. The last 
nonvesicular summit-dome debris of the Kalama eruptive 
period has a silica content of 63— 64% . The only tephra 
associated with the growth of the summit dome is layer Z 
tephra (Mullineaux, 1986). This association is evidenced by 
the tephra's stratigraphic position (sandwiched between late-
dacite pyroclastic deposits), by its wide azimuthal distribution 
(which suggests an extended period of eruption like that of 
the dome-derived flowage deposits), and by the local presence 
of scattered lapilli of vesicular summit-dome dacite.

The silica contents from 27 sequential stratigraphic units 
within the Kalama eruptive period are shown in Fig. 14. The 
abrupt change from early dacites to andesites apparently is due 
to mixing of dacitic and basaltic magma endmembers (
Pallister and Hoblitt, 1985).



67



68

Appendix: Kalama stratigraphy in 
Butte Canyon near Stop 3-4
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Day 4: Prehistoric tephra falls on southeast and northeast flanks; devastating
18 May 1980 pyroclastic surge along northeast radial

Richard B. Waitt and Richard P. Hoblitt

Introduction

From the motel at Kelso, today's trip proceeds via the south 
and southeast flanks of Mount St. Helens to the devastated 
area northeast of the volcano. The day ends at Cispus Center 
about 30 mi northeast of the volcano, our accommodations 
for three nights. Viewing exposures entails hikes of less than 1 
mi (1.5 km).
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FIGURE 15—Map of Mount St. Helens area showing route (black lines) and stops of Day 4 and approximate limits of devastation caused by pyroclastic surge 
on 18 May 1980 (gray stipple line). Stippled area at left is approximate extent of debris avalanche.
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FIGURE 16—Stratigraphic section seen at Stop 4-1. Deposits from lahars and 
surges (ash clouds) alternate with ash fall. In nearby valleys, pyroclastic-flow 
deposits are also represented. A lava flow of Castle Creek age lies buried 
beneath the active stream channel. From Doukas (in press), adapted from 
Mullineaux (1986) and Crandell (1987).
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Day 5, Trip B: Pumiceous pyroclastic deposits of Pumice Plain

C. William Criswell

Introduction
The Pumice Plain covers an area of about 9 km2 on the 

north flank of Mount St. Helens. The Pumice Plain contains a 
composite sequence of unwelded pumiceous pyroclastic-flow 
deposits emplaced during six explosive eruptions in 1980: 18 
May, 25 May, 12 June, 22 July, 7 August, and 16-18 October 
(Christiansen and Peterson, 1981; Rowley et al. , 1981). The 
18 May eruption produced the most voluminous deposits (0.
12 km3), which are the focus of today's tour. The later 
eruptions produced deposits of much smaller 

volume that are confined to the center of the Pumice Plain. 
Most of these smaller deposits were buried by volcaniclastic 
debris from a snow avalanche and lahar that occurred on 19 
March 1982 (Waitt et al. , 1983), and by more recent deposits.

Today's field guide describes a walking tour of the 18 May 
1980 deposits of the western Pumice Plain (Fig. 17). 
Stratigraphy, depositional facies, and pristine surface fea-
tures of deposits along tributaries of the North Fork Toutle 
River will be examined. The approximately 7 mi round trip
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FIGURE 17—Topographic map of Mount St. Helens and upper North Fork Toutle Valley showing stops of walking tour of Pumice Plain. Some drainage trends 
shown (including the North Fork Toutle River, NFTR), although map was compiled in 1980. Contour interval 40 ft (12.2 m).
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begins at Willow Springs in the upper Toutle Valley about 1 
mi south of Spirit Lake (cumulative altitude gain and loss of a 
few hundred meters). The tour proceeds southwest to the 
north flank of Mount St. Helens, north through western parts 
of the Pumice Plain, and loops back east via the Pumice Pond 
area to Willow Springs.

Willow Springs is a natural landmark and starting point for 
walking trips in the upper Toutle Valley. The willow trees are 
growing from surviving rhizomes. It is necessary to park 
above the springs; follow the road down to the springs to 
begin this field guide.

Proceed from Willow Springs west-southwest along the 
base of Mount St. Helens to Stop 1 below Goat Rocks fan just 
east of a perennial stream. Stay close to the base of Mount St. 
Helens to avoid large gullies to the north carved by several 
small ephemeral streams that must be crossed.

Field guide
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FIGURE 18—General stratigraphic and chronologic correlations of pyroclastic-flow and tephra-fall deposits of the 18 May 1980 eruption of Mount St. Helens. 
From Criswell (1987).
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TABLE 2-Representative chemical analysis of 18 May 1980 pumice. 
Recalculated from Criswell (1987); normalized to 100% on water-free 
basis.

Mafic
dacite

Silicic
andesite

Mafic
scoria

Density (g/cm3) 0.83 1.29 1.09

SiO2 63.94 62.22 60.96
A12O3 17.78 18.02 18.22
Fe2O3 1.55 1.83 2.09
FeO 2.76 3.16 3.40
MgO 1.91 2.31 2.70
CaO 4.86 5.37 5.92
Na2O 5.08 4.96 4.68
K2O 1.38 1.26 1.13
TiO2 0.61 0.71 0.75
P2O5 10.13 0.15 0.15 

Total 100.00 100.00 100.00

FIGURE 19-Cumulative grain-size analyses of matrix ash fractions from 
proximal, medial, and distal facies of the 18 May pumiceous pyroclastic-
flow deposits of the Pumice Plain (C. W. Criswell, unpubl. data). A 
typical analysis of ash-cloud deposit is also shown.
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Day 5, Trip C-1: Harmony Falls basin—Relations between great pyroclastic
surge and landslide-impelled tsunami of Spirit Lake water

Richard B. Waitt

Introduction
This trip is a walking tour of about 3 mi from road 99 to 

Spirit Lake and back, mostly by trail. Total altitude gain and 
loss is 888 ft (240 m). On this trip we will examine deposits 
and erosional effects of the pyroclastic surge and a great 
displacement of Spirit Lake water (a tsunami) in Harmony 
Falls basin (Fig. 20).

On 18 May 1980, the new deposits in Spirit Lake and the 
new dam of landslide debris on the west caused the lake 
surface to rise suddenly from 975 m to 1038 m. By late 1982, 
inflow had further raised the lake level to 1056 m. In 1984 
lake level was lowered to 1049 m by an engineered tunnel 
spillway.

The 500 m height of the debris-avalanche runup over 
Johnston Ridge suggests that the east margin of the avalanche 
entered Spirit Lake at 200-300 km/hr. Various unusual 
erosional and depositional features around the lake margin 
show that the landslide catastrophically displaced the lake 
water, generating a local tsunami.

West arm of Spirit Lake
A large patch of the hummocky debris avalanche in lower 

Bear Creek valley at the head of the west arm of Spirit Lake 
traveled north-northeastward through the lake. The lake water, 
catastrophically forced to the head of the valley by the debris 
avalanche, flooded back to the lake basin across the new 
hummocky avalanche deposit and deposited logs and boul-
ders that it jammed against the north side of the hummocks.

The valley sides are almost devoid of shattered stumps, 
downed timber, and sediment below a sharp line on both arms 
of Spirit Lake that slopes from altitude 1250 m north of the 
lake head down to 1100 m at the south end of the lake (Fig. 
20). On the spur between the two arms of the lake, the coarse 
layer A 1 is as thick as 50 cm above altitude 

1200 m, but is nearly absent below (stratigraphic labels of 
Waitt, 1981). Apparently not overridden by the debris av-
alanche, the spur was swept clean by a wave of water dis-
placed when the avalanche entered the lake. Long flutes 
across the ridge record the wavepath northeastward to the east 
arm of the lake. The absence of layer A 1 below altitude 1200 
m (the fine layer A2 forms the base of the surge deposit on the 
fluted part of the spur) indicates that the front of the 
pyroclastic surge preceded the catastrophic water wave. The 
tsunami must have occurred near the end of A 1 accumu-
lation.

East arm of Spirit Lake and Harmony Falls basin
The pronounced trimline of the catastrophic wave along the 

east arm of the lake rises from altitude 1050 m on the south to 
1250 m on the north (Fig. 20). Like oceanic tsunami, the 
wave height increased where the water was projected into 
shoals and a narrowing valley at the north end of the lake; the 
wave thus swept destructively inland far above new lake level.

A sharp trimline lies at altitude 1200 m along the north side 
of Harmony Falls basin. Above the line lies abundant timber 
felled northeastward by the pyroclastic surge; below the line 
the timber and deposits were scraped off by the tsunami 
surging eastward up the basin. Toward the valley head the 
trimline descends steeply, delineating the limits of the water 
as it lost lateral momentum and plunged to the valley floor. 
The floor of the north part of the basin is discontinuously 
overlain by large logs and other timber rinsed from the slopes 
and collected into rafts, but most of the timber floated with the 
water back into Spirit Lake.

On a flat, nearly timber-free spur at the northwest edge of 
Harmony Falls basin, the upper part of the pumice set W (A.
D. 1480) and set T (A.D. 1800) (Mullineaux, 1986;
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FIGURE 20—Map of Spirit Lake basin showing distribution of 18 May 1980 debris-avalanche deposits, limits of Spirit Lake water displaced as a local 
tsunami, and trail access to Harmony Falls basin and Norway Pass area. B, Bear Creek valley and Bear Cove; H, Harrys Ridge; HF, Harmony Falls; I, 
Independence Pass; N, Norway Pass; PP, Pumice Plain.

Yamaguchi, 1983) (review Table 1 and Fig. 16) was dis-
continuously eroded. Also removed were stumps and tree 
trunks of the old-growth forest that the pyroclastic surge 
leveled moments earlier. On this washed surface, layer A 1 
lies as thick as 18 cm but is discontinuous. Layer A2 con-
tinuously mantles the scour depressions with variable thick-
ness. Layer A3 and unit C mantle layer A2 with little 
variation in thickness. The catastrophic wave evidently 
arrived when layer A 1 was nearly deposited; the wave 
drained away swiftly because the last of A 1 accumulated in 
new scour depressions. The area then remained stable during 
deposition of layer A2 by the waning surge and during the 
ensuing falls of A3 and C materials.

The south side of Harmony Falls basin also shows a sharp 
trimline that registers the upper limit of the catastrophic wave. 
In 1980, many shattered stumps on the floor of the 

south part of the basin were encircled by horseshoe-shaped 
scour depressions that opened north, a record of sheetflood that 
swept northward toward the valley axis. Part of layer A2 and 
all of layer A3 pass from uneroded parts of the surface into the 
bottoms of the scour depressions. Scarps cut by water 20 cm 
into layer A1 also are overlain successively by layer A2, layer 
A3, and unit C. The absence of part of layer A2 indicates that 
the displaced water returning to Spirit Lake must have crossed 
these surfaces toward the valley axis while layer A2 was 
accumulating.

Near the valley axis are shallow channels by which water 
drained from the sides of the basin toward the axial main-
stream, which was incising into new pyroclastic-surge and 
waterlaid deposits. These channels truncate layer A3 and surge 
layers A2 and A 1, but are lined by the entire unit C. After the 
main sheetflood subsided, a waning flow of water



81

from the sides of the basin must have continued until after 
layer A3 accumulated (by 10:00), but ceased before unit C 
began to accumulate (after 12:30). Like the channels, scarps 
formed by slumping of surge material into the newly incised 
mainstream channel truncate, and are not overlain by, layer 
A3, but are overlain by all of unit C. Such relations indicate 
that the main channel eroded 1-1.5 m deep to promote bank 
slumping some time after layer A3 accumulated (by 10:00), 
but before the base of unit C accumulated (about 12:30). Thus 
all water-worked surfaces except the mainstream channel ran 
dry before unit C began to accumulate after midday.

1980 islands in south part of Spirit Lake
Inconsistent stratigraphy of the upper part of layer A2 

among low-altitude sites suggests complications to the single-
wave idea: (1) The main tsunami may have sloshed around, 
eroding some low-altitude deposits. (2) Besides the large mass 
of north-transported debris-avalanche material (such as at the 
head of Bear Cove) that caused the tsunami, a debris-
avalanche tongue also descended the south nose of Harrys 
Ridge eastward, directly downslope to the lake. A second 
avalanche tongue entering the lake may have caused a second 
but lesser displacement of the lake water.

Day 5, Trip C-2: Norway Pass Trail
Richard B. Waitt

This part of trip is a round-trip hike of about 5 mi by trail 
with an altitude gain and loss of less than 200 m.

From road 99 at trailhead to Independence Pass, hike trail 
to ridge crest (Independence Pass) and then continue along 
trail northward for about 2.5 mi to Norway Pass (Fig. 20). The 
trail provides detailed views of trees downed by the great 
surge, small trees that survived because of having been 

partly or wholly buried by snowpack on 18 May 1980, and 
numerous other features associated with emplacement of the 
surge. Trimlines and other effects of the great local tsunami 
caused by debris avalanche entering the lake on 18 May 1980 
are also visible.

Return on same trail to vehicles. Return by road to Cispus 
Center.

Day 6: Pyroclastic surge, pyroclastic flows, and lahars in Smith Creek valley
during first minutes of 18 May 1980 eruption

Richard B. Waitt and Steven R. Brantley

Introduction
Today's trip examines deposits in and near Smith Creek 

valley just off the east flank of Mount St. Helens. After three 
roadside stops , the focus of the trip is a hike of about 8 mi on 
the floor of Smith Creek valley with cumulative altitude gain 
and loss of perhaps 300 m. The northeast flank of Mount St. 
Helens and Smith Creek valley contain strati-graphically 
complex deposits produced by the devastating pyroclastic 
surge and resultant lahars. Tributaries that head on the volcano 
descend steeply 1800 m to the gentle floor of Smith Creek 
valley (Fig. 21). Of these tributaries, Windy and Cataract 
canyons lie within the area swept by the surge, but Ape 
Canyon lies mostly south of the devastated area.

Deposits and effects of pyroclastic surge
On ridgetops that overlook upper Smith Creek valley, the 

pyroclastic-surge deposit of 18 May 1980 consists of a grav-
elly lower layer (A 1 of Waitt, 1981), which generally grades 
up into a sandy upper layer (A2). The combined A 1—A2 

surge deposit thins from decimeters near the vent to only 
millimeters near the outer margins of the devastated area; it 
also becomes finer and thinner southward through the Smith 
Creek area toward the lateral margin. The deposit is thickest in 
topographic lows and thinnest on steep slopes. The most 
abundant rock type in the deposit is a gray microvesicular 
juvenile dacite that intruded into Mount St. Helens between 
March and May 1980. The whole deposit is capped by 1-2 cm 
of silt (layer A3) containing accretionary lapilli, material that 
mainly fell from a huge mushroom-shaped cloud 20-100 
minutes after the eruption began (Rosenbaum and Waitt, 
1981; Waitt, 1981).

The directions in which trees were felled show the varying 
azimuths of motion of the lobate front of the surge as it swept 
outward from Mount St. Helens. In many places, steep and 
high-relief topography channeled the flow. Where the surge 
crossed sharp ridge crests, its base lofted to create a backflow 
in the lee of the ridge, and in such places downed trees point 
toward the volcano. On trees that were felled
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FIGURE 21—Map of Mount St. Helens, Smith Creek valley, and area affected 
by the devastating pyroclastic surge of 18 May 1980.

pointing away from the volcano, the former undersides of 
limbs are somewhat abraded or scorched, which shows that the 
surge was sustained and hot perhaps for a minute or more after 
the trees fell.

Lahars in Smith Creek tributaries

Plains of Abraham

Within minutes of the first explosions of 18 May 1980, 
lahars descended the east-northeast flank of the volcano, swept 
across the Plains of Abraham and up a transverse ridge, and 
overflowed into the Smith Creek tributaries. Maximum runup 
as high as 60 m on the ridge yields a calculated velocity of 34 
m/sec (123 km/hr). The Plains are floored with a cohesive and 
clast-supported, gravel-rich lahar deposit.

Cataract and Windy canyons
Spilling from the Plains of Abraham, the lahars eroded most 

of the soil, pre-1980 tephra, and trees from the bottoms of 
Cataract and Windy canyons. The limit of the peak lahar in 
upper Cataract canyon is marked by sharp tramlines and log 
jams. The discontinuous deposit consists of cohesive, brown 
sandy gravel carrying lithic fragments as large as 2 m. Absence 
of an overlying pyroclastic-surge deposit shows that the lahar 
lagged behind even the trailing phase of the surge. Beyond the 
lahar trimline in Cataract canyon, the trees downed by the 
surge and the surge deposit both remain undisturbed.

In lower Cataract and Windy canyons, the upper limit of 
brown muddy diamict delineates the limit of the peak lahar. 
The base of the lahar is in places convoluted with the un-
derlying pyroclastic deposit. The undisturbed pyroclastic-
surge deposit lies only above the lahar limit. In contrast to the 
loose gray surge deposit, the lahar deposit (1) consists of a 
cohesive, brown, muddy sand matrix derived from eroded 
pre-1980 soil and tephra, (2) supports large lithic boulders 
and blocks of fragile surge material, and (3) contains 
abundant round vesicles.

Smith Creek valley fill

The ponded 18 May 1980 deposits on the floor of Smith 
Creek valley are divided by texture and structure into three 
major units. In stratigraphic order they are: (1) valley-bottom 
facies of pyroclastic-surge deposit divided into two subunits; (
2) a coarse, hummocky diamict, a mixture of lahar and surge
deposits; and (3) surge material redeposited as secondary 
pyroclastic flows. The pisolitic gray sandy silt (layer A3) and 
the pumiceous tephra-fall sequence from the main vent 
overlie the whole suite of deposits (Figs. 22-24).

Pyroclastic deposits
The pyroclastic-surge and attendant phenomena deposited 

four identifiable beds in Smith Creek valley. Two beds (basal 
and middle) underlie the prominent hummocky diamict, and 
two beds (upper and A3) overlie it.

Basal bed

The lowest pyroclastic bed, 10-50 cm thick, consists of 
friable granular sand that lacks grains finer than 4 Φ. More 
than half of the clasts are of juvenile dacite, the matrix is gray, 
and the bed contains abundant wood fragments and needles, 
many of them charred.

Middle bed

The middle bed, as thick as 2.5 m, lies along the valley 
walls. Its base is marked by planar laminae of fine sand, 
suggesting turbulent flow. Lithic fragments are reversely 
graded at the base, but normal grading through most of the 
flow mimics pyroclastic-flow layers 2a and 2b of Sparks et al. 
(1973). In places, several such layers are stacked. The middle 
bed contains small wood fragments, many of them charred, 
and is interrupted by vertical fines-depleted, gas-escape pipes. 
It is either overlain by the coarse, hummocky diamict or grades 
up into the upper pyroclastic bed.

Upper bed
The upper pyroclastic bed, the most voluminous of the 

valley-bottom pyroclastic deposits, is massive pebbly sand, as 
thick as 4.5 m, and consisting mainly of juvenile dacite clasts, 
lithic clasts, and disaggregated pre-1980 pumice.. Locally the 
base is reversely graded and the upper 5-20 cm grades up to 
poorly sorted fine sand. Vertical fines-depleted gravel pipes (
gas-escape structures) are as much as 5 cm wide and 3 m long. 
The bed contains abundant charred wood fragments, large 
wood debris is concentrated toward the top of the bed, and log 
jams occur where it abuts and overlies the hummocky diamict. 
The deposit was hot and dry after the eruption (Hoblitt et al. , 
1981). The upper pyroclastic bed overlies the hummocky 
diamict; it is thick and flat-surfaced in topographic lows and 
thins to nearly nil over hummocks and against valley sides. 
This bed in places in-
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FIGURE 22—Stereographic aerial photographs of Smith Creek valley taken on 7 July 1980. Localities marked by numbers, ends of cross sections (see Fig. 24) marked by 
letters.

FIGURE 23—Schematic diagram of valley-fill facies in Smith Creek. Localities are shown in Fig. 22.
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FIGURE 24-Geologic cross sections of valley-fill facies across Smith Creek valley. No altitudinal relation is implied by vertical scale. Cross sections and 
localities are marked in Fig. 22.

terdigitates with the brown diamict, evidence that parts of the 
two accumulated together.

Ash-fall bed (A3)

The capping pyroclastic layer A3 is sandy silt thinner than 
2 cm that contains accretionary lapilli and sparse granular 
pumice; it overlies in sharp contact the suite of flow deposits. 
Eyewitnesses 7 km east of Smith Creek valley testify that this 
layer began to accumulate 20-30 minutes after the onset of the 
eruption as wet mud falling from a great cloud expanding 
overhead. This thin but widespread layer is a marker bed for 
correlating May 1980 deposits within and beyond Smith 
Creek valley. Layer A3 is overlain by the pumiceous 18 May 
tephra-fall unit B.

Lahar deposits

The dominant unit in Smith Creek valley is a massive, 
poorly sorted diamict as thick as 15 m. Much of the unit has a 
cohesive, brown, muddy-sand matrix. It contains lithic clasts 
as large as 2.5 m, juvenile-dacite fragments as large as 50 cm, 
and fragile blocks of bedded pre-1980 pumice. Twigs to tree 
trunks 30 m long are scattered through the unit, the logs 
forming 10% of the deposit. The tough, brown matrix of the 
deposit, large lithic and tree fragments, and 

sparse charring of the wood indicate that the diamict was 
emplaced wet and relatively cool, not as a facies of surge 
deposit.

Yet within the diamict are irregular pods as large as 4 m of 
loose granular sand to pebble gravel, richer in juvenile dacite 
and better sorted than the diamict—material similar to the 
lower and middle pyroclastic beds. Lithic clasts in the pods are 
smaller than 40 cm, and juvenile dacite clasts are smaller than 
20 cm. The pods are generally fines-poor, clast-supported, and 
friable; wood fragments are charred. Contacts between the 
pods and the surrounding diamict range from sharp to 
gradational.

The composite unit (brown diamict enclosing friable pods) 
has an irregular hummocky surface with relief as much as 5 m, 
steep margins and lateral flow levees as high as 8 m, and 
arcuate, convex-downstream ridges and depressions. The 
hummocky diamict overlies the lower and middle pyroclastic 
beds and is overlain by the upper pyroclastic bed.

Grain-size characteristics

Sieved samples of valley-fill deposits (units Di and Up of 
Fig. 25), supplemented by field counting of larger clasts (
Brantley and Waitt, 1988), give weakly bimodal grain-size 
distributions. The coarse and fine peaks of the diamict reflect
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FIGURE 25—Examples of grain-size histograms of Smith Creek 
deposits. Abscissa is labeled in phi (Φ) grain-size units, ordinate in 
percent of whole sample. A 1 and A2, layers of ridge-top facies of 
pyroclastic surge; Up, upper pyroclastic bed of Smith Creek valley-floor 
deposits; Di, laharic facies of valley-floor diamict.

pre-1980 accidental debris and soil incorporated by lahar. 
The ridgetop pyroclastic facies consists of a normally graded 
sequence comprising a coarse population between – 2 and – 
4 Φ (layer A 1) and a fine population between 2 and 4 Φ (
layer A2). A plot of graphically derived Mz(Φ) vs. weight 
percent of particles smaller than 4 Φ distinguishes the diam-
ict from the pyroclastic units and shows less fines in the 
basal bed and layer A 1 than in other pyroclastic and lahar 
deposits (Brantley and Waitt, 1988, fig. 15A). Mean size 
plotted against sorting shows that the hummocky diamict is 
much less sorted than the basal pyroclastic bed (Brantley and 
Waitt, 1988, fig. 15B). The fact that the upper pyroclastic 
bed plots between the fields of the lower (A 1) and upper (
A2) layers of the ridgetop facies suggests that the upper 
pyroclastic bed was largely derived from the ridgetop facies.

Genesis and timing of flows

Pyroclastic surge and related flows

The first models of the pyroclastic surge at Mount St. 
Helens depict a high-velocity turbulent head rich in coarse 
material and a trailing phase rich in fine material—particle 
concentration and size decreasing both upward and backward 
from the surge front (Waitt, 1981; Hoblitt et al. , 1981; Moore 
and Sisson, 1981). Perhaps heated, expanding air entrained in 
the turbulent head of the surge winnowed fine material to 
enrich the trailing part of the flow with fines and to deplete 
them from the turbulent head that formed the mostly fines-
poor basal layer.

Stratigraphy in Smith Creek valley indicates that the surge 
segregated further. The basal pyroclastic bed in the valley is 
thought to be equivalent to the ridgetop facies. The middle 
pyroclastic bed in the valley is thought to be material that 
quickly settled from the surge on steep slopes and formed 
dense pyroclastic flows that were channeled to Smith Creek 
valley.

The upper pyroclastic bed in Smith Creek valley is thought 
to be a deposit of secondary pyroclastic flows derived from 
material that the overland surge initially emplaced on steep 
slopes. Most of the upper pyroclastic bed overlies the hum-
mocky diamict, which formed after the surge and its pyro-
clastic flows. Most of the upper pyroclastic bed accumulated 
several minutes after the surge had passed beyond the valley.

The stratigraphic sequence shows that the lahars reached 
the Smith Creek tributaries only after the tail of the surge 
passed through the area. The head of the surge crossed Smith 
Creek valley some two minutes after the earthquake; its body 
may have persisted a minute longer. Calculated velocities of 
the lahars suggest that the hummocky diamict probably 
arrived in lower Smith Creek six to eight minutes after the 
earthquake. Thus, the upper bed must have been emplaced at 
least as late as four to five minutes after the pyroclastic surge 
passed beyond Smith Creek valley—clearly a secondary flow.

Lahars

A lahar may originate at the volcano as a watery flow but 
becomes a debris flow by engulfing sediment while moving 
down a valley (Waitt et al. , 1983; Pierson and Scott, 1985; 
Scott, 1988a). The hummocky diamict in Smith Creek valley 
is the deposit of a debris flow formed when lahars en-
countered and mixed with a loose, hot, dry pyroclastic deposit 
1-4 m deep. The pyroclastic debris was only partially digested 
by the lahars as the two poorly mixed materials moved en-
masse downstream; this is indicated by the heterogeneous 
texture of the diamict. High shear stress at the base of the flow 
allows the basal part to move in laminar flow and carry a plug 
above it, whose much slower deformation can preserve even 
unconsolidated blocks.

The lahars that swept off the volcano flanks clearly were 
related to the pyroclastic surge, but the prime source of water 
is debated. Scott (1988a) and Pierson (1985) argue that large 
lahars on the west and southeast flanks of Mount St. Helens 
resulted when erupted heavy components gravitationally 
segregated out of a hypothetically wet pyroclastic surge. Yet if 
the ejected debris had been wet, surge deposits on interfluves 
and in valleys should have some characteristics typical of "
wet" pyroclastic deposits—such as retained fine material, 
abundant accretionary lapilli, thin



FIGURE 26—Schematic stratigraphy of deposits in headwaters of Smith Creek. Surge unit A 1 and associated pyroclastic-flow deposits lie close to volcano in 
northeast sector (Waitt, 1981, figs. 259, 262). Ash-fall unit B lies only in northeast-through-east sector (Waitt and Dzurisin, 1981, fig. 358). The post-18 May ash-
fall deposit in Smith Creek area is mostly from eruption of 22 July 1980 (Waitt et al., 1981, figs. 366, 371).
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bedding, and plastering on upright objects. Such features are 
absent from the Mount St. Helens surge deposit.

The lack of layer A2 atop all lahar deposits (Fig. 26) shows 
that lahars on both the east and west flanks followed the tail of 
the surge. This stratigraphy and the lack of wet characteristics 
of surge deposit show that the lahars in Smith Creek tributaries 
formed separately from the surge. The water must have 
resulted from melting snow at the base of the hot, turbulent 
surge rather than from segregation of water erupted with the 
initial explosions or by turbulently admixed snow (Waitt, in 
press).

Field guide

From Cispus Center, drive west to USFS road 25 and then 
south on road 25 to road 99 (big sign). Turn west on road 99 
toward Mount St. Helens National Volcanic Monument and 
Windy Ridge (Fig. 27).
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FIGURE 27—Topographic map showing route and stops for Day 6 (in black). Also shown are approximate limit of debris-avalanche deposit (coarse stipple), 
devastated area (gray line), and laharic floods (light stipple). HR, Harrys Ridge.



88

References



89



91New Mexico Bureau of Mines & Mineral Resources Memoir 47, May 1989

EXCURSION 3A:
Eocene through Miocene volcanism in the Great Basin 

of the western United States

Myron G. Best1, Eric H. Christiansen1, Alan L. Deino2, C. Sherman Grommé3, 
Edwin H. McKee3, and Donald C. Noble4

1Brigham Young University, Provo, Utah 84602; 2Berkeley Geochronology Center, Berkeley, California 94709; 'U.S. 3

Geological Survey, Menlo Park, California 94025; 4University of Nevada, Reno, Nevada 89557

Introduction

Cenozoic magmatic rocks in the western United States 
define a complex space—time—composition pattern that for 
many years has posed numerous interpretive challenges. One 
of the more intriguing tectonomagmatic provinces is the 
northwestern segment of the Basin and Range province in 
Nevada, western Utah, and minor adjacent parts of Oregon, 
Idaho, and California. This segment, characterized for the 
most part by internal drainage, is called the Great Basin (Fig. 
1). This paper summarizes characteristics of volcanic rocks in 
the Great Basin, primarily ash-flow tuff and subordinate lava, 
which were deposited from Eocene through Miocene time. 
Although widespread younger volcanic deposits exist, their 
volume is much less and they are not considered here. Only a 
few general and preliminary interpretations of our 
observations are presented.

The support of the National Science Foundation through 
Grant EAR-8604195 to M. G. Best is gratefully acknowl-
edged.

Contributions of several geologists have provided the basis 
for study of volcanic rocks in the Great Basin. Howell 
Williams in the 1950's (unpublished reconnaissance) first 
realized that many of the volcanic rocks are ash-flow de-
posits. J. Hoover Mackin (1960) recognized the extensive 
nature of the ash-flow sheets, gave stratigraphic names to 
some, and emphasized their usefulness as "instantaneous" 
time horizons to better understand basin and range structure. 
Paul L. Williams (1960) and Earl F. Cook (1965), students of 
Mackin, used petrographic properties, especially phenocryst 
proportions, as well as stratigraphic position, to correlate 
extensive ash-flow sheets in the eastern Great Basin. Cook 
named units, recognized the southward transgression in time 
of their sources, and realized that the volcanism occurred over 
a brief interval of geologic time. He grappled with the 
significance of the basal Cenozoic unconformity, and 
concluded that basin and range topography originated after 
deposition of the tuffs.

Geologists of the U.S. Geological Survey, beginning with 
the Nevada Test Site project in the early and middle 1960's, 
mapped individual ash-flow sheets over thousands of square 
kilometers in the south-central and western Great Basin and 
identified many of their sources. These investigations dem-
onstrated the feasibility of systematic geologic mapping of 
ash-flow terranes and the utilization of such data for rec-
ognizing volcanic centers and working out the history of 
volcanic fields.

The magmatic and tectonic development of the Great Basin 
during Cenozoic time was the focus of a number of papers in 
the late 1960's and early 1970's based on the body of chemical, 
petrologic, and radiometric-age data then available. This 
information was used by Armstrong et al. (1969) and McKee 
et al. (1970) to define patterns in age and rock distribution. 
Models of tectonic evolution were developed by McKee (
1971), Christiansen and Lipman (1972), Lipman et al. (1972), 
and Noble (1972). A landmark paper by Atwater (1970) 
showed that early Tertiary plate convergence along the 
southwestern margin of North America has been supplanted 
since sometime in the Oligocene by transform motion on the 
San Andreas system; this transform motion began just south of 
the U.S.—Mexico border and has now migrated to just north 
of San Francisco (Fig. 2). Numerous later publications have 
refined, summarized, and/or reviewed the information in these 
early papers, but have not fundamentally changed the original 
concepts.

Despite these past efforts, research on volcanic deposits in 
the Great Basin is still in its infancy, in comparison to volcanic 
fields such as the San Juan field of Colorado. This is in part 
because of the vast area and enormous volume of volcanic 
rock in the Great Basin (Table 1). Although the entire region is 
covered by county, state, or other geologic maps at a scale of 
1:250,000, generalization of rock units hampers their 
usefulness for structural, stratigraphic, and petrologic 
interpretations, such as delineation of source calderas and 
associated outflow-tuff sheets. Less than half of

TABLE 1—Comparison of major Tertiary volcanic fields in western North America that contain significant volumes of ash-flow deposits (Lipman, 1975; 
Steven and Lipman, 1976; Steven et al., 1984; Ratté et al., 1984; Stewart and Carlson, 1976; Swanson and McDowell, 1984). See Fig. 2.

Intermediate lava Silicic tuff

Volcanic field
Area

(103 km3)

Inception of
major activity

(Ma)

Approximate
volume

(103 km3)

Period of
major activity

(Ma)

Approximate
volume

(103 km3)
Number of

calderas

Great Basin 360* 40 ?5? 33-20 50? 50 ±

Marysvale 10 30 7 27-23 <1 4

San Juan 25 35 50 29-27 10 15

Mogollon–Datil 25 40 ? 29-27 10 10?

Sierra Madre Occidental 300 42 ? Oligocene ?300? ?350?
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the region is covered by larger-scale maps (1:62,500 or 
greater) that show individual formations. Relatively few 
detailed petrologic investigations of individual ash-flow sheets 
and their magma systems have been published.

Regional geologic setting

Building on earlier publications, Lipman (1980), Stewart (
1983), Elston (1984), Chadwick (1985), and Wernicke et al. (
1987) addressed the late Mesozoic and Cenozoic tec-
tonomagmatic evolution of the western United States. Fun-
damental elements of this evolution include Cretaceous (and 
locally latest Jurassic) to early Eocene east—west crustal 
shortening and granitic plutonism. This was followed by 
east—west crustal extension and widespread, locally volu-
minous high-K subalkaline volcanism that shifted in many 
places to bimodal basalt—rhyolite activity since about middle 
Miocene time.

In the region that now forms the Great Basin and sur-
rounding areas, volcanism began in the north in the Eocene 
about 43 Ma (Armstrong et al. , 1969) and swept southward 
along an arcuate, roughly east—west front into southern Ne-
vada (McKee, 1971; McKee and Silberman, 1975; Noble et al. 
, 1976) by Miocene time (Fig. 2). Accompanying this 
transgressive volcanism was a southward-moving wave of 
east—west to northwest—southeast crustal extension, which, 
though imperfectly defined, is expressed in detachment-fault 
terranes and metamorphic core complexes. Locally, hundreds 
of percent extension have been documented (e.g., Wernicke et 
al. , 1987; Gans et al. , submitted; Taylor et al. , 1987; Wust, 
1986). South of the region of southward migrating volcanism 
is an east—west amagmatic corridor where there has been 
sparse Phanerozoic magmatism. This corridor effectively 
separates the Great Basin from the southern Basin and Range 
province where northward-sweeping volcanism

FIGURE 1—Composite satellite image of the Great Basin that approximately covers the northwestern part of the Basin and Range province, bounded on the 
west by the Sierra Nevada and on the east by the Colorado Plateaus. The state of Nevada is shown by dashed line.
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FIGURE 2—Pattern of Eocene–Miocene volcanism in the Great Basin, 
flanking Sierra Nevada and Colorado Plateaus (delineated by fine stippling), 
and southern Basin and Range province. Solid lines are isochrons (in Ma) 
showing transgressive sweep of volcanism (isochrons labeled 38, 35, and 18 in 
Great Basin are from this study and indicate most southerly progress of activity 
at the given time; other isochrons from Cross and Pilger, 1978; cf. Noble, 1972; 
Armstrong, 1975; Stewart and Carlson, 1976; Burke and McKee, 1979; Nilsen 
and McKee, 1979; Lipman, 1980). A more regular southward time 
transgression in Colorado than shown here is indicated by Lipman (1987). After 
17 Ma, volcanism flourished in the northern, western, and southern Great 
Basin, but to a lesser degree in the eastern part (see Fig. 4). Coarse stippling 
shows locations of major volcanic fields outside the Great Basin. Laccoliths of 
felsic rocks of transitional to alkaline compositions (solid black) in the 
Colorado Plateaus have recently been shown to range in age from 30 to 20 Ma (
Sullivan, 1987). Arrows off southern California coast indicate direction of 
motion of converging oceanic plate relative to North American plate at 43-37 
and 28-17 Ma, and heavy dashed lines are approximate locations of Mendocino 
Fracture Zone at indicated times in Ma (Engebretson et al., 1985). Amagmatic 
corridor shown by diagonal ruling is from the Geologic Map of the United 
States.

and crustal extension occurred during the same period of time 
(Fig. 2) as the south-sweeping activity in the Great Basin (
Glazner and Bartley, 1984).

Magmatism in the Great Basin and surrounding areas 
during Tertiary time at the present level of erosion is ex-
pressed dominantly in volcanic deposits; only small exposures 
of granitic rock occur. Until the early Miocene, about 25 Ma, 
volcanism produced dominantly andesitic to dacitic lava and 
breccia flows and dacite to rhyolite ash-flow tuffs (McKee et 
al. , 1970; McKee and Silberman, 1975). During the next eight 
million years eruption rates decreased, dacitic ash-flow 
eruptions waned, and a broader compositional spectrum 
appears in the volcanic record. Basaltic volcanism began after 
the middle Miocene, about 17 Ma, and has been 

a significant aspect of Great Basin activity since about 12 Ma, 
particularly along the eastern and western margins of the 
region but also locally in the center (Best and Hamblin, 1978; 
McKee and Noble, 1986). Many silicic tuffs and lavas younger 
than about 17 Ma are peralkaline or topaz-bearing (Noble and 
Parker, 1975; Christiansen et al. , 1986). After the middle 
Miocene, the general east—west orientation of magmatic 
zones changed to north—south (Best et al. , 1980; Stewart, 
1983), probably reflecting a fundamental change in the state of 
stress in the lithosphere (Best, 1988a).

Since the middle Miocene, crustal extension affected a 
larger area (Anderson and Ekren, 1968; Armstrong et al. , 
1969; Scholz et al., 1971; Proffett, 1977; McKee and Noble, 
1986; Wernicke et al. , 1987), forming what has conven-
tionally been called the Basin and Range province of western 
North America. The existence of early Miocene ash-flow 
sheets derived from sources within the Great Basin in the 
flanking, generally topographically higher Colorado Plateaus 
and Sierra Nevada (Figs. 1, 2) proves uplift and tectonic 
differentiation of these two provinces did not begin until some 
time later (Rowley et al. , 1978; Deino, 1985). Thus, 
considerations of at least pre-Miocene volcanism of the Great 
Basin should include deposits in the Marysvale field on the 
western Colorado Plateaus. There is, however, no documented 
pre-Miocene volcanism in the Sierra Nevada.

In the Great Basin, middle Tertiary volcanic rocks were 
almost everywhere deposited on a clean erosion surface of 
subdued relief carved into Paleozoic and Mesozoic rocks (
McKee, 1988). Only locally are pre-volcanic fluvial and 
lacustrine deposits found above this profound unconformity (
McKee et al. , 1970; McKee and Silberman, 1975; Nilsen and 
McKee, 1979). The most widespared of these is the 
Paleocene—Eocene Sheep Pass Formation, a clastic unit that 
crops out over an area of only 4100 km2 in east-central 
Nevada, but is locally as thick as 1 km. Not only are Tertiary 
sedimentary rocks highly localized beneath the volcanic de-
posits, but they are virtually nonexistent within the volcanic 
sequence before about 20 Ma (McKee et al. , 1970; McKee 
and Noble, 1974). Water-laid tuffaceous rocks occur locally, 
but in many ranges the entire volcanic section consists only of 
ash-flow sheets and minimal amounts (probably on the order 
of a few percent) of associated air-fall and surge deposits.

Lava flows

Cenozoic lavas are widely scattered throughout the Great 
Basin (Figs. 3, 4), but for the most part appear to have been 
erupted in relatively small volumes, on the order of about 10% 
of the total volume of Cenozoic volcanic rock. Typically, 
lavas occur as isolated domes and flows within a sequence of 
ash-flow deposits (see, for example, Ekren et al. , 1971, 1977; 
Quinlivan et al., 1974; Willis et al., 1987). In contrast to the 
more or less contemporaneous San Juan volcanic field in 
Colorado, for example, large constructional volcanoes and 
associated volcanic debris flows (lahars) are absent in most 
Great Basin eruptive centers (Table 1). Debris flows are 
widespread, however, on the eastern (Steven et al. , 1984) and 
western (Slemmons, 1966) margins of the Great Basin.

Lavas range widely in composition from rhyolite to basalt (
Fig. 5). Most are calc-alkaline, but some show tholeiitic 
affinities on Fe—Mg diagrams; virtually all are more potassic 
(K2O>Na2O) than common "orogenic" volcanic rocks
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FIGURE 3—Pre-17 Ma Tertiary lava flows in the Great Basin and adjoining Colorado Plateaus (after Hintze, 1975; Stewart and Carlson, 1976). Ages in Ma from 
many published sources and unpublished data of E. H. McKee and B. J. Kowallis. Southern and western limits of 38 and 35 Ma lava flows shown by dashed 
lines. Western edge of Precambrian basement is based upon Nd-isotopic data (Farmer and DePaolo, 1983). See also Figs. 2, 4, 8.

worldwide (cf. Gill, 1981; Ewart, 1982). Pb-, Sr-, Nd-, and O-
isotope ratios show the presence of both crustal and mantle 
components (Zartman, 1974; C. E. Hedge and D. C. Noble, 
unpubl. data 1969-1973; Grunder et al. , 1987; Gans et al. , 
submitted). Additional petrochemical features are time-
dependent and will be discussed in the time—composition 
section.

FIGURE 4—Lava flows 17-6 Ma in the Great Basin (Stewart and Carlson, 
1976). See also Fig. 3.

Ash-flow deposits

Tertiary volcanic rocks in the Great Basin are dominantly 
silicic ash-flow tuff. Several tens of thousands of cubic 
kilometers of pyroclastic material represented in more than 
one hundred ash-flow sheets were erupted chiefly during the 
late Oligocene and early Miocene 33-20 Ma from more than 
50 caldera centers. In single mountain ranges in southeastern 
Nevada, sequences of 6-10 cooling units are commonly 
exposed, and locally as many as 16; thicknesses range to 
about 2 km. In central and western Nevada, ash-flow 
sequences typically consist of fewer units, but as much as 4 
km of tuff is found within calderas.

All of the zonal variations in ash-flow deposits described by 
Smith (1960) have been recognized in Great Basin sheets. 
Zones of hydrated glass ranging from non-welded to densely 
welded (vitrophyre) are common near the base of cooling 
units. In the devitrified zone, elimination of glass is gen-
erally complete, although in a few cases collapsed pumice 
remains glassy in a matrix of devitrified welded shards. 
Lithophysae are uncommon, even in densely welded crystal-
poor rhyolitic tuff; exceptions include the upper cooling unit 
of the lower Miocene Bates Mountain Tuff and the possibly 
equivalent Nine Hill Tuff. Many deposits of densely welded, 
devitrified, crystal-poor rhyolite tuff have closely spaced 
fractures that result in disaggregation into popcorn-size gnus.
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FIGURE 5—Variation diagrams and IUGS classification (Le Bas et al. , 1986) of late Eocene through Oligocene (42-25 Ma) and Miocene (24-6 Ma) lavas in the 
Great Basin. O, older 24-18 Ma lavas; Y, younger 17-6 Ma lavas. Data from our unpublished analyses and from many published sources which mostly provide 
only limited age data.

In some places, ash-flow sheets have experienced rheo-
morphic flow after deposition on sloping surfaces.

Dimensional aspects

For convenience, in the following discussion ash-flow 
sheets are arbitrarily classified in terms of volume (km3): 
small <10, medium 10-100, large 100-1000, very large >1000. 
Although small and medium sheets occur in the Great Basin, 
regional studies of many sequences of ash-flow tuff 
demonstrate that most are large to very large.

Regionally extensive ash-flow sheets are commonly ex-
posed in two or more ranges east to west, and some span half 
of the Great Basin and have a present areal extent of more than 
40,000 km2. East—west crustal extension of 50(?)% (Best, 
1988b) since deposition of most sheets has of course extended 
their areal distribution; this is reflected in the fact that most 
known markedly nonequant distributions surrounding sources 
are elongate in the east—west direction. However, some ash-
flow sequences (e.g., the Quichapa Group of southeastern 
Nevada and southwestern Utah) derived from a nearly 
common source area comprise alternating sheets of equant and 
east—west elongate distributions, suggesting that eruption 
dynamics and paleotopography, dictated by faulting and 
erosion concurrent with volcanism, must have played a role in 
the distribution of the ash flows (Best, 1988b). Widespread, 
relatively thin rhyolite ash-flow sheets (e.g., Bates Mountain, 
Shingle Pass, Bauers) indicate that 

the relief at the time of their eruption in the early Miocene 
was much less than today.

Single cooling units near their sources can be as much as 
200-300 m thick, but are thicker in paleovalleys and are 
commonly an order of magnitude thicker in calderas pre-
dating, or produced by, eruption of the unit. Other factors, in 
addition to the relief of the pre-eruption surface and distance 
from the source, govern the thickness of a sheet. Sheets of 
crystal-rich tuff (>25% phenocrysts) in the Great Basin can be 
as extensive as crystal-poor sheets, yet for a particular areal 
extent they tend on the average to be thicker; the largest-
volume deposits are crystal-rich. Abundant suspended 
crystals in the ejecta may reduce the mobility of ash flows, 
possibly in part because of proportionately fewer glass 
particles exsolving gas to maintain their mobility as they 
sweep across the land. Thicker sheets may also have been built 
up by many rapidly erupted ash flows to form a single cooling 
unit. Also, the relative thickness of crystal-rich ash-flow 
deposits may be due to the fact that they compact less than 
crystal-poor deposits.

Composition

Most Great Basin ash-flow tuffs are rhyolite, but range to 
dacite and trachyte and rare andesite and latite (Fig. 6). Most 
are calc-alkaline, but some, particularly middle Miocene and 
younger tuffs, have especially high FeO/(FeO + MgO) ratios (
0.85 to 0.99 + ), and some of these are per-
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FIGURE 6—Top pair of diagrams are alkalies–silica diagram with IUGS classification (Le Bas et al. , 1986) and CaO–TiO2 diagram of all ash-flow tuffs for 
which chemical analyses are available in the Great Basin and western Colorado Plateaus; most analyses are from numerous publications, but included are some 
unpublished XRF analyses done at Brigham Young University. Some deposits or stratigraphic units are represented by more than one analysis. M, Monotony 
compositional type; I, Isom compositional type; S, Osiris Tuff (about 23 Ma) in the Marysvale volcanic field, which contains about 22% phenocrysts of 
plagioclase, lesser sanidine, and minor biotite, pyroxene, and magnetite, and is therefore not mineralogically strictly an Isom type; H, tuff of Hoodoo Canyon (
about 31 Ma) is mineralogically a Monotony type except for slightly more sanidine and K20 than average, so it plots in the Isom-type field on the alkalies–silica 
diagram; *, tuffs 17-6 Ma; O, other tuffs. Middle pairs of diagrams show range of phenocryst proportions and restored volume versus age of the stratigraphic units 
listed at bottom of figure represented in the Monotony (left) and Isom (right) compositional types. List of stratigraphic units 1-12 corresponds to vertical lines 
from left to right, showing range in phenocryst proportions.
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alkaline. Although analyses of hydrated glass from tuffs 
commonly have elevated K2O/Na2O ratios, primarily de-
vitrified Great Basin tuffs also typically have ratios greater 
than one and, hence, source magmas are considered to be 
inherently potassic.

Quartz and two feldspars are the most common pheno-
crysts; mafic phases typically include biotite, hornblende, 
magnetite, and less common ilmenite, augite, hypersthene,
fayalite, and, in peralkaline tuffs, aenigmatite and sodic 
amphibole, and pyroxene. Most tuffs contain trace amounts
of apatite and zircon. Titanite (sphene) occurs in only about 
10% of the tuffs and a trace of allanite and/or chevkinite has 
been found in several rhyolite tuffs.

Phenocryst concentrations in Great Basin tuffs range from 
zero (e.g. , aphyric lower part of middle Miocene Grouse
Canyon Member of Belted Range Tuff) to 40 and rarely to 
50% (e.g. , Harmony Hills Tuff). The maximum concentration 
of crystals may reflect a viscosity barrier precluding eruption 
of more crystal-rich magma (Smith, 1979; also cf.
Marsh, 1981). Some of the ash-flow sheets with >40% 
phenocrysts are low-silica dacite or andesite composition,
which suggests that the lower viscosity of a less siliceous
melt might compensate for the greater concentration of crys-
tals. However, winnowing of lighter, finer glass particles
from the ash flow during eruption and emplacement influ-
ences the phenocryst/glass ratio in the tuff (e.g. , Noble et al. , 
1974); some extensive beds of air-fall tuff of Oligocene
age found in the mid-continent might represent co-ignimbrite 
deposits of Great Basin eruptions (G. A. Izett, oral comm. 
1987).

Although rhyolite tuffs range widely in phenocryst content,
 nearly all dacite and andesite tuffs are crystal-rich.
Some ash-flow sheets are strikingly zoned from crystal-poor
rhyolitic lower parts to more crystal-rich dacitic upper parts (e.
g. , Nine Hill, Kalamazoo, and Civet Cat Canyon Member
of the Stonewall Flat Tuff). In contrast, very large-volume,
crystal-rich dacite ash-flow sheets (i.e. , the "monotonous 
intermediates" of Hildreth, 1981), such as the Cottonwood
Wash, Wah Wah Springs, and Lund, each have the same types 
of phenocrysts throughout and in much the same proportions. 
Pumice clasts throughout the Wah Wah Springs also differ 
little in bulk chemical composition (Best et al. , 1989).

Some ash-flow deposits appear to be free of accidental rock 
inclusions, even those within their caldera (e.g. , tuff
of Williams Ridge and Morey Peak); however, others are
choked with noncognate lithic fragments, particularly near 
their vents and within source calderas, where the intracal-
dera rocks can locally consist of breccia or megabreccia in
which tuff is a subordinate matrix (see next section). Frag-
ments of cogenetic magmatic material larger than ash size
are almost universally present; most of these are pumice
lapilli. However, football-size pumice blocks have sometimes 
been transported as much as a few tens of kilometers
from the source. Compositionally similar but non-vesicular
cognate clasts are present in a number of ash-flow sheets (e.g. ,
 Noble et al. , 1974). Finally, it must be noted that
mixed pumice blocks with strikingly variable compositions 
have been documented in some deposits (Vogel et al., 1987, 
1989).

Correlation
The most reliable method of determining the distribution 

of ash-flow sheets is by geologic mapping. However, the

Great Basin presents two obstacles. First, mountain ranges 
are cut by post- and some syn-volcanic faults that in many
places are so complex that both stratigraphy and structure
are uncertain; hence, structural and stratigraphic studies must 
be made concurrently through careful geologic mapping.
Second, ash-flow sheets are typically preserved only dis-
continuously in isolated exposures, necessitating application 
of reliable correlation techniques. Such correlation becomes
critically important in the case of very large sheets that have 
wide areal extent and where large distances intervene be-
tween exposures.

Practical and successful methods of correlation have been 
developed over the past few decades by many geologists
working in the Great Basin. We and our coworkers have
found that in most cases stratigraphic sequence combined 
with modal phenocryst composition (e.g. , Williams, 1960;
Byers et al. , 1968) serve as primary correlation criteria. 
Secondary criteria such as size and microscopic characteristics 
of phenocrysts, abundance and nature of lithic and pumice 
clasts, character of welding and devitrification and vapor-phase 
crystallization, and magnetic polarity are useful in certain 
cases. Even thickness of a unit can-help correlation if a pattern 
has emerged by study of nearby areas. A common pitfall in 
field correlation is the use of superficial criteria such as color 
or welding characteristics in lieu of the primary tools of 
mineralogy and stratigraphic succession. Some very large, 
crystal-rich ash-flow sheets in the Great Basin, as noted above, 
have quite uniform modal compositions; phenocryst size may 
vary vertically, but marked variation in types and proportions 
of phenocrysts is uncommon, allowing one to make reliable 
correlations on the basis of phenocrysts.

For especially difficult correlation problems that cannot be 
solved in the field, or where correlation needs careful 
documentation, radiometric age, minor- and trace-element 
composition, and quantitative thermoremanent-magnetization 
data are especially useful. Confidence is greatest where a 
variety of field, petrographic, and laboratory methods is 
applied (e.g. , Noble et al. , 1984).

In some cases, radiometric ages of ash-flow tuffs can be 
used for correlation. Techniques that prove useful for Ce-
nozoic tuffs are conventional K—Ar and especially more 
precise 40Ar/39Ar methods. Potassium-bearing phenocrysts 
such as biotite, sanidine, oligoclase (with 1% or more K), and 
hornblende are common in Great Basin tuffs. In many rocks, 
two different phenocryst species from the same specimen can 
be dated, giving more confidence in the determined age. Less 
precise fission-track ages have limited application (Naeser and 
McKee, 1970).

In the Great Basin, many hundreds of conventional K-Ar 
age determinations have been made on Cenozoic tuffs and 
lavas. Probably every major unit has been dated at least once, 
and some as many as 20 times. Because of the great number of 
ages, it is possible to evaluate the reproducibility of the various 
analyses and, more importantly, to establish the actual age of a 
volcanic unit (the accuracy of the radiometric age). In a study 
that addresses this problem, McKee and Silberman (1970) 
showed that an estimate of about 3% may be used as the 
uncertainty of a particular age that is based upon a single K—
Ar determination. Thus, age determinations from widely 
separated localities that differ by no more than 3% should be 
considered the same and to constitute permissive evidence for 
correlation of the unit.

Application of the 40Ar/39Ar technique to middle Tertiary
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ash-flow sheets promises to improve precision to better than 
1% (Lanphere, 1988). This improvement over the conven-
tional K—Ar method is largely due to the measurement of the 
potassium content of the sample, in the form of 39Ar converted 
from 39K in a nuclear reactor, during the same experiment in 
which radiogenic 40Ar is measured. Moreover, this self-
contained aspect of the 40Ar/39Ar method in conjunction with 
laser fusion allows age determinations of individual grains, or 
even parts of a single grain, with still better analytical precision 
(Dalrymple and Duffield, 1988). Thus, contaminant or altered 
grains can be discerned and eliminated from the computation 
of the mean age of the sample. In a preliminary study (Deino 
and Best, 1988) of a rhyolite ash-flow sheet in south-central 
Nevada, six sanidine grains from each of four widely 
separated samples were analyzed; the total age spread for the 
mean ages of the samples is only 40,000 years and the standard 
error of the weighted mean of 22.65 Ma is 9000 years. These 
advancements in dating technique provide a powerful tool to 
aid in correlation of ash-flow sheets and to investigate the 
chronologic evolution of middle Tertiary volcanic centers.

Criteria for the chemical correlation of ash-flow sheets are 
summarized in Hildreth and Mahood (1985). Bulk samples 
can differ significantly in composition over the extent of a 
sheet (and from the original magma) due to contamination by 
xenocrysts and xenoliths, mechanical sorting and mixing, 
preferential elutriation of vitric ash during outflow, and 
secondary hydration and devitrification processes. Analysis of 
pumice blocks, representing more or less unmodified samples 
of magma, largely circumvents these problems. Even so, major 
complexities remain due to the practical difficulty in extracting 
clean, unaltered pumice from a wide variety of tuffs. 
Additional problems arise in some cases because of marked 
disequilibrium between phenocrysts from individual pumice 
fragments and compositionally variable cognate clasts that 
reflect compositional gradients within the pre-eruption magma 
chamber. Plots of less mobile major and minor elements (Ti, P, 
Mn) and trace elements (Y, Zr, Nb, REE) often yield trends 
rather than clusters of points, although such trends may not 
overlap and therefore be useful in distinguishing between two 
or more ash-flow deposits (e.g., Noble et al., 1984). Glass and 
phenocryst compositions, especially feldspars and pyroxenes, 
can also be diagnostic, but may also vary due to compositional 
gradients in the magma chamber.

Deino (1985) used bulk-rock compositions of the densely 
welded Nine Hill Tuff of western Nevada and eastern Cal-
ifornia to establish a close chemical similarity with the Bates 
Mountain Tuff (Unit D) of central and eastern Nevada (Fig. R5 
in road log). A close chemical affinity in Zr—Nb content, 
distinct from other tuffs in the region, was also noted between 
the crystal-rich, moderately welded tuff of Chimney Spring of 
western Nevada and the lithologically similar New Pass Tuff 
of central Nevada.

Paleomagnetism was used to distinguish between and/or 
correlate ash-flow sheets by Noble et al. (1968) and Cox (
1971), and was extensively employed by Grommé et al. (1972) 
in the eastern Great Basin. The method depends upon the fact 
that during cooling an ash-flow deposit acquires a stable 
thermoremanent magnetization parallel to the geomagnetic 
field. In nearly all instances, plastic deformation in the sheet 
ceased at a higher temperature than the onset of magnetization 
acquisition (630° C or less), but exceptions to this rule are the 
Swett Tuff in Condor Canyon (Gose, 

1970) and the Topopah Spring Member of the Paintbrush Tuff 
in the Nevada Test Site (Rosenbaum, 1986). The geo-
magnetic field exhibits two sorts of time variations that are 
important in this context. First is secular variation of the 
direction, with a characteristic time of one to a few centuries 
and an amplitude of 10-20° of arc. Second is complete 
reversals of polarity, with a characteristic frequency of a few 
thousand centuries. Reversals occur seemingly at random 
intervals, and secular variation is also a quasi-random, but 
continuous, phenomenon.

During an interval of constant polarity, a spot-sampling 
through time of the field direction at a site will have a 
probability distribution centered on the direction that would 
be produced by a geocentric axial dipole, and the radial 
density function will have a shape analogous to a two-
dimensional Gaussian distribution. Clearly, if two ash-flow 
sheets have paleomagnetic directions that are opposite in 
polarity, or are significantly different from each other, they 
cannot have erupted at the same time. The converse hy-
pothesis, that if two sheets have the same paleomagnetic 
direction they are contemporaneous, can only be assigned a 
probability of truth depending on how different their com-
mon direction is from the most likely field direction, that of 
the geocentric axial dipole (Cox, 1971).

In practice, application of paleomagnetism can be ham-
pered by inaccuracy of the geometric correction for post-
eruptive tectonic tilting far more than by plastic deformation 
during initial cooling. Commonly, the bedding attitude is 
measured in the eutaxitic structure of the tuff because the top 
or bottom of the sheet frequently is not exposed. The eutaxitic 
structure tends to be parallel to the pre-eruption ground 
surface rather than exactly horizontal, and if there was much 
topographic relief, the structural corrections will be wrong. 
The success of the application of this method by Grommé et 
al. (1972) depended on the fact that the middle Tertiary tuffs 
of the eastern Great Basin were mostly erupted onto a nearly 
flat ground, and that none of their sampling sites were within 
or near calderas.

Calderas

Most geologists consider it axiomatic that catastrophic 
explosive eruption of a large to very large volume of pyro-
clastic material sufficiently reduces support of the roof of the 
magma chamber to cause its collapse. The resulting caldera is 
commonly, but not in all cases, more or less centrally located 
within the areal distribution of its associated extracaldera 
deposit of ash-flow tuff, or outflow sheet.

Recognition

Recognition of Oligocene and Miocene calderas in the Great 
Basin presents special challenges because of burial by post-
caldera volcanic and sedimentary rocks, and especially 
because of subsequent dismemberment by faulting and erosion. 
Although parts of 16-15 Ma calderas in the McDermitt 
volcanic field on the Oregon—Nevada state line have 
topographic expression (Rytuba and McKee, 1984), generally 
only the youngest in the Great Basin have complete circular 
definition. For example, in the cluster of several calderas in 
the Nevada Test Site in the southern Great Basin (Fig. 7), only 
the Timber Mountain (11.3 Ma) and Black Mountain (7.7 Ma) 
calderas are topographically well defined (Christiansen, 1979).

Post-caldera basin and range faulting has been both a curse 
and blessing in the search for sources of ash-flow
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FIGURE 7—Sources of large and very large ash-flow tuff deposits in the Great Basin and western Colorado Plateaus. Bolder number is age in Ma. Lighter 
number is from Table 2, which also lists names of calderas and associated outflow deposits. Western edge of Precambrian basement from Ndisotopic data of 
Farmer and DePaolo (1983). Dashed lines show southern and western limit of caldera-forming eruptions at 30 and 20 Ma.

sheets. Wide alluvial valleys conceal parts of calderas and 
appear to wholly mask others; on the other hand, the internal 
structure and stratigraphy of segments of some calderas are 
well exposed in tilted and uplifted fault-block ranges (e.g., 
Toquima Range and Northumberland caldera; Needle Range 
and Indian Peak caldera). Some of the calderas shown in Fig. 7 
are conjectural because only incomplete data such as

the distribution of an outflow sheet or the recognition of a thick 
intracaldera deposit are available. Topographic margins are 
poorly known even for some of the better located calderas 
because of younger cover. Many ash-flow sheets have no 
known source, or at best only a conjectured one, and several 
identified calderas have no recognized outflow sheets (Table 2)
.

TABLE 2—Known or conjectured calderas and sources shown in Fig. 7. Tuff related to caldera collapse is indicated. SRSC in reference column refers to 
Sargent and Roggensack (1984) and Stewart and Carlson (1976).

No.
Caldera
Lat.N, Long.W Tuff Age(Ma) Comment Reference

1 Fish Creek Mtns.
40.2°,117.3°

Fish Creek Mtns. 24.8 Virtually all intracaldera McKee (1970); Stewart and 
McKee (1977)

2 Unnamed
40.2°,116.9°

Caetano 33.1 Little outflow preserved Stewart and McKee (1977)

3 Unnamed
39.7°,116.9°

Hall Creek 36-33 SRSC

4 Unnamed
3.94°,116.5°

SRSC

5 Unnamed
39.5°,116.0°

Pancake Summit 33.7 M. G. Best and A. L. 
Deino (unpubl. data)

6 Unnamed
39.5°,118.8°

Nine Hill and possibly D unit 
of Bates Mtn.

23-24 Caldera location based on 
compositional, chronologic, 
paleomagnetic similarity of 
these two tuffs

Deino (1985); Stewart and 
McKee (1977)
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Table 2, continued

No.
Caldera
Lat.N, Long.W Tuff Age(Ma) Comment Reference

7 Unnamed
39.6°,117.9°

30-24 SRSC

8 Unnamed
39.3°,117.7°

24 ± Caldera filled with 1000 m of 
crystal-rich rhyolite of 
Desatoya Mtn.

McKee and Conrad (1987)

9 Unnamed
38.8°,118.6°

Hu-pwi Rhyodacite, 
Blue Sphinx,
Singatse,
Mickey Pass

23-22 
25-23 
27-24 
27-24

No evidence for a fault- bounded 
caldera; instead a 
broad crustal sag is postulated 
to have developed as roughly 
3000 km3 of magma was erupted, 
possibly from deep magma 
bodies; tuffs cover an area of 
roughly 8000 km2

Ekren et al. (1980)

10 Unnamed
38.9°,118.1°

SRSC

11 Unnamed
38.7°,117.5°

Toiyabe Quartz Latite 22.3 Position highly uncertain McKee and John (unpubl. data)

12 Unnamed
38.6°,117.6°

SRSC

13 Darrough
38.8°,117.3°

Darrough Felsite 26-22 Could be older Speed and McKee (1975)

14 Peavine Peavine Canyon 20?-17? SRSC

15 Northumberland
39.0°,117.0°

Northumberland 33.1 Landslide blocks as large as 1.
5 km of Paleozoic rocks in 
caldera

McKee (1974)

16 Moores Creek
38.8°,116.9°

Moores Creek 27.2 No outflow tuff recognized Boden (1986)

17 Mt. Jefferson
38.8°,116.9°

Mt. Jefferson 26.4 Limited extent of outflow tuff (Round 
Mtn. Mbr.)

Boden (1986)

18 Trail Canyon
38.7°,116.8°

Trail Canyon 23.6 No outflow tuff exposed Boden (1986)

19 Manhattan
38.6°,117.1°

Round Rock 24.9 Shawe et al. (1986)

20 Big Ten Peak
38.5°,116.8°

Rye Patch of Bonham and 
Garside (1979) equivalent(?) 
to Big Ten Peak of McKee 
and John (unpubl. data)

26 ± Caldera has landslide blocks of 
Paleozoic rocks as large as 1.6 km 
across

Bonham and Garside (
1979)

21 Williams Ridge
38.6°,116.1°

Windous Butte Fm. is 
outflow sheet
tuff of Williams Ridge and Morey 
Peak is intracaldera deposit

31.37
31.33

Hot Creek Valley caldera (not 
shows) nested within 
northwest segment of Williams 
Ridge caldera, collapsed 
during eruption of tuff of Hot 
Creek Canyon shortly after 
eruption of tuff of Williams 
Ridge and Morey Peak. 
Enclosed Lunar Lake caldera 
collapsed about 25 Ma as tuff 
of Lunar Cuesta was erupted

Ekren et al. (1974); John (1987);
 M. G. Best and
A. L. Deino (unpubl. data)

22 Unnamed
38.5°,115.8°

Stone Cabin 35.4 M. G. Best, G. L. Dixon, A. 
L. Deino (unpubl. data)

23 Unnamed
38.1°,118.1°

Candelaria Hills sequence 25.5-23.5 Robinson and Stewart (1984)

24 Monte Cristo
38.2°,117.8°

Castle Peak >15 SRSC

25 Silver Peak
37.7°,1 17.8°

6 Robinson (1972)

26 Fraction
38.0°,117.2°

Fraction 20.5-18.7 Caldera name from Sargent and 
Roggensack (1984)

Bonham and Garside (
1979)

27 Unnamed
38.2°,116.9°

SRSC

28 Kawich
38.0°,116.5°

Probably Pahranagat Lakes 
Tuff of Williams (1967) and 
tuff of White Blotch Spring of 
Ekren et al. (1971)

22.65 Deino and Best (1988)

29 Unnamed
38.3°,116.0°

Monotony 27.3 Ekren et al. (1974); M. G. Best 
and A. L. Deino (unpubl. data)
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Table 2, continued

No.
Caldera
Lat.N, Long.W Tuff Age(Ma) Comment Reference

30 Quinn Canyon Range
38.1°,115.7°

Probably Shingle Pass 26.7-26.0 Thick section of Shingle Pass 
Tuff and center of areal 
distribution of this large sheet

SRSC; M. G. Best and
A. L. Deino (unpubl. data)

31 Unnamed
37.9°,115.3°

Hancock Summit 26 ± M. G. Best (unpubl. data)

32 Stonewall Mt.
37.5°,117.0°

Stonewall Flat 6.3 Two nested calderas Noble et al. (1984); Weiss 
and Noble (1989)

33 Mount Helen
37.4°,116.7°

Tolicha Peak late 
Miocene
(<14)

Ekren et al. (1971)

34 Cathedral Ridge
37.6°,116.3°

17.0 Caldera filled with 2200 m of 
tuff called Fraction Tuff by 
Ekren et al. (1971), but shown 
by Bonham and Garside (1979) 
to be younger and of different 
composition from Fraction at 
type locality near Tonopah

Ekren et al. (1971)

35 Black Mtn.
37.3°,116.7°

Thirsty Canyon 7.7 Two nested calderas Noble and Christiansen (1974); 
Noble et al. (1984); Weiss et al. 
(1989)

36 Unnamed
37.2°,116.8°

Tuff of Sleeping Butte 15-14 D. C. Noble (unpubl. data)

37 Oasis Valley
37.1°,116.7°

Rainier Mesa Mbr. of Timber 
Mtn. Tuff

11.5 Byers et al. (1976); 
Christiansen et al. (1977)

38 Crater Flat—Prospector Pass 36.
8°,116.5°

Crater Flat 14.4-13.8 Bullfrog Mbr. has volume of 
1000 km3

Carr et al: (1986)

39 Claim Canyon
37.0°,116.5°

Paintbrush 13.5-12.8 Tiva Canyon and Topopah 
Spring Mbrs. have volume of 
1300 km3

Byers et al. (1976); 
Christiansen et al. (1977)

40 Timber Mtn.
37.1°,116.4°

Ammonia Tanks Mbr. of Timber 
Mtn. Tuff

11.3 Byers et al. (1976); 
Christiansen et al. (1977)

41 Silent Canyon
37.3°,116.4°

Belted Range 14.2 Grouse Canyon Mbr. is most 
voluminous

Noble et al. (1968); Orkild 
et al. (1968)

42 Bald Mtn. Bald Mtn. 25 ±
Tuff known in only one locale (
80 km north) outside of caldera

Ekren et al. (1977)

43 Kane Springs Wash
37.2°,114.8°

Kane Wash 15.6-14.1 Noble (1968, unpubl. data); 
Novak (1984)

44 Caliente cauldron complex 37.5°,
114.4°

Bauers, Harmony Hills, 
Hiko, Racer

22.7-19 ± Nest of calderas Williams (1967); Noble and 
McKee (1972); Ekren et al. (
1977); P. D. Rowley and R. 
E. Anderson (unpubl. data)

45 Unnamed
37.7°,114.0°

Leach Canyon 24 ± Williams (1967); M. G. 
Best (unpubl. data)

46 Unnamed
37.8°,113.7°

Isom 27 ± Best et al. (1989)

47 White Rock
38.2°,114.3°

Lund 27.9 Part of the Indian Peak caldera complexBest et al. (1989)

48 Indian Peak
38.2°,114.0°

Wah Wah Springs 29.5 Part of the Indian Peak caldera complexBest et al. (1989)

49 Unnamed
38.6°,114.2°

Cottonwood Wash 30.6 Part of the Indian Peak caldera complexBest et al. (1989)

50 Big John
38.3°,112.5°

Delano Peak 23 ± Steven et al. (1984)

51 Mt. Belknap
38.4°,112.5°

Joe Lott 19 ± Steven et al. (1984)

52 Monroe Peak
38.5°,112.1°

Osiris 23 ± Steven et al. (1984)

53 Three Creeks
38.6°,112.5°

Three Creeks 27 ± Steven et al. (1984)

54 Unnamed
38.8°,113.5°

Tunnel Spring 33 ± Bushman (1973)

55 Unnamed
39.6°,114.4°

Kalamazoo 35+ Gans et al. (submitted)
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fable 2. continued

No.
Caldera
Lat.N, Long.W Tuff Age(Ma) Comment Reference

56 Thomas
39.7°,113.1°

Mt. Laird 39 ± Lindsey (1982)

57 Dugway Valley
33.7°,113.0°

Joy 38 ± Lindsey (1982)

58 Unnamed
39.8°,112.1°

Fernow 34 ± J. Hannah (unpubl. data)

59 Washburn
42.0°,117.8°

Oregon Canyon 16.1 Mostly buried Rytuba and McKee (1984)

60 Pueblo
42.2°,118.6°

Trout Creek Mtns. 15.8 Rytuba and McKee (1984)

61 Calavera
41.8°,118.1°

Double H 15.7 Calderas 61, 62, and 63 
comprise the McDermitt 
caldera complex

Rytuba and McKee (1984)

62 Jordan Meadow
41.9°,118.0°

Long Ridge mbrs. 2 and 3 15.6 Calderas 61, 62, and 63 
comprise the McDermitt 
caldera complex

Rytuba and McKee (1984)

63 Long Ridge
41.9°,118.0°

Long Ridge mbr. 3 15.6 Calderas 61, 62, and 63 
comprise the McDermitt 
caldera complex

Rytuba and McKee (1984)

64 Hoppin Peaks
41.85°,117.7°

Hoppin Peaks 15.5 Rytuba and McKee (1984)

65 Whitehorse
42.25°,118.3°

Whitehorse Creek 15.0 Rytuba and McKee (1984)

66 Virgin Valley
41.8°,119.0°

Idaho Canyon 16 ± Calderas 66 and 67 based on 
geological and geophysical data

Noble et al. (1970)

67 Highrock
41.5°,119.4°

Soldier Meadow; 
Summit Lake

14.7
16 ±

Calderas 66 and 67 based on 
geological and geophysical data

Noble (1988); Noble et al. (
1970); Turrin et al. (1988)

68 Unnamed
41.4°,118.9°

Ashdown 25 ± Source inferred from tuff distribution 
and facies

Noble et al. (1970); McKe 
et al. (1972)

69 Ragged Top
40.0°,118.8°

12.7 Heggeness (1982)

70 Little Walker
38.2°,119.4°

Eureka Valley 10 ± Noble et al. (1974, 1976)

71 Goldfield
37.7°,117.2°

32 ± Ashley (1974)

Internal character

The internal nature of calderas formed by extrusion of ash 
flows has been reviewed by Lipman (1984); only a few 
pertinent comments regarding characteristics of Great Basin 
calderas are made here. Even the smallest part of a dis-
membered caldera is marked by a thick prism of coeval 
intracaldera tuff whose thickness is generally about an order 
of magnitude greater than that of the associated outflow sheet, 
but is of comparable volume. The intracaldera tuff forms 
either a simple or compound cooling unit and typically 
encloses lenses of coarse collapse breccia shed off the un-
stable wall of the deepening caldera during eruption. Because 
a significant proportion of the ejecta from the magma chamber 
forms extracaldera deposits, the collapse volume exceeds the 
volume of the intracaldera deposits. Younger post-caldera 
deposits, including volcaniclastic and epiclastic sediments, ash 
flows and locally vented lava flows, domes, and even 
composite volcanoes, may completely fill the caldera 
depression (e.g., Novak, 1984).

Deep drilling has disclosed presumably unrepeated sec-
tions of intracaldera tuff as thick as 1830 m (6000 ft) in the 
Williams Ridge caldera (road-log Fig. R21; Ekren et al. , 
1973); a similar thickness has been found in the Mount

Jefferson caldera (Boden, 1986), in the resurgent dome of the 
Timber Mountain caldera (Fig. 7; Byers et al. , 1976), as well 
as in individual calderas of the Indian Peak caldera complex (
road-log Figs. R29, R32—R38). Thick, generally densely 
welded intracaldera piles that are commonly subjected to 
propylitic alteration tend to resist erosion relative to the 
caldera wall rocks and hence lead to the development of 
inverted topography that is a clue to the existence of the 
caldera. Intracaldera tuff may differ in composition from that 
of the associated outflow sheet; this difference may be 
significant if a strongly zoned magma body was tapped. Lithic 
fragments are commonly more abundant near the vents and 
such lithic-rich tuff can grade into lag-fall or collapse breccia 
as the proportion of foreign clasts increases.

Lenses of landslide breccia within the intracaldera tuff thin 
away from the caldera wall from which they were derived, but 
can extend many kilometers into the center of the depression. 
Megabreccia (Lipman, 1976, 1984) and "rafts" of internally 
shattered but nonetheless stratigraphically coherent rock as 
much as 1.5 km across and hundreds of meters thick occur 
within a few kilometers of caldera walls (McKee, 1974; road-
log Figs. R12, R24, R25, R37, and R38). Lipman (1976) 
suggested that in-sliding masses
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of rock caved off unstable caldera walls may travel far on a 
cushion of pyroclastic material and volcanic gas. Caving of 
the unstable caldera escarpment enlarges the perimeter of a 
caldera so that topographic diameters can be several 
kilometers greater than the ring-fault system (e.g., the Indian 
Peak caldera in road-log Fig. R32).

Comagmatic intrusions are present in many intracaldera 
sequences in the Great Basin but, at least at the present level 
of erosion, are generally not large. Intracaldera epiclastic 
deposits are likewise common but not extensive, possibly 
because of rapid accumulation of younger volcanic material 
within the caldera from local as well as distant sources.

Some calderas in the Great Basin (e.g., Timber Mountain 
and Indian Peak) show evidence of resurgent uplift following 
caldera collapse. Tuff sheets resting on the intracaldera 
sequence thicken and thin across short distances, suggesting 
an uneven depositional surface related to uplift. Dips of 
intracaldera sequences manifest doming.

In the classic Valles caldera cycle (Smith and Bailey, 
1968), regional tumescence allowing for ring fracturing is a 
postulated first-stage event. But few definitive examples have 
been documented in calderas worldwide. In the Great Basin, 
very large outflow sheets such as the Windous Butte and Wah 
Wah Springs Formations causing collapse of the Williams 
Ridge and Indian Peak calderas, respectively, are 500-600 m 
thick just beyond their northern topographic walls, providing 
little indication of a domed land surface centered on the future 
caldera. Late-stage extrusion of lava domes from the ring 
fracture recognized in the Valles caldera cycle is not manifest 
in some well-mapped very large Great Basin calderas (e.g. , 
Williams Ridge and Indian Peak).

Space—time—composition relations

Space—time patterns

The southward sweep of chiefly calc-alkaline volcanism 
from Washington, Oregon, Idaho, and Montana in the Pa-
leocene through the Great Basin in the late Eocene to Miocene 
(Fig. 2) is a fundamental pattern recognized for the past two 
decades (Armstrong, 1975, 1979; Armstrong et al., 1979; 
McKee, 1971; McKee and Silberman, 1975; Nilsen and 
McKee, 1979). Noble (1972) and Cross and Pilger (1978) 
show a retardation in the sweep along the west and east 
margins of the Great Basin as well as a decelerating southward 
rate of transgression.

These patterns can be examined in the light of additional 
data and particularly by discriminating between ages of lava 
flows and sources of large and very large tuffs as done by 
Armstrong et al. (1969). Blurring of the pattern caused by 
plotting the ages of tuff from distant sources is thus mini-
mized. Lavas were extruded from about 43 to 33 Ma over 
much of the northern Great Basin, creating a well-defined peak 
in Great Basin volcanic activity (Fig. 8). South of 38.5°N 
latitude and after 35 Ma the volcanic transgression appears to 
have decelerated to the point of near stagnation; lavas as young 
as early Miocene are widely interspersed with Oligocene lavas 
in such a way as to preclude delineation of isochrons. A fairly 
well-defined east-northeast-trending zone of lava flows and 
minor east-striking vertical dikes lies just to the south of the 35 
Ma isochron in the eastern half of the Great Basin (Best, 
1988a); many of these lower Miocene rocks are two-pyroxene 
shoshonite and latite

FIGURE 8—Age spectra of lavas (including minor shallow intrusions) and ash-
flow tuffs shown in previous figures and ash-flow tuffs in the San Juan 
Mountains field (Steven and Lipman, 1976). Only a few of the dated lavas have 
published chemical analyses, and rock-type designations thus are approximate. 
Andesitic rocks include trachyandesite and latite, dacitic rocks include quartz 
latite. A large proportion of 17-12 Ma lavas are of andesite in the westernmost 
Great Basin (Fig. 4). Note the antithetic relation between peaks in eruption of 
tuffs and lavas in the Great Basin and the similarity in time of peak ash-flow 
activity in the Great Basin and San Juan Mountains. Striking gaps in 
histograms, e.g. at 28 Ma in Great Basin tuffs, are probably artifacts of 
inaccurate ages.

(Fig. 5). Thick sequences of andesitic lava and debris flows 
accumulated in the western Great Basin after 25 Ma, par-
ticularly between 17 and 12 Ma (note peak activity in Fig. 8), 
when volcanism extended into the Sierra Nevada and 
continued until the end of the Miocene; volcanism appears to 
have progressed westward (Morton et al., 1977) to eventually 
become a part of the north—south Cascade arc. Volcanism in 
the northern Great Basin after 17 Ma (Figs. 4, 8) was largely 
related to bimodal activity in the Snake River Plain just to the 
north. Transgressive ash-flow volcanism (Fig. 7) lagged 
behind extrusion of lavas. Well-dated and
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located sources of tuff which range in age from 39 to 14 Ma 
define a corridor of consistent southward migration along the 
Nevada–Utah state line. The chronologic pattern is cluttered 
west of the line, marking the western edge of Precambrian 
basement.

A minor, easterly trending zone of early Miocene vol-
canism superposed on the Oligocene is apparent near the 38 
Ma isochron in Fig. 3. It extends into the Colorado Plateaus 
east of Nephi as 32-18 Ma mafic, alkalic dikes and plugs (
Witkind and Marvin, 1988; Tingey, 1986).

The zone of nonmigrating volcanic activity less than 35 Ma 
in the southern Great Basin can be projected eastward into the 
Colorado Plateaus, where magmatism is expressed in 
laccolithic complexes (Sullivan, 1987), and farther east into 
the San Juan field (Fig. 2). This zone is a major element of 
magmatic activity in the western United States and was 
contemporaneous with peak ash-flow activity in the Mo-
gollon–Datil and Sierra Madre fields (Table 1).

Although the antithetic relation between peak intensity of 
lava and pyroclastic eruptive activity shown in Fig. 8 could be 
influenced by incomplete information, we believe it is real. 
The map of Stewart and Carlson (1976) for Great Basin 
deposits 34-17 Ma shows an overwhelming dominance of ash 
flows over lavas. Examination of many published larger-scale 
maps together with our own unpublished observations and 
mapping indicate that lavas extruded during this time formed 
only local flows and domes, as opposed to the major 
composite edifices that typify the nearby and nearly 
contemporaneous Marysvale and San Juan fields (Fig. 2, Table 
1). It is unlikely that major edifices were largely engulfed by 
collapse of extensive calderas and now lie buried beneath 
thick intracaldera tuff deposits, because lahars that might 
represent flank deposits are conspicuously sparse or, in many 
places, totally absent beneath outflow sheets next to caldera 
margins.

Time–composition patterns

Rhyolite magmas were erupted throughout the entire span 
of activity in the Great Basin; rhyolite ash flows form the 
greatest volume of the volcanic deposits. Apart from this 
preponderance, geologists have recognized for at least two 
decades that some compositionally similar volcanic rocks were 
deposited during a particular time interval (Anderson and 
Ekren, 1968; Armstrong et al. , 1969; McKee et al. , 1970; 
Noble, 1972; McKee, 1976; Ekren and Byers, 1976; Best et al. 
, 1980). Two time-dependent compositional types of ash-flow 
tuff are particularly striking (Fig. 6). The Isom type, named 
after a widespread formation of this type of tuff, was emplaced 
chiefly 27-23 Ma. It consists of calc-alkaline trachyte 
containing less than 20% phenocrysts, most of which are 
plagioclase; clinopyroxene, orthopyroxene, and magnetite are 
commonly present and trace amounts of sanidine, quartz, 
amphibole, and biotite are found in some. Clasts of pyroxene 
andesite are common. Isom-type tuffs have unusually high 
concentrations of TiO2, K2O, and Zr compared to rocks of 
similar SiO2 and CaO content. They generally occur as 
relatively thin (10-20 m thick), densely welded sheets of 
medium to large volume; the Isom Formation is comprised of 
as many as four cooling units with an aggregate volume of 
about 1300 km3. Of the recognized deposits in this 
compositional type, all but three were erupted from vents 
located from south-central Utah to central Nevada in a brief 
time interval about 27-23 Ma. Two sheets 

of the Eureka Valley Tuff (Noble et al., 1974, 1976) were 
erupted about 10 Ma from the Little Walker center in Cal-
ifornia and one sheet from a vent just northwest of Nephi, 
Utah, sometime after 34 Ma.

The Monotony compositional type, named for the Mo-
notony Tuff of southeastern Nevada, includes fewer deposits 
that are generally of larger volume and variably welded; they 
were erupted from vent areas mostly near the Isom-type 
sources. With one exception, they range from 31 to 20 Ma. 
Over 104 km3—on the order of one-fifth of the total ash-flow 
volume in the Great Basin—was erupted from just four 
sources 31-27 Ma, immediately preceding the peak Isom-type 
eruptions. The Monotony type (compare the "monotonous 
intermediates" of Hildreth, 1981) are crystal-rich ash-flow 
deposits, generally dacite containing 25-50% phenocrysts, 
mostly plagioclase; quartz, biotite, hornblende, and pyroxene 
occur in variable but lesser amounts, whereas sanidine is 
sparse or absent.

As more data on Great Basin tuffs are gathered and scru-
tinized, additional compositional types may emerge, but their 
definition is likely to be more subtle than that of the Isom and 
Monotony.

The significance of the compositional types is two-fold. 
First, stratigraphic units within a type are commonly so similar 
that correlation problems abound, hence the extended 
discussion above. Second, the eruption of significant volumes 
of similar magma, in terms of bulk chemical as well as 
phenocryst composition, from many widely separated vents 
over a restricted interval of time poses intriguing interpretive 
problems. Although some early explanations invoked tapping 
of a widespread single magma chamber, the present-day 400 
km east–west dimension of the known and probable source 
areas of the Isom and Monotony types makes such an 
interpretation unlikely. Rather, we postulate that magmas 
forming deposits of each compositional type had similar 
origins and crystallization histories. Discussion of the details 
of these convergent magmatic factors is beyond the scope of 
this overview paper, but such factors must include: rate of 
input of mantle-derived mafic magma into the crust; the 
thermal, density, and rheologic properties of the crust; and 
relative importance of fractional crystallization, mixing, and 
assimilation–anatexis of silicic wallrock, among others.

In contrast to ash-flow deposits, Oligocene Great Basin 
lavas are less variable through time and form a more uniform 
population on any variation diagram. Miocene lavas younger 
than 24 Ma (Fig. 5), however, are different in three respects: (
1) Over the entire range of SiO2 they tend to be more sodic (
Fig. 5). (2) Nonetheless, K2O is still greater than Na2O for 
most lavas (and, incidentally, also for most tuffs), so that they 
are trachyte, shoshonite, and latite in the IUGS classification (
Le Bas et al., 1986). (3) Rhyolite and mafic lavas (with <57 
weight % silica) are more common, but nonetheless impart 
only a subtle bimodal character in silica to the group.

Following a lull in volcanism from about 18 to 13 Ma, 
subsequent activity in the eastern Great Basin was of only 
small volume and consisted of episodic eruption of bimodal 
associations of rhyolite and basalt (Best et al., 1980, 1987). In 
contrast, in the western Great Basin volcanism was con-
tinuous through the Miocene and yielded substantial volumes 
of a spectrum of lavas and tuffs. Miocene rhyolite includes 
topaz-bearing lava in the eastern Great Basin, commonly not 
related to calderas, and peralkaline extrusions
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associated with caldera complexes around the remaining 
perimeter of the Great Basin.

Summary

1. From the Eocene through the Miocene, the area of the
present Great Basin was fundamentally an ash-flow province. 
In contrast, in the partly contemporaneous San Juan and 
Marysvale fields to the east (Fig. 2), large coalesced composite 
volcanoes developed and proportions of tuff to lava and debris-
flow deposits emplaced before, during, and after ash-flow 
activity are reversed to that in the Great Basin (Table 1). From 
about 31 to 26 Ma the dominance of tuff over lava in the Great 
Basin was considerable.

2. Lavas and tuffs in the Great Basin erupted during
subduction along the North American plate margin are un-
usually potassic for such a setting (Figs. 5, 6). Although 
remaining potassic, they became more sodic during the Mio-
cene as subduction was replaced by transform plate motion.

3. Tertiary volcanism swept southward through the Great
Basin, decelerating and finally stagnating after 35-30 Ma south 
of about 38.5°N latitude (Figs. 3, 7). In the western Great 
Basin, west of the edge of the Precambrian basement, east—
west isochrons marking the sweep bend northward, indicating 
an apparent west to southwest migration of activity. After 17 
Ma, volcanism flourished in the western and northern Great 
Basin (Fig. 4).

4. The region of stagnation coincides with that of the most
voluminous ash-flow activity in the Great Basin. Con-
temporaneous magmatic activity approximately 35-20 Ma 
extended to the east into the Colordo Plateaus and San Juan 
Mountains and defined a major arcuate magmatic zone ex-
tending from Reno, Nevada, to the San Juan Mountains in 
Colorado.

5. Peak ash-flow activity in the Great Basin occurred
during a lull in extrusion of lava about 32-23 Ma (Fig. 8).

6. Rhyolite ash flows were erupted throughout the entire
span of such activity in the Great Basin. However, an enor-
mous volume of crystal-rich dacite ash flows was extruded 
chiefly from only five sources about 31-27 Ma; this episode 
was succeeded from about 27 to 23 Ma by more numerous but 
smaller eruptions of calc-alkaline plagioclase—pyroxene 
trachyte ash flows.

7. Lavas erupted chiefly during the Oligocene in an early
peak of activity (Figs. 5, 8) are high-K calc-alkaline com-
positions and include mostly andesite, dacite, and minor 
rhyolite. Miocene lavas tend to have higher sodium con-
centrations and include more rhyolitic and basaltic com-
positions; some Miocene rhyolite lavas in the eastern Great 
Basin are topaz-bearing and some ash-flow tuffs are per-
alkaline and associated with calderas around the remaining 
perimeter of the region.

Field guide

This field guide is a west to east to south transect through 
the Great Basin, focusing on Oligocene and Miocene ash-flow 
tuffs and their source calderas. The area to be covered is large 
and the sheets of tuff numerous (Fig. R1). Emphasis will be 
placed on the stratigraphic, petrographic, and compositional 
aspects of the deposits, means of correlating them over 
hundreds of kilometers, their compositioanl variations in space 
and time, and the character and evolution of related source 
calderas. Numerous interpretive problems persist in 

these tuff—caldera complexes, only a few of which have 
been studied in much detail.

Numerous cited ages in this field guide have different 
uncertainties. Ages no better than plus or minus one Ma are 
indicated as, for example, "about 24 Ma" or "24 ± Ma." 
Averages of two or more K—Ar analyses with uncertainties 
somewhat less than one Ma are cited to nearest tenth of a Ma. 
Some recent single crystal 40Ar/39Ar determinations by Deino 
with uncertainties of about 0.1% are cited to nearest 
hundredth of a Ma. Some single K—Ar analyses are shown 
as, for example, 8.3 ± 0.7 Ma.

Day 1

In stops today we will view regionally extensive rhyolite 
ash-flow deposits of late Oligocene—early Miocene age in 
the northwestern Great Basin. Problems in their correlation 
and dispersal over large distances from the source will be 
considered.
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FIGURE R1—Stratigraphic units seen on field trip arranged by age and approximate west to east location and extent (queried where uncertain). Recent 
single-crystal 40Ar/39Ar analyses by Deino (unpubl.) suggest the tuff of Chimney Spring and Nine Hill Tuff were erupted at 25 Ma.

FIGURE R2—Sequence of three tuffs at Stop 1-1. Best exposures are in 
area of pinchout of Nine Hill Tuff near white tuff of Chimney Spring.

FIGURE R3—Dimensions and extent of Nine Hill Tuff and its possible 
correlative, the "D" unit of Bates Mountain Tuff. Possible source in the 
Carson Sink area is dotted circle.
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FIGURE R4—Exposure of Nine Hill Tuff at Stop 1-2.

FIGURE R5—Nb–Zr concentrations in whole-rock samples of Cenozoic tuffs 
from west-central Nevada and the Sierra Nevada (SN; Deino, 1985). One to 
two analyses shown by filled circle. Error bars (3σ standard error of mean) on 
more than two analyses per unit. Nine Hill and one Bates Mountain Tuff 
analyses shown in heavier lines and tuff of Chimney Springs in heavy dashed 
line. Four analyses from the Yerington district are of Zr only. Labels on Nine 
Hill data are as follows: L, lithic tuff; RD, rhyodacitic tuff; DR, devitrified 
rhyolitic tuff; GR, glassy rhyolitic tuff.
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FIGURE R6—View toward east of thick intracaldera tuff in west side of 
Desatoya Mountains, Stop 1-3.

FIGURE R7—Sequence of cooling units in Bates Mountain Tuff in 
Reese River Narrows, Stop 1-6.
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Day 2

Mainly rhyolitic ash-flow tuff sheets will be examined 
today. An early Oligocene caldera which contains spectacular 
landslide blocks will also be examined. During the afternoon 
we will drive past the well-known mining camps of Round 
Mountain, Tonopah, and Goldfield.

FIGURE R8—Densely welded tuff of unit D, Bates Mountain Tuff, showing 
characteristic gas cavities ("Swiss cheese"). 10 cm pocket knife for scale.

FIGURE R9—Sequence of tuff sheets at Clipper Gap, Stop 2-2.
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FIGURE R10-Data and stratigraphic nomenclature of units at Clipper 
Gap Canyon, Stop 2-2 (after McKee, 1976).

TABLE R1-Chemical analyses (in weight %) of Tertiary ash-flow tuffs from northern part of Toquima Range (McKee, 1976).

Bates Mountain Tuff

Unit C

Tuff of Hoodoo Canyon Unit B lower cliff upper cliff Unit C Tuff of Clipper Gap
SiO2 65.1 71.0 73.6 75.0 73.3 75.3

A12O3 16.2 12.9 12.9 13.2 13.0 12.4
Fe2O3 1.3 1.4 0.85 0.76 1.6 1.2
FeO 1.8 0.60 0.32 0.40 0.52 0.40
MgO 1.2 0.23 0.16 0.19 0.08 0.36
CaO 3.0 0.50 0.50 0.91 0.31 0.75
Na2O 3.4 2.9 3.0 3.3 4.2 3.3
K2O 5.1 5.8 4.8 4.8 5.2 4.7
H2O+ 2.2 0.53 0.21 0.70 0.49 0.72
H2O- 0.55 3.5 2.8 0.40 0.71 0.68
TiO2 0.47 0.16 0.11 0.10 0.19 0.12
P2O5 0.10 - - 0.06 0.04 0.03
MnO 0.05 0.20 0.06 0.06 0.05 -

100 100 100 100 100 100
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FIGURE R 11—Geologic map of the eastern part of Northumberland caldera 
in the Toquima Range (after McKee, 1974, and Kleinhampl and Ziony, 1985) 
around Stops 2-3 to 2-5.

FIGURE R12—Landslide blocks of Paleozoic rocks as much as 2 km2 in area (dark outcrops on skyline) resting on Northumberland Tuff near the caldera edge. 
Tuff is altered beneath blocks. From McKee (1976).
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FIGURE R13—View toward northwest of large dome of Brougher 
Rhyolite located directly south of Tonopah. The dome lies along the 
northwestern part of the ring-fracture system of the Fraction caldera that 
formed on eruption of the Fraction Tuff (Sargent and Roggensack, 1984).

FIGURE R14—View toward northeast of Hasbrouck Mountain, a classic 
hot-spring-type Au–Ag system situated along the southern part of the 
ring-fracture system of the Fraction caldera (see Fig. R13).
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FIGURE R 15—View toward east of outcrop of outflow ash-flow tuff 
sheets of the Stonewall Flat Tuff. Lower cliffs are composed of the 
Spearhead Member; the upper cliff, which makes up less than 5% of 
thickness of tuff exposed, is the Civet Cat, Canyon Member. Stonewall 
Mountain in background.

Day 3

Stops today deal with very large volume Oligocene ash-
flow deposits and a large source caldera containing thick 
intracaldera tuffs and landslide masses shed off the caldera 
wall. Two of the deposits are of the Monotony compositional 
type.
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FIGURE R16—View of Georges Canyon Rim (low foothills) containing 
prominent ledges of ash-flow tuff of the Isom compositional type. Thick 
intracaldera tuff of Big Ten Peak emplaced about 25 Ma within its caldera 
forms high mountain in background. FIGURE R17—Distribution and thickness (in meters) of the Windous Butte 

Formation whose eruption caused collapse of the Williams Ridge caldera, 
which was subsequently filled with the tuff of Williams Ridge and Morey 
Peak, here considered to be part of Windous Butte Formation. Caldera margin 
mainly from Sargent and Roggensack (1984). Data on Windous Butte tuff 
from many published sources and unpublished field work of M. G. Best. 
Triangles indicate paleomagnetic sample locales of Grommé et al. (1972) and 
C. S. Grommé and J. T. Hagstrum (unpubl. data). Bold numbers are stops on 
this field trip. Zero thickness is based on absence of Windous between older 
and younger rocks. Area derived from planimetry, restored area based on an 
assumed east–west crustal extension of 50%, and volume derived by 
integration of areas inside isopachs.

FIGURE R18—Distribution and thickness (in meters) of the Monotony Tuff. 
An obscure source caldera (dotted) may include a part of the Reveille Range. 
See caption of Fig. R17 for additional information.
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FIGURE R21—Simplified geologic map and cross section of a part of the Hot 
Creek Valley area (after Ekren et al., 1973; John, 1987) showing great thickness 
of tuff within the Williams Ridge caldera. Contour interval 400 ft.

FIGURE R19—Distribution, thickness (in meters), and probable source caldera 
(dotted outline from Sargent and Roggensack, 1984) of the two members of the 
Shingle Pass Tuff. Locales in southwestern part of map on Bombing and 
Gunnery Range have not been examined, but published maps indicate as many 
as six cooling units of Shingle Pass Tuff. Single thickness values indicate total 
for whole formation. Queries before a number indicate uncertain correlation and 
queries above or below a number indicate uncertain presence of upper or lower 
member, respectively. See caption of Fig. R14 for additional information.

FIGURE R20—View northward from Bluejay Maintenance Station (Stop 3-1)
 on US-6 of Morey Peak, elevation 10,246 ft.

FIGURE R22—View northeastward from Bluejay Maintenance Station (Stop 
3-1) on US-6 of Palisade Mesa.
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FIGURE R23—Palisade Mesa at Stop 3-2. Lowest part of slope is upper, pale-
gray to brown part of tuff of Halligan Mesa. Entire tuff of Palisade Mesa, from 
black basal vitrophyre up through devitrified zone, is exposed beneath 
Monotony Tuff (on skyline).

FIGURE R24—View at Stop 3-5 of shattered and altered landslide mass of 
Devonian limestone resting on altered intracaldera tuff of Williams Ridge and 
Morey Peak. See Fig. R25 for geologic map.
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FIGURE R26—Distribution and thickness (in meters) of the Wah Wah 
Springs Formation whose eruption 29.5 Ma created the Indian Peak 
caldera. Line with tick marks is topographic margin; caldera is concealed 
on southwest within younger White Rock caldera (not shown).

FIGURE R25—Geologic map and cross section of a segment of the 
eastern margin of the Williams Ridge caldera (simplified from Quinlivan 
et al. , 1974). Contour interval 200 ft. Bold numbers are stops on this field 
trip. See also Fig. R24.

Day 4

On this day only three stops are made. At the first two, we 
examine one of the most famous volcanic sections in the Great 
Basin—a sequence of seven regionally extensive, Oligocene 
to early Miocene ash-flow sheets from four different sources 
to the west, southwest, and south at Shingle Pass. The third 
stop is an overview of, and introduction to, the huge Indian 
Peak caldera complex.



TABLE R2—Stratigraphic sequence near Shingle Pass in southern Egan 
Range, Nevada. *Proportions of phenocrysts in whole rock; †plus trace of 
olivine and allanite.

Stratigraphic unit

Thickness 
(m)

Age 
(Ma)

Composition*
(Q/S/P/B/H/Px/tot)

Pahranagat Lakes Tuff 20 22.65 8/5/4/1/tr/tr/18

Bauers Tuff Mbr., 
Condor Canyon Fm.

10 22.78 0/5/8/1/0/tr/14

Conglomerate 10 ± clasts of Wah Wah 
Springs tuff

Shingle Pass Tuff 
Upper unit 
Lower unit

40
35

26.00
26.68

tr/2/3/1/0/0/6 
1/7/5/0/tr/1/14†

Wah Wah Springs Fm. 60 29.5 2/0/25/5/7/tr/40

Cottonwood Wash Tuff 120 30.6 5/0/24/6/5/tr/40
Windous Butte Fm.

Upper part 
Lower part

165 31.37
10/6/18/4/3/tr/41

Conglomerate 400 clasts of Paleozoic rock

Dacitic lava flow
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FIGURE R27—Geologic map of the area around Shingle Spring southwest of 
Shingle Pass in the southern Egan Range (compare Kellogg, 1960). Bold 
numbers are stops on this field trip. Pzu unit includes rocks as old as Cambrian 
south of the Shingle Pass fault, but as young as Pennsylvanian north of it. 
Shingle Pass lies 3 km northeast of end of road near northeast corner of map.

FIGURE R28—View looking northeast from Shingle Spring, Stop 4-2, at 
Tertiary section of ash-flow tuffs. See Table R2 for additional details. Twb, 
Windous Butte Formation exposed on southeast-facing slope; Tc, Cotton-
wood Wash Tuff; Tw, outflow-tuff member of Wah Wah Springs Formation; 
Tspl, lower unit in Shingle Pass Tuff; Tp, Pahranagat Lakes Tuff of Williams (
1967).
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FIGURE R29—Indian Peak caldera complex (heavy line) astride the Utah–Nevada state line was produced by eruption of tuffs making up the Needles Range 
Group and Isom Formation (Fig. R30). Mapping at a scale of 1:24,000 in ranges near the center of the distribution of the 30.6 Ma Cottonwood Wash Tuff has 
disclosed no fault-bounded, or caldera, source; thus, it may be concealed beneath a broad alluvial area north of Atlanta or within the younger Indian Peak caldera. 
The southwestern part of this caldera, which collapsed 29.5 Ma during eruption of the Wah Wah Springs Formation, was engulfed 27.9 Ma into the White Rock 
caldera as tuff of the Lund Formation was erupted. About 27 Ma the small Mt. Wilson caldera formed within the White Rock caldera as the Ripgut Formation 
was erupted. Trachydacite tuffs of the Isom Formation were then erupted before 26.7 Ma from another concealed source near Modena.
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FIGURE R30—Stratigraphic relations and dimensional aspects of ash flows 
erupted from the Indian Peak magma locus. Ash-flow units in Escalante Desert 
Formation (not seen on this field trip) were derived from an obscure caldera 
source in Utah, almost entirely engulfed in younger Indian Peak caldera.



FIGURE R31—Panorama looking east from the top of Mt. Wilson, Stop 4-3, 
across Indian Peak caldera complex (Fig. R29). See Figs. R32 and R33 for 
geologic cross sections.
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FIGURE R32—Idealized north–south cross section along crest of Needle 
Range in Utah, showing northeast margin of Indian Peak caldera restored to its 
pre-resurgence configuration (Best and Grant, 1987). Extensive faulting, 
probably in part associated with resurgence after collapse, is omitted.

FIGURE R33—Generalized cross section from Hamlin Valley southward into the White Rock Mountains in Nevada just east of Stop 4-3, showing northern 
margins of the Indian Peak caldera and younger White Rock caldera (Best et al., 1989).



FIGURE R35—Geologic map of the area around Mt. Wilson and east–west cross section through it showing north and northeast margins of Mt. Wilson caldera 
that was the source of the Ripgut Formation (Willis et al., 1987). The northern topographic margin is marked by landslide breccias banked against the older 
intracaldera tuffs and breccias of the Lund Formation which accumulated in the White Rock caldera.

Day 5

Four stops this day highlight the internal structure and 
stratigraphy of the Indian Peak caldera complex.

122

FIGURE R34—Panorama from Stop 4-3 on Mt. Wilson looking north. Table 
Mountain in foreground lies within caldera complex and is capped by several 
hundred meters of lower Miocene rhyolite tuffs and lava flows and latitic lava 
flows (Willis et al., 1987). Fortification Range (Loucks et al., 1989) lies just 
beyond northern margin of caldera complex. Low hills between Table 
Mountain and Fortification Range are capped by Isom Formation underlain by 
northward-thinning Ripgut Formation resting on intracaldera deposits of the 
White Rock caldera. Snow-capped Wheeler Peak in far distance.
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FIGURE R37—View looking northeast from Stop 5-2 of topographic margin 
of Indian Peak caldera southeast of Atlanta, showing landslide mass of 
silicified and brecciated dolomite formed during caldera collapse (Twbd) 
perched on top of autochthonous Ordovician limestone (Ol) and quartzite (Oq)
. Compare with Fig. R38.

FIGURE R36—Geologic map of the area around Stop 5-1 within the White 
Rock caldera on the west flank of the Wilson Creek Range, showing thick 
intracaldera tuff and intercalated lenses of landslide breccia of the Lund 
Formation that accumulated during caldera collapse 27.9 Ma (Willis et al., 
1987). Breccia consists of clasts of bleached Paleozoic carbonate rock and 
locally pink granite of unknown age.
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FIGURE R38—Geologic map and cross section of the margin of the Indian Peak caldera (Willis et al., 1987) near Atlanta and Stops 5-2 to 5-4. Contour interval 200 ft.



125

FIGURE R39—Southward view at Stop 5-3 into Atlanta open-pit mine located 
along a re-entrant in the topographic wall of Indian Peak caldera. Contact 
passes through center of pit between brecciated and silicified reddish-black 
Silurian and Ordovician dolomite (SOd) on east and altered, varicolored 
intracaldera tuff of Ryan Spring Formation (Trt) on west.

Day 6
The last day of the field trip examines sheets of rhyolitic 

tuff erupted during waning Miocene ash-flow activity and the 
bimodal basalt—rhyolite association that characterizes the 
late Cenozoic (since about 17 Ma) of the eastern Great Basin.

Four of the regionally extensive early Miocene tuff sheets to 
be seen this morning were apparently derived from the 
Caliente cauldron complex whose northern margin lies near 
town (Fig. R40). Williams (1967), Noble et al. (1968), and 
Noble and McKee (1972) concluded on the basis of the 
distribution and thickness of tuff deposits and included clasts 
and associated thick accumulations of contemporaneous lava 
flows that the "Caliente depression," an area of subdued, low 
topography east of town, was probably the source area.

FIGURE R40—Distribution of tuffs (heavy lines are zero isopachs) seen at 
Stops 6-1 and 6-4 that apparently were derived from the Caliente cauldron 
complex. Zero isopach not drawn for Hiko Tuff; numbers indicate its thickness 
(in meters) and that of the Racer Canyon Tuff, a compositionally similar unit 
of similar age but different natural remanent-magnetization direction, that 
occurs east of the complex. The age of the Hiko Tuff is from unpublished 
work of W. Taylor. All but the Hiko belong to the Quichapa Group of 
Williams (1967). The Bauers and the Swett Tuff Members comprise the 
Condor Canyon Formation; the Swett is much thinner than the Bauers and is 
not shown here. Unit thicknesses southeast of the cauldron complex partly 
from unpublished mapping by R. E. Anderson.
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Ekren (in Ekren et al. , 1977) mapped a thick (460 + m) pile of 
Hiko Tuff west of town which he considered to be an 
intracaldera filling. This inference, together with the dis-
tribution of Paleozoic basement rock and gravity and aero-
magnetic data, led Ekren et al. (1977) to postulate the 
existence of the larger, elongate Caliente cauldron complex. 
Current mapping at a scale of 1:24,000 by P. D. Rowley and 
R. E. Anderson of the U.S. Geological Survey is refining the 
earlier reconnaissance work and is delineating individual 
calderas within the complex (Rowley and Siders, 1988).

TABLE R3—Stratigraphic sequence from top of section at south end of White 
River Narrows to bottom of section to north at White Rock Spring along State 
Highway 318 (old 38) in Lincoln County, Nevada (compare Cook, 1965, fig. 
29). Data partly from Williams (1967) and Wanda Taylor (written comm. 
1987). *Proportions of phenocrysts in whole rock; †titanite (sphene).

Stratigraphic unit
Thickness 

(m)
Age 
(Ma)

Composition*
(Q/S/P/B/H/Px/tot)

Basaltic-andesite lava 
flows 0-150 21-18

Hiko Tuff 27 + 18.6 8/7/18/5/1/0/40,t†

Harmony Hills Tuff 0-6 21.0 3/0/31/8/4/3/50

Pahranagat Lakes Tuff 15 22.65 8/5/4/1/tr/tr/18

Condor Canyon Fm.
Bauers Tuff Mbr.
Swett Tuff Mbr.

26
10

22.78 0/5/8/1/0/tr/14
0/0/8/2/0/0/10

Leach Canyon Fm. 104 5/3/6/1/tr/0/16,t†

Trachydacite tuff 5 0/0/5/0/0/tr/5

Hornblende-andesite 
lava flow 0-150

Shingle Pass Tuff, 
Upper unit 20 26.00 tr/2/3/1/0/0/6

Tuff of Hancock 
Summit 12 + 10/11/7/1/0/0/29

Trachydacite tuff 20 0/0/10/0/0/1/11

Monotony Tuff(?), 
Upper unit 20-60

Petroglyph Cliff 
Ignimbrite 20 ± 0/0/10/0/0/2/12

Monotony Tuff, Lower 
unit 50 ± 27.31 6/3/20/5/2/2/38

Lund Fm. 22 ± 27.9 6/tr/27/3/4/0/40,t†
Wah Wah Springs Fm. 30 ± 29.5 2/0/25/5/7/tr/40

Paleozoic rocks

FIGURE R41—Bulbous outcrops of Hiko Tuff near Stop 6-1.

FIGURE R42—Looking northwest at Stop 6-2, toward White Rock Spring 
concealed behind nearest hill. This hill, capped by Petroglyph Cliff Ignimbrite 
(Tp), is a down-dropped fault block relative to same unit in prominent higher 
hill in middle distance. Directly underlying the Petroglyph Cliff is loosely 
welded Monotony Tuff. A small exposure of the sphene-bearing tuff of the 
Lund Formation occurs on the northeast side of the wash west of the fault. 
Overlying the Petroglyph Cliff is a loosely welded tuff containing abundant 
lithic clasts that might be a second unit of the Monotony, followed by a thin, 
densely welded cooling unit of trachydacite tuff (Tt) of the Isom 
compositional type that contains phenocrysts of plagioclase and pyroxene. Top 
of section is capped by a resistant hornblende andesite lava flow (Ta).
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FIGURE R44—Looking west from Stop 6-3 at Petroglyph Cliff (just to left of 
vehicles). Petroglyphs are in probable Monotony Tuff. Above the Monotony is 
a dark-colored Isom compositional type unit which at Stop 6-2 lies just below 
a hornblende-andesite lava flow. Here, a crystal-rich rhyolite tuff, the tuff of 
Hancock Summit (Th), and the overlying upper unit of the Shingle Pass Tuff (
Tspu) intervene between the Isom-type sheet and the andesite (Ta). To the 
right of the vehicles, the probable Monotony is thinner and underlain by a 1 m 
thick tuff that is probably the Petroglyph Cliff Ignimbrite; the latter is 
underlain by a local lahar and that by a second possible unit of the Monotony 
Tuff.

FIGURE R43—Petroglyph Cliff Ignimbrite has unusually abundant lapilli and 
blocks, most or all of which could be cognate on the basis of a modal 
composition similar to matrix, namely plagioclase and two pyroxenes. 10 cm 
pocket knife for scale.

FIGURE R45—Volcanic sequence looking south near Stop 6-3, at north end of 
White River Narrows. Units listed in Table R2 visible to right (west) of the 
highway are (ascending): tuff of Hancock Summit (coarse columnar joints at 
base of section); upper unit of Shingle Pass Tuff and overlying local, thin 
trachydacite tuff (in slope); Leach Canyon Formation (prominent cliff 
extending into Narrows to south); Condor Canyon Formation (ledgy slope 
above cliff).
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FIGURE R46—Volcanic sequence at Stop 6-4, at south end of the White 
River Narrows. Units listed in Table R2 visible to right (west) of the highway 
are: Leach Canyon Formation (light color, in roadcut); Condor Canyon 
Formation (Swett Tuff Member is mostly a black vitrophyre capped by about 4 
m of orange tuff forming a slope; overlying Bauers Tuff Member is the 
prominent cliff); Pahranagat Lakes Tuff (Tp); Harmony Hills Tuff (Thh); Hiko 
Tuff (Th).

TABLE R4—Nomenclature of ash-flow sheets of the Kane Springs Wash 
volcanic center. The status of unnamed units recognized by Cook (1965) 
between his units Tvk1 and Tvk2 and between units V1 and V2 of Novak (1984) 
is unclear. A thin cooling unit, here informally termed Member Y, with a very 
thin zone of porous glassy tuff, is present between Member W and Member V1

in the Meadow Valley Mountains and in the Delamar Range (Noble, 1968). 
Unit V3 of Novak is a cooling unit distinct from V2.

Cook (1965) Novak (1984) This paper

Not recognized Member V3 Member V3

Ignimbrite 4 of 
younger units

V2 V2

Three unnamed 
ignimbrites

Not recognized Status unclear

Ignimbrite Tvk3 V1 V1

Ignimbrites Tvk2

and Tvk2x

W W

Unnamed sillar Status unclear
Ignimbrite Tvk1 O O
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FIGURE R47—Geologic map of Kane Springs Wash caldera (after Noble, 1968; Novak and Mahood, 1986).
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Introduction and overview

Bill Bonnichsen and Martha M. Godchaux

The Snake River Plain volcanic province (including the 
Yellowstone Plateau) extends from southwest to northeast 
across southern Idaho and adjoining parts of Oregon, Ne-
vada, and Wyoming (Fig. 1). During the past 14 m.y. this

elongate zone has been the site of extensive, bimodal, ba-
salt—rhyolite volcanism. Although many exceptions exist, the 
general location of active volcanism has progressed from 
southwest to northeast along this zone and, at any particular

FIGURE 1—Location of the Snake River Plain—Yellowstone Plateau volcanic province in relation to certain other tectonic features, provinces, and linear zones of the western United 
States.
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place or time, the type of volcanism has changed from silicic 
ignimbrites to rhyolite lava flows to basalt lava flows. The
major time-transgressive component of the volcanism was
the silicic activity that swept from west to east. The silicic 
volcanism appears to have started in the region near the
junction of Idaho, Oregon, and Nevada (the Owyhee—Hum-
boldt eruptive center; Bonnichsen and Kauffman, 1987), and 
perhaps at the other sites to the north in the vicinity of the 
Idaho—Oregon state line. After this activity had ceased, 
widespread basaltic eruptions occurred and, even later in the 
history of the evolving Snake River Plain, sporadic, small-
volume silicic volcanic eruptions and additional basaltic 
eruptions took place.

The Snake River Plain volcanic province should be dis-
tinguished from the physiographic Snake River Plain. The 
volcanic province lies on either side of a nearly straight 
southwest—northeast-trending axis about 700 km long that 
trends from the Owyhee—Humboldt eruptive center near the 
Idaho—Oregon—Nevada junction to Yellowstone National 
Park in northwestern Wyoming (Fig. 1). Both topographically 
subdued plains and plateau areas, and uplifted mountainous 
areas, are contained within the volcanic province. The phys-
iographic Snake River Plain, on the other hand, includes the 
plains-and-plateau topographic zone stretching southwestward 
from eastern Idaho, then following the western Snake River 
Plain graben northwestward to the vicinity of the Idaho—
Oregon state line, forming an arcuate zone partly within the 
volcanic province and partly to the north of the volcanic 
province. Thus, in eastern Idaho the physiographic Snake 
River Plain coincides with the volcanic province, but in 
southwestern Idaho the physiographic Snake River Plain 
diverges northwestward from the axis of the volcanic province 
(Fig. 1).

Fig. 1 shows the position of the Snake River Plain—Yel-
lowstone Plateau volcanic province in relation to other se-
lected geologic elements (broad tectonic provinces and linear 
features) of the western United States. These elements can be 
divided into pre-Cenozoic, mainly early-rifting or com-
pressional ones, and Cenozoic, mainly extensional ones.

Three generalized features of the pre-Cenozoic geology of 
the western U.S., all of which can be traced northward into 
Canada and southward into Mexico, are shown. The 
approximate eastern limit of the Cordilleran fold-and-thrust 
belt (Goodwin and Thompson, 1988) generally indicates the 
position and shape of the stable, non-disrupted, cratonic 
basement of North America. The position where this cratonic 
margin crosses the Snake River Plain volcanic province 
coincides with the boundary between the topographically high 
Yellowstone Plateau and the topographically low Snake River 
Plain. The western limit of all Precambrian crystalline rocks (
Burchfiel, 1979), including blocks detached from the stable 
craton during late Precambrian rifting, coincides roughly with 
the western end of the Snake River Plain volcanic province. A 
collage of basement blocks, accreted terranes, and plutonic and 
volcanic rocks of various ages and types make up North 
America west of the fold-and-thrust belt. The principal outcrop 
areas of Mesozoic granitoid batholiths (Goodwin and 
Thompson, 1988) constitute a nearly continuous belt which 
may have been parallel to the late Mesozoic continental margin 
when emplaced. The central portion of this belt was displaced 
westward by late Cenozoic Basin and Range extension. 
Wernicke et al. (1988) estimate that this extension doubled the 
width of the northern Basin and Range province (100 km of 
extension) before 15 Ma ago, 

and nearly quadrupled the width of the southern Basin and 
Range province after 15 Ma ago (247 ± 56 km of movement 
of the Sierra Nevada batholith directed N73W ± 12° relative 
to the Colorado Plateau).

Cenozoic features of two types, major tectonic provinces 
and linear zones, are shown in Fig. 1. The tectonic provinces 
include (in order of time of inception): (1) the Colorado 
Plateau and the Laramide block-fault ranges of Wyoming and 
Colorado, (2) the Rio Grande rift and the Basin and Range 
province (Eaton, 1980), (3) the Cascade volcanic arc, and (4) 
the basalt-covered Columbia River Plateau (Swanson et al., 
1975).

Among the many linear features that occur in the western U.
S. , those near the Snake River Plain volcanic province were 
included in Fig. 1, along with a few others that are well 
known. These linear zones are faults or volcanic zones, or 
both, and they include a prominent northeast-trending group 
and an equally prominent northwest-trending group. Where 
fault displacements have been established, the northeast-
trending fault zones show normal and left-lateral motion, 
whereas the northwest-trending fault zones show normal and 
right-lateral motion. Northeast-trending linear zones, from 
north to south, are: (1) the Trans-Challis fault zone (
Kiilsgaard et al. , 1986), (2) the main Snake River Plain 
volcanic province trend, (3) the Colorado mineral belt (Lip-
man, 1980), and the Springerville—Raton volcanic zone (
Lipman, 1980). Northwest-trending zones, from north to 
south, are: (1) the Vale fault zone and its continuation along 
the southwest side of the western Snake River Plain graben (
Robyn and Hoover, 1982), (2) the Brothers and EugeneDenio 
fault zones (Robyn and Hoover, 1982), and (3) the San 
Andreas fault zone.

The Snake River Plain is, in effect, a boundary zone 
between differing sequences of geologic provinces that would 
be encountered on east—west traverses across the western U.
S. at latitudes to the north and south (Fig. 1). Probably the 
most notable difference between a traverse along the southern 
edge of the Snake River Plain and one along the northern 
edge is the presence of the wide, tectonically extended Basin 
and Range province to the south. This type of tectonically 
stretched terrane is not nearly so extensive to the north. The 
Snake River Plain volcanic province developed during and 
after the period of most active extension in the northern Basin 
and Range province and forms much of the northern margin 
of that large tectonic and physiographic province. 
Accordingly, the Snake River Plain volcanic province 
probably represents a boundary zone that developed at the 
earth's surface and in the upper, brittle portion of the crust as 
the Basin and Range province was extended in an east—west 
direction. During approximately the last 14 million years, this 
southwest-to-northeast-trending tectonic boundary zone has 
been the site of numerous large rhyolitic and basaltic 
eruptions which accompanied the increasing fragmentation of 
the crust and upper mantle. These observations are consistent 
with an interpretation that numerous batches of basaltic 
magma formed in the upper mantle and rose into the crust. 
This influx of basaltic magmas triggered the melting of large 
volumes of crustal material to form the rhyolitic magmas that 
erupted; subsequent basaltic eruptions occurred as the crust 
became more dense (Bonnichsen, 1982b; Leeman, 1982a).

This seven-day field trip to the Snake River Plain—Yel-
lowstone Plateau volcanic province will start in the Yellow-
stone Park area for days 1, 2, and 3. From there we will
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move to the eastern Snake River Plain for day 4. Examination 
of the south side of the central part of the Plain will occupy 
days 5 and 6. During day 7, we will cross to the north side of 
the central part of the Plain, and then proceed across the Mount 
Bennett Hills and westward through the Camas Prairie to the 
western part of the Snake River Plain. The individual stops for 
the last four days of the trip are shown in Fig. 2, and the stops 
for days 1, 2, and 3 are plotted in Fig. 3. Our route will take us 
to the youngest

units of the province first. As the trip progresses, the units we 
visit will be increasingly older, more deeply dissected, and to a 
certain degree more enigmatic, particularly during the last day 
when we examine the especially high-temperature units in the 
central part of the Plain. Thus, we will be progressing back in 
time, reversing the evolutionary development of the volcanic 
province, as we proceed westward on our trip.

FIGURE 2—Locations of the stops for days 4, 5, 6, and 7 plotted on a shaded relief map of southern Idaho.

Days 1, 2, and 3: The Yellowstone Plateau volcanic field

Robert L. Christiansen

The Yellowstone Plateau, at the center of one of the Earth's 
largest volcanic fields, spans the Continental Divide between 
the Northern and Middle Rocky Mountains at an average 
elevation of about 2400 m. The eruptions of the Yellowstone 
Plateau volcanic field, entirely postdating 2.5 Ma, were 
exceedingly voluminous but are only the surficial expressions 
of the emplacement of a batholithic volume of rhyolitic magma 
to high crustal levels (Christiansen, 1979). Although the latest 
eruptions occurred about 70,000 years ago, an 

immense hydrothermal system and a variety of geophysical 
characteristics indicate the continued presence of an active 
shallow magma chamber (Smith and Christiansen, 1980; Smith 
and Braile, 1984).

Brief introduction to regional geology

The Yellowstone Plateau and its surrounding region pre-
serve major rock units of Archean, Proterozoic, Paleozoic, 
Mesozoic, early Tertiary, and late Cenozoic ages. Although
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FIGURE 3—Generalized geologic map of Yellowstone National Park and vicinity, showing the stops for days 1, 2, and 3.

the field trip for which this guidebook was prepared em-
phasizes late Cenozoic volcanism and tectonism, a brief 
account of the broader aspects of the regional geology will 
enhance the trip.

Precambrian rocks of the region are mainly crystalline 
metamorphics. A major Archean regional metamorphism of 
about 2.6 Ga is recorded widely, but considerably older rocks 
are recognized as well (Ruppel, 1972; Reed and Zartman, 
1973; Love and Keefer, 1975; James and Hedge, 1979). 
Proterozoic basaltic dikes are widespread. Paleozoic and 
Mesozoic sedimentary rocks were mainly deposited in shal-
low marine basins and adjacent coastal lowlands on a sub-
siding cratonic platform (Love, 1956; Ruppel, 1972; Love and 
Keefer, 1975). The shallow-marine older Paleozoic section 
comprises a Middle Cambrian clastic sequence overlain 
predominantly by carbonates of Upper Cambrian through 
Mississippian (Lower Carboniferous) age. Younger Paleozoic 
rocks include both clastic and carbonate lithologies. Triassic 
and Jurassic strata, including thick red beds, are mostly 
continental but also include marine strata. A shale-rich Lower 
Cretaceous marine sequence, deposited in deepening basins, is 
overlain by sandstone and shale deposited in shallower seas as 
the basins filled with sediments eroded from rising orogenic 
highlands farther west.

The Laramide orogeny disturbed the former cratonic fore-
land in latest Cretaceous to earliest Eocene time, forming 
large, northwest-trending, thrust-bounded anticlinal uplifts and 
deep adjacent basins that accumulated orogenic sedi 

ments (Love, 1956; Ruppel, 1972; Love et al. , 1973; Love and 
Keefer, 1975). This contractional deformation ended before the 
beginning of widespread andesitic volcanism of the Eocene 
Absaroka Volcanic Supergroup, mainly about 52-43 Ma (
Smedes and Prostka, 1972). Central-vent Absaroka 
stratovolcanoes are represented by near-vent volcanic breccias 
and lavas, grading to more distal breccias and enveloped by 
alluvial-facies andesitic sedimentary strata. Shallow 
subvolcanic intrusions cut Paleozoic and Mesozoic rocks. 
Absaroka volcanism was succeeded in the Yellowstone region 
by widespread mid-Tertiary erosion.

Since the middle Miocene, the region has been broken by 
extensional normal faults, tectonically part of the basin—range 
system (Love et al. , 1973; Smith, 1978). South of the 
Yellowstone Plateau, these faults trend mainly northward; 
north of the plateau, they trend northwest to westward. Their 
displacements form fault-block ranges and basins that break 
across many Laramide structures, especially south of the 
plateau, but to the northwest these faults reactivate some of 
them. Regional late Cenozoic volcanism is characterized by 
abundant basalt or by bimodal rhyolite and basalt (Chris-
tiansen and McKee, 1978). The Yellowstone Plateau volcanic 
field is the active segment of a mainly rhyolitic system, 
associated with basalts and basin—range extension, that has 
propagated northeastward at about 4 cm/year since the middle 
Miocene. The track of this propagating volcanism is expressed 
physiographically as the subsided and basalt-covered floor of 
the eastern Snake River Plain.
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Pleistocene glaciations produced major ice caps on the 
plateau as well as alpine glaciers in the surrounding moun-
tains (Pierce, 1979; Richmond, 1986). Most prominently 
recorded are two late Pleistocene ice advances: the latest 
Pleistocene Pinedale glaciation and the next older major 
regional glaciation, the Bull Lake.

The Yellowstone Plateau volcanic field

The Yellowstone Plateau volcanic field records three cycles 
of voluminous rhyolitic activity (Christiansen and Blank, 
1972; Christiansen, 1979, 1982, 1984). Each cycle began with 
eruptions of both basaltic and rhyolitic lavas, the rhyolites 
venting mainly from developing ring-fracture systems. The 
climax of each cycle was marked by extremely rapid and 
voluminous eruptions 300 to 2500 km3 of rhyolitic magma in 
a few hours or days—as ash flows from the ring-fracture 
system and by collapse of the source area to form a large 
caldera. Postcollapse volcanism in each caldera has tended to 
fill it with rhyolitic lavas. Throughout each cycle, basaltic 
lavas continued to erupt around the margins but not within the 
major active rhyolitic source areas. The ash flows erupted at 
the climax of each cycle form three largely welded cooling 
units that make up the Yellowstone Group: the Huckleberry 
Ridge Tuff of 2.0 Ma, the Mesa Falls Tuff of 1.3 Ma, and the 
Lava Creek Tuff of 0.6 Ma. The caldera that formed during 
the climactic first-cycle Huckleberry Ridge eruption, largest 
of the three, spanned from Island Park (west of Yellowstone 
National Park), past the northern Teton Range and Jackson 
Hole on the south, to the center of the Yellowstone Plateau. 
The second-cycle Henrys Fork caldera is the smallest of the 
three; both it and the surface outcrop of the Mesa Falls Tuff 
are restricted to the Island Park area. The third-cycle 
Yellowstone caldera, related to the 1000 km3 Lava Creek 
Tuff eruption, is 70 x 40 km across in the central part of the 
Yellowstone Plateau. Voluminous rhyolitic lavas (several 
individual flows exceeding 50 km3) fill the central part of the 
caldera and overflow its western rim. Basalts encircle the 
Yellowstone Plateau; some of them erupted through the older 
rhyolitic centers of Island Park.

The Yellowstone caldera region hosts the largest hydro-
thermal system in the world, highlighted by numerous gey-
sers (White et al., 1975). It accounts for an average heat flow 
from the caldera area that is 40 times greater than the global 
average (Fournier et al., 1976).

Day 1

This day of the trip will be led by Robert Christiansen. We 
will examine the tectonic setting of the Yellowstone Plateau, 
the interior structure of a large rhyolitic lava flow, the 
caldera-forming Lava Creek Tuff, part of the Yellowstone 
caldera, and the West Thumb Geyser Basin at the shore of 
Yellowstone Lake. Along the route of travel we will pass 
through the scenic basin–range valley of Jackson Hole, climb 
onto the Yellowstone Plateau from the south, and pass into 
the enormous Yellowstone caldera, within which we will 
remain for much of the next two days.
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Day 2

This day of the trip will be led by Robert Christiansen. We 
will examine both the eastern and western segments of the 
Yellowstone caldera, a variety of active hydrothermal areas, 
the Grand Canyon of the Yellowstone, the Lava Creek Tuff, 
rhyolitic lavas both within and outside of the caldera, a 
rhyolite—basalt mixed-lava complex, and precaldera fea-
tures (including basalts of the Yellowstone Plateau volcanic 
field and older, mainly intermediate rocks of the Absaroka 
Volcanic Supergroup). The route of travel is entirely within 
Yellowstone National Park, through the eastern caldera seg-
ment, out across its northeastern wall, around the northern 
part of the Park, re-entering the caldera in its western seg-
ment, and ending at Old Faithful.
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Day 3

This day of the trip will be led by Robert Christiansen. We 
will examine mainly older parts of the Yellowstone Plateau 
volcanic field, concentrating on the 2 Ma Huckleberry Ridge 
and 1.3 Ma Mesa Falls Tuffs, caldera structure related to 
their origins, and basalts peripheral to the active rhyolitic 
focus of the volcanic field. The route of travel out through 
the western part of Yellowstone caldera into the structural 
basin of West Yellowstone, over the southern par of the 
Madison Range, through Island Park—the source are of both 
Mesa Falls Tuff and part of Huckleberry Ridge Tuff—and 
onto the eastern Snake River Plain.
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Day 4: Heise volcanic field

Lisa A. Morgan and Bill Bonnichsen

Neogene rhyolitic volcanism of the eastern
Snake River Plain

A stratigraphic sequence and regional correlations have 
been established for three voluminous and extensive ignim-
brites of the eastern Snake River Plain, ranging in age from 
4.3 to 6.6 Ma. This stratigraphic package of densely welded 
ignimbrite sheets, together with associated volcanic rocks 
and sediments, forms the Heise volcanic field (Morgan et al., 
1984; Hackett and Morgan, 1988) which is analogous in its 
development to the adjacent Quaternary Yellowstone Plateau 
volcanic field to the northeast (Christiansen and Blank, 
1972; Christiansen, 1984).

Thirty years of local studies on Tertiary rhyolites around 
the eastern Snake River Plain have produced the complex "
previous nomenclature" that is outlined in Table 1. Regional 
correlation of major ignimbrites from the Heise volcanic 
field has recently been accomplished with the aid of 
paleomagnetic remanent directions; radiometric ages; geo-

TABLE 1—Stratigraphic nomenclature for the three major ignimbrites of the 
Heise volcanic field. References: 1Scholten et al. (1955); 2Stearns and Isotoff (
1956); 3Carr and Trimble (1963); 4Albee et al. (1975); 5Prostka and Embree (
1978); 6Skipp et al. (1979); 7McBroome (1981); 8McBroome et al. (1981); 9

Morgan et al. (1984); 10Morgan (1988a). Previous correlation of the tuff of 
Elkhorn Spring with the tuff of Blue Creek (McBroome et al., 1981; Morgan et 
al., 1984) is now known to be erroneous. See Fig. 4 for locations of inferred 
source calderas.

Previous nomenclature
Current

nomenclature

Northern margin Southern margin
tuff of Spencer6 tuff of Heise4, 5, 8

tuff of Heise C4
tuff of Kilgore9

tuff of Blue Creek6, 7, 8 tuff of Elkhorn Spring9

Walcott Tuff 2, 3, 10
tuff of Blue Creek9

tuff of Edie School6 

tuff of Edie Ranch7, 8

School Rhyolite1

tuff of Spring Creek5,8 tuff of Blacktail9



154

chemistry; stratigraphic position; the compositions, sizes and 
relative abundances of phenocrysts; and macroscopic 
lithology. These correlations (e.g. , Morgan et al., 1984; 
Morgan 1988a) lead to the simpler terminology that is given 
under "present nomenclature" in Table 1. Formal stratigraphic 
names will soon be introduced (Morgan, 1988b, and unpubl. 
data), but we use the established terminology of Morgan et al. 
(1984) throughout this guide.

Deposits of the Heise volcanic field cover more than 35,000 
km2 in southeastern Idaho. Exposures are mostly limited to 
mountains along the margins of the eastern Snake River Plain, 
but correlative rhyolitic units have also been identified in 
subsurface boreholes drilled through Quaternary basalt on the 
plain (Doherty et al. , 1979). The three widespread ignimbrites 
of the Heise volcanic field are the 6.6 Ma tuff of Blacktail, the 
6.0 Ma tuff of Blue Creek, and the 4.3 Ma tuff of Kilgore. In 
many places, these major ignimbrite sheets are found together 
as a stratigraphic package with local intercalated rhyolite lava 
flows, smaller-volume ignimbrites, pyroclastic-fall deposits, 
basaltic lava flows and tephra, and sediments. Although facies 
variations occur, all three of the major ignimbrites are 
composed of densely welded, crystal-poor, high-silica, 
peraluminous rhyolite.

The three widespread ignimbrites of the Heise volcanic 
field are inferred to have erupted from major calderas that are 
now largely buried beneath Quaternary basalts of the eastern 
Snake River Plain (Fig. 4). The earliest major eruption of the 
Heise volcanic field produced the immense, plain-wide 
Blacktail caldera, which was the source of the tuff of Blacktail 
and within which the later calderas were either nested or 
largely overlapped. The second major event, per 

haps a phase of the initial event, produced the smaller, nested, 
Blue Creek caldera from which the tuff of Blue Creek erupted. 
A third major eruption produced the immense, plainwide, 
Kilgore caldera, the source of the tuff of Kilgore (Morgan, 
1988a). Important evidence of these inferred source calderas 
is found along both margins of the eastern Snake River Plain, 
in the Poplar—Heise area on the southern margin (Stops 4A—
C), and in the Howe Point, Lidy Hot Springs, and Spencer—
Kilgore areas on the northern margin.

The dimensions of Neogene calderas beneath the eastern 
Snake River Plain are not accurately known because of burial 
by Quaternary basalts and because most rhyolite exposures 
occur along the margins of the plain. However, careful study 
of lateral variations in ignimbrite geometry and lithology 
allows inference of the directions and approximate distances 
to the source calderas. Facies changes within each ignimbrite 
as well as analyses of flow directions, volcanic and tectonic 
structures, and geophysical anomalies have all been used to 
infer the locations of the source calderas that are shown in 
Fig. 4. The estimated volumes of the Neogene Heise 
ignimbrites are comparable with those of the Quaternary 
Yellowstone ignimbrites (Fig. 5). It is probable that the buried 
Heise calderas have dimensions comparable to those of the 
better exposed Yellowstone Plateau volcanic field.

Road log

This day of the trip will be led by Lisa Morgan. We will 
examine: (A) the rhyolitic welded ignimbrite and lava-flow 
units exposed at Heise escarpment; (B) the Huckleberry

FIGURE 4—Inferred calderas of the Heise volcanic field (adapted from Morgan et al. , 1984) and the Yellowstone Plateau volcanic field (Christiansen, 1984). 
Ages of calderas (Ma; shown in parentheses) are based on age dates of major ignimbrites. Heise calderas are as follows: BC, Blacktail caldera; BCC, Blue Creek 
caldera; KC, Kilgore caldera. Calderas of Yellowstone—Island Park region are: HRC, Huckleberry Ridge caldera; HC, Henry's Fork caldera; YC, Yellowstone 
caldera.
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FIGURE 5—Estimated volumes of the Quaternary Yellowstone Group 
ignimbrite units and the Neogene Heise volcanic units, with selected Hol-
ocene and historical eruption volumes shown for comparison. Modified from 
Smith and Braile (1984).

Ridge Tuff, the tuff of Kilgore, and the unconsolidated pyro-
clastic-fall and surge deposits of the tuff of Wolverine Creek 
in the Meadow Creek Dugway area; (C) the Huckleberry 
Ridge Tuff, the tuff of Wolverine Creek, and the tuff of 
Blacktail exposed at the Blacktail recreation area east of 
Idaho Falls; (D) the Hells Half-Acre basalt flow between 
Idaho Falls and Blackfoot; and (E) the Walcott Tuff near 
American Falls. Today's route essentially follows the south-
eastern margin of the eastern Snake River Plain between 
Rexburg and Burley. Various basalt volcanoes and rhyolite 
domes can be seen in the interior of the Plain, and older rocks 
that have been deformed within the Overthrust Belt and 
uplifted along Basin and Range structures will be visible in 
the mountain ranges southeast of the Plain.
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FIGURE 6—Schematic profile showing general stratigraphic relations seen in 
cliffs above Heise Hot Springs. The ignimbrite units gradually increase in dip 
with increasing age.

FIGURE 7—Escarpment above Heise Hot Springs showing the major, cliff-forming, volcanic units. At this locality the tuff of Blacktail is relatively thin (<8 m) 
and its thickness fluctuates in response to undulations in upper surface of the rhyolite of Hawley Springs lava flow, which it caps. The escarpment is 
approximately 400 m (1300 ft) high and the Snake River is at its base.
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FIGURE 8—Schematic section of tuff of Kilgore exposed in a small ravine 
at Stop 4B, Meadow Creek Dugway. From Hackett and Morgan (1988).
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FIGURE 9—Huckleberry Ridge Tuff (2.1 Ma) at Stop 4B, Meadow Creek 
Dugway. The conspicuous parting and color change above the meter stick is 
the contact between members A and B. Photo W. R. Hackett.

FIGURE 10—Sketch of volcanic units exposed at Stop 4C, Blacktail 
recreation area. View is toward the east, with Ririe Reservoir at lower right.

FIGURE 11—Water-deposited (lacustrine) tuffs (top), cross-stratified surge 
deposits (middle), and tuff of Wolverine Creek (lower left) exposed at Stop 
4C, Blacktail recreation area. About 5 m of section is shown. Photo W. R. 
Hackett.
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FIGURE 12—Fluid-escape structures (elutriation pipes) in upper part of tuff of 
Wolverine Creek, Stop 4C, Blacktail recreation area. Pencil near top of frame 
for scale. Photo W. R. Hackett.

FIGURE 13—Cross-stratified surge deposits (top) overlying tuff of Wol-
verine Creek (lower part of frame) at Stop 4C. Pods of laminated ignimbrite 
and flamelike fluid-escape structures are present within tuff of Wolverine 
Creek. Lens cap for scale. Photo W. R. Hackett.
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FIGURE 14—Walcott Tuff at Stop 4E, the unit's type locality in Snake River 
Gorge below American Falls dam. The overlying unit is the basalt member of 
Little Creek Formation (Carr and Trimble, 1963).

Day 5: Silicic volcanics around the Cassia Mountains

William R. Hackett, Falma J. Moye, and Bill Bonnichsen

Geology of the Cassia Mountains and vicinity

The Cassia Mountains, at the southern side of the central 
Snake River Plain, consist largely of welded ash-flow-tuff 
units, probably erupted from several localities in the south-
central Snake River Plain. Some of these sources may be a 
proposed caldera at the south end of the Oakley graben (Fig. 
15), the area around Twin Falls, and the area that lies north-
west and west of the range. Little detailed information is 
available on the geology of silicic units in the Cassia Moun-
tains; it will be interesting in the next few years to see the 
pattern of silicic volcanism emerge as more research is con-
ducted. Locally exposed in the interior of the Cassia Moun-
tains are Paleozoic rocks that had been deformed and eroded 
into a hilly or mountainous terrain before the ash-flow units 
that cover most of the hills were erupted. The Cassia Moun-
tains are bounded on the east by the graben-like Oakley 
Valley and on the west by the Rogerson—Jackpot graben.

Both of these downdropped valleys contain an abundance of 
Snake River Plain-type silicic volcanic rocks.

Road log

This day of the trip will be led by Falma Moye, Bill 
Hackett (Stops 5A and 5B), and Bill Bonnichsen (Stops 5C 
and 5D). We will examine: (A) friable airfall tuff and welded 
ignimbrite in the Goose Creek area, (B) a rheomorphically 
deformed welded tuff in the Trapper Creek area, (C) the 
Shoshone Falls rhyolite lava flow, and (D) low- and high-
temperature pyroclastic flows in the Rogerson—Jackpot gra-
ben. Today's route is partly along the southern margin of the 
central Snake River Plain, where several basalt shields can be 
seen, and partly within two valleys (probably graben) that 
extend southward away from the central Snake River Plain, 
and in which thick accumulations of rhyolitic volcanic 
products were deposited as the Plain evolved. Also, good
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FIGURE 15—Locations of silicic eruptive centers and a possible caldera in the central Snake River Plain (SRP). Inset map shows overall extent of the Snake 
River Plain—Yellowstone Plateau volcanic province and location of Yellowstone National Park (YNP).

views will be available of the Basin and Range mountain 
ranges south of the plain, and of thick accumulations of 
welded-tuff sheets that extend southward onto some of these 
mountain ranges.
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FIGURE 16—Goose Creek reference section, showing approximately 80 m of rhyolite tephra deposits exposed in Goose Creek valley: sec. 31, T21S, R22E, Blue Hill 1:24,
000 quadrangle, Idaho. Thicknesses of units are not drawn to scale.
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FIGURE 17—Goose Creek reference section.

FIGURE 18—Member A, tuff of Goose Creek, and underlying tephra 
deposits. The stratigraphic position of this photograph is given in Fig. 16. 
Meter stick for scale.
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FIGURE 20—Shoshone Falls as seen from the north rim of Snake River 
canyon (Stop 5C). The waterfall plunges over the massive interior part of 
the Shoshone Falls rhyolite lava flow. Basalt flows form the upper 
canyon walls.

FIGURE 19—Rheomorphism in the top portion of member B, tuff of 
Goose Creek.
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FIGURE 21-Breccia layer at top of Shoshone Falls rhyolite lava flow at Stop 
5C.

TABLE 2-Chemical analyses of selected silicic and intermediate volcanic rocks from the Snake River Plain and vicinity. These rocks were analyzed by a 
combination of methods in several laboratories, and have been normalized to sums of 100%. Total iron is expressed as Fe2O3. Sample information: 1. Average of 
two analyses, Street and DeTar (1987). 2. Sample 1-459, Bonnichsen et al. (1988). 3. Sample X-37, Bonnichsen et al. (1988). 4. Sample 1-463, Bonnichsen and 
Citron (1982). 5. Sample 1-529, Bonnichsen et al. (1988). 6. Sample 1-15, Bonnichsen et al. (1988). 7. Sample L80-78, Honjo (1986). 8. Average of 12 analyses, 
Bonnichsen et al. (1988).

1. 2. 3. 4. 5. 6. 7. 8.

Unit

Shoshone
Falls

rhyolite

Cougar 
Point 
Tuff
 XV

Cougar 
Point
 Tuff
 XIII

Cougar
Point
Tuff
XI

Dorsey
Creek

Rhyolite

Balanced
Rock,
upper
unit

City
of

Rocks
Tuff

Square
Mountain
ferrolatite

SiO2 70.05 73.65 75.27 75.07 72.14 69.50 69.93 60.16
A12O3 13.59 12.83 12.30 12.31 12.77 13.59 13.42 14.69
TiO2 0.69 0.42 0.28 0.31 0.52 0.77 0.79 1.81
Fe2O3 4.67 3.06 2.40 2.38 4.24 4.78 4.63 9.29
MnO 0.07 0.05 0.04 0.02 0.07 0.07 0.07 0.13
CaO 1.90 1.40 0.81 0.84 1.64 2.28 2.34 5.10
MgO 0.69 0.50 0.23 0.12 0.39 0.83 0.84 1.93
K2O 4.82 5.17 6.10 5.91 5.37 4.95 4.77 3.17
Na2O 3.35 2.89 2.52 3.00 2.77 3.05 3.03 3.32
P2O5 0.17 0.06 0.04 0.03 0.09 0.16 0.17 0.40
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FIGURE 24—Flattened pumice clasts within the upper, glassy ignimbrite 
layer at Stop 5D.

FIGURE 22—Silicic pyroclastic units at Stop 5D, showing the welded, glassy, 
type-H ignimbrite layer (top), overlying a laminated, ash-fall tuff layer, in turn 
lying on a massive, non-welded, type-L ignimbrite at base of exposure.

FIGURE 23—Elongate, flattened vesicles at Stop 5D, exposed on a sub-
horizontal surface in the glassy, type-H ignimbrite.
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FIGURE 25—Regional distribution of flow azimuths, as measured from flow marks and elongate vesicles in Cougar Point Tuff units XV (solid symbols) and XIII (open 
symbols). The tails on the symbols indicate the inferred directions of flow away from the Bruneau–Jarbidge eruptive center. From Bonnichsen and Citron (1982).

TABLE 3—Ash-flow tuff types based on emplacement temperatures.

Day 6: The Bruneau—Jarbidge eruptive center

Bill Bonnichsen and Margaret D. Jenks

Bruneau—Jarbidge eruptive center

The Bruneau—Jarbidge eruptive center is a 95 x 55 km 
structural basin within the southwestern part of the Snake 
River Plain (Fig. 15). During the late Miocene, a sequence of 
11 or more welded, ash-flow-tuff cooling units (the Cougar 
Point Tuff), 12 or more large rhyolite lava flows, and 

a series of olivine tholeiite basalt flows from more than 40 
shield volcanoes were erupted from, and filled in, this basin. 
The Bruneau—Jarbidge eruptive center does not now have the 
physiographic form of a caldera, but it may contain one or 
more buried calderas. Most of the subsidence of its interior 
occurred between 11 and 10 Ma, during or just after
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the eruption of the Cougar Point Tuff (Bonnichsen, 1982a).
Along its southern margin, the boundary zone of the erup-

tive center is outlined by a combination of down-to-thenorth 
faults of small displacement, a moat zone a few kilometers 
across filled with sediments and basalt, and the lateral 
transition from older, welded ash-flow tuffs on the south to 
younger rhyolite lava flows on the north. The eastern and 
northern margins of the eruptive center are buried beneath 
younger geologic units, primarily basalt flows. The boundaries 
of the eruptive center have been partially defined on the basis 
of aeromagnetic anomalies (Bonnichsen, 1982a).

The Cougar Point Tuff

The Cougar Point Tuff is a sequence of densely welded, 
rhyolitic ash-flow-tuff cooling units that erupted from the 
Bruneau—Jarbidge eruptive center during late Miocene time. 
The Cougar Point Tuff is best exposed in canyons of the 
Bruneau River and the East and West Forks of the Jarbidge 
River near the Idaho—Nevada state line. At the Black Rock 
escarpment reference section (Bonnichsen and Citron, 1982) in 
Bruneau Canyon, eight units are exposed and have an 
aggregate thickness of 400-475 m. At Cougar Point in the East 
Fork of Jarbidge Canyon, about 8 km south of Stop 6B , six of 
the units are exposed with a thickness of about 250 m. The 
Cougar Point Tuff units that are present in the East and West 
Forks of Jarbidge River canyon are indicated in Table 4.

By the end of the Cougar Point Tuff volcanism, the erup-
tive center had developed into a large structural and phys-
iographic basin, which was filled by later volcanic and 
sedimentary deposits. The exposed part of the Cougar Point 
Tuff consists of outflow-facies rocks that extend beyond the 
margins of the eruptive center. The emplacement of each unit 
was a distinct volcanic event, and the units are separated by 
sedimentary layers. Four or more reversals of the earth's 
magnetic field occurred during the deposition of the Cougar 
Point Tuff (Bonnichsen, 1982a).

In general, each of the Cougar Point Tuff units is similar to 
the others in appearance and welding characteristics.

TABLE 4—Stratigraphy of volcanic units exposed in and near the East and 
West Forks of the Jarbidge River canyon. Units are listed in order of increasing 
age. Magnetic polarity data from Bonnichsen (1982a). References for 
discussion of units and their area are: 1, Bonnichsen (1982b); 2, Bonnichsen 
and Citron (1982); 3, Bonnichsen and Jenks (in press); 4, Bonnichsen and 
Kauffman (1987); 5, Bonnichsen et al. (1988); 6, Coats (1964); 7, Hart and 
Aronson (1983).

Unit
Age 
(Ma)

Magnetic 
polarity References

basalt of Big Flat — — 3

upper sediments — — 3
Diamond A basalt — — 3
lower sediments — — 3
Dorsey Creek Rhyolite 8.0, 8.22 normal 1, 3, 4, 5, 7
Columbet Creek basalt — reverse 3
Cougar Point Tuff: unit XV — normal 2, 5

unit XIII — normal 2
unit XII — normal 2
unit XI — reverse 2
unit X — — 2
unit IX — normal 2
unit VII 11.3 reverse 2
unit V — normal 2

Jenny Creek tuff — — 6
Jarbidge Rhyolite 17.2 — 6

Commonly, the units were formed by multiple ash emplace-
ments, but are simple cooling units. In a vertical section 
through a unit, the typical zones from base to top consist of: (
1) a basal layer of thinly bedded air-fall ash; (2) an overlying,
basal vitrophyre layer; (3) a massive, relatively thick, 
devitrified central zone in which most early structures have 
been obliterated by matrix crystallization; and (4) an upper 
zone with abundant flow marks and folds.

The various Cougar Point Tuff units are similar in com-
position and in their temperature and mode of eruption. Quartz, 
sanidine, plagioclase, augite, pigeonite, fayalite, and Fe—Ti 
oxides are the principal phenocryst minerals. Hornblende and 
biotite are essentially absent, suggesting that the magmas were 
relatively hot and dry. Magma-temperature estimates based on 
the compositions of coexisting pyroxenes, feldspars, and Fe—
Ti oxides suggest eruption temperatures for the Cougar Point 
Tuff units in the 8001000°C range (Table 5; and Honjo et al. , 
1987, and in prep.). Applying the emplacement-temperature 
classification noted in Table 3, most of the Cougar Point Tuff 
units would be in the type-H category.

Chemical analyses of samples taken many kilometers apart 
reveal that each unit has a relatively narrow compositional 
range. Representative analyses from three units (XI, XIII, and 
XV) are shown in Table 2. Overall, the Cougar Point Tuff
becomes increasingly femic upwards, but local reversals in 
the trend exist. A K—Ar age of 11.3 Ma was reported for one 
of the lower Cougar Point Tuff units. Initial strontium-isotope 
ratios indicate a predominantly, if not exclusively, crustal 
origin for the Cougar Point Tuff (Bonnichsen and Citron, 
1982). This is the case for many other rhyolitic units in the 
Snake River Plain volcanic province.

Rhyolite lava flows

Of the 12 or so rhyolite lava flows that occur in the 
Bruneau—Jarbidge eruptive center, the only one that is ex-
posed in the East or West Forks of the Jarbidge River canyon 
is the Dorsey Creek Rhyolite. It is described in more detail at 
Stop 6D and will be the only one visited during this day of the 
trip.

The rhyolite lava flows in the Snake River Plain volcanic 
province show variations in their thicknesses and in the types 
of internal structures that occur in their interiors and margins. 
A generalized longitudinal section from the vent area to the 
margin of an idealized flow is shown in Fig. 26. Rhyolite lava-
flow interiors generally have three zones: a thick central zone 
of massive devitrified rhyolite, which overlies a complex basal 
zone and is capped by a structurally complicated upper zone. 
The basal zones consist of either massive vitrophyre layers or 
of breccia layers, or of a combination of both materials. Air-
fall ash layers are uncommon below the rhyolite lava flows. 
The upper zones generally contain both glassy and devitrified 
portions and consist of massive, sheeted, folded, flow-layered, 
and brecciated rhyolite. All of the zones, but especially the 
upper ones, contain gas cavities of widely varying dimensions 
and abundance.

Flow margins typically consist of bulbous lobes of massive 
or sheeted rhyolite overlying basal breccia layers and separated 
by chaotic-appearing zones of steeply jointed or flow-layered 
rhyolite. The thicknesses of the interior portions of the flows 
typically are 50 m or more, and range up to 250 m. The flows 
are thinner near their margins, but seldom thin to less than 25 
m (Bonnichsen, 1982b; Bonnichsen and Kauffman, 1987).
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TABLE 5—Eruption temperatures of selected silicic volcanic units from the central Snake River Plain as determined by pyroxene geothermometry. 1Temperatures 
in degrees Celsius from Honjo et al. (in prep.), calculated by method of Lindsley (1983). 2Temperatures in degrees Celsius from Honjo et al. (in prep.), calculated 
by method of Davidson and Lindsley (1985). 3SiO2 with H2O-free rock analysis normalized to 100%.

Unit Sample Temp.1 Temp.2 SiO23

Units associated with the Bruneau–Jarbidge eruptive center
Cougar Point Tuff:

Unit XV 1-783 910 900 72.7
Unit XIII X-37 — 750 75.3
Unit XII X-20 980 970 73.1
Unit XI 1-794 850 860 76.4
Unit XI X-174 900 880 75.5
Unit VII I-841 935 930 72.9

Rhyolite lava flows:
Sheep Creek Rhyolite I-1208 980 950 70.2
Crows Nest area rhyolite I-1265 950 990 71.1
Bruneau Jasper Rhyolite 1-1052 900 910 74.7

Units associated with the Magic Reservoir eruptive center
Idavada ignimbrites:

Picabo-B Tuff L80-30 1000 950 72.0
Gwin Springs Tuff L80-64 1000 990 72.2
City of Rocks Tuff L80-78 1000 970 69.9

Rhyolite lava flow:
Magic Reservoir quartz latite — 1030 990 69.2

Road log
This day of the trip will be led by Bill Bonnichsen. We will 

examine: (A) an example of primary flowage in a high-
temperature ash-flow-tuff unit, (B) a panoramic view of the 
boundary zone between the Snake River Plain and the Basin 
and Range province, (C) Unit XV of the Cougar Point Tuff 
and the margin of the Bruneau—Jarbidge eruptive center, (D) 
the margin and interior of the Dorsey Creek Rhyolite lava 
flow, (E) a lithophysal zone in unit XIII of the Cougar Point 
Tuff, (F) the basal portion of unit XI of the Cougar Point Tuff, 
and (G) the Jarbidge Rhyolite. The route will follow the 
southern margin of the Snake River Plain and of the 
Bruneau—Jarbidge eruptive center. Basalt shields and other 
basalt volcanoes can be seen at the margin and in the interior 
of the Plain. Also visible is the transition from the plateau type 
of terrain that characterizes the Snake River Plain to the block-
faulted mountain ranges in the Basin and Range province to 
the south. During the latter part of the day, we will drive along 
the bottom of Jarbidge Canyon, where the welded-tuff units 
are well exposed. Finally, we will visit the historic gold-
mining town of Jarbidge, where the Jarbidge Rhyolite is 
exposed.

FIGURE 26—Schematic longitudinal section of an idealized southwestern Idaho rhyolite lava flow, showing internal zones and typical physical features. The 
vertical scale and the size of some features have been exaggerated. From Bonnichsen (1982b).
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FIGURE 28—Axiolites developed in the boundary zone between basal 
vitrophyre and devitrified interior of the type-H ignimbrite at Stop 6A. Note 
the star-shaped (in cross section), elongate cavities in the axiolites.

FIGURE 27—Flow marks developed on a subhorizontal surface in the type-H 
ignimbrite at Stop 6A.
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FIGURE 29—Star diagram showing the directions and locations of various 
features visible from Stop 6B.
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FIGURE 30—Small spherulites enclosed within vitrophyre of Cougar Point 
Tuff unit XV, where the unit is only a few meters thick at Stop 6C, near 
Murphy Hot Springs.

FIGURE 31—Cougar Point Tuff unit XV where its entire thickness is exposed 
on the west side of Jarbidge Canyon at Stop 6C. Note the thin layer of 
accretionary lapilli within the section of air-fall tuff beneath the welded tuff.

FIGURE 32—View from east rim of Jarbidge Canyon in Murphy Hot Springs 
area (Stop 6C). The southern end of Dorsey Creek Rhyolite (DC) is the 
prominent rock outcrop on right. Small exposures of the upper Cougar Point 
Tuff unit (XV) occur upstream. A deep-seated fault is inferred to occur at the 
margin of the Bruneau–Jarbidge eruptive center beneath the end of the Dorsey 
Creek Rhyolite, where the hot spring is located (below arrow).
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FIGURE 34—Looking southwest, up West Fork of Jarbidge River canyon, 
from canyon rim above Stop 6D at confluence of East and West Forks of the 
river. In the foreground are exposures of Dorsey Creek Rhyolite. In distance, 
exposed in canyon walls, are sediments that fill the moat zone of Bruneau—
Jarbidge eruptive center. The sediments are capped by basalt of Diamond A 
Desert.

FIGURE 33—The base of Dorsey Creek Rhyolite lava flow at Stop 6D, near 
confluence of East and West Forks of Jarbidge River. The flow base consists of 
a breccia layer about 2 m thick, overlain by vitrophyre and then devitrified 
rhyolite.

FIGURE 35—Massive interior of Dorsey Creek Rhyolite lava flow in Jarbidge 
Canyon near mouth of Columbet Creek, about 3 km northwest of Stop 6D.
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FIGURE 36—Lithophysal zone within Cougar Point Tuff unit XIII at Stop 6E,
 near mouth of Buck Creek.

FIGURE 37—View south (upstream) from Stop 6E, of the West Fork of 
Jarbidge River canyon and the upper Cougar Point Tuff units. Units XI (
bottom), XII, and XIII are visible; they are capped by basalt at canyon rim.

FIGURE 38—Erosional pillars in central zone of Cougar Point Tuff unit XI at 
Stop 6F in West Fork Jarbidge River canyon. The horizontal break about one-
third of the way up from the cliff base is a boundary between successive ash 
emplacements. A lithophysal zone is just below this break. The basal 
vitrophyre is exposed in the alcove at base of cliff.
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Day 7: Balanced Rock and Mount Bennett Hills

William P. Leeman, Norio Honjo, and Bill Bonnichsen

Balanced Rock area

The central Snake River Plain contains extensive areas 
underlain by rhyolitic rocks, both lava flows and pyroclastic 
units. These are widely distributed northeast of the Bruneau-
Jarbidge eruptive center and south of the Snake River, be-
tween Bruneau and Buhl (Figs. 2, 15). These rocks have 
received virtually no attention from geologists, except for 
general mapping that shows their overall exposure areas. 
Some of these exposures are in Salmon Falls Creek canyon in 
the western part of Twin Falls County, and two of the units 
can conveniently be visited there in the Balanced Rock area.

Mount Bennett Hills and Camas Prairie

The Mount Bennett Hills and the Camas Prairie constitute a 
structurally complex area situated just north of the central 
Snake River Plain, adjacent to where the western Plain 
diverges from the main Snake River Plain (Figs. 2, 15). The 
Mount Bennett Hills is an east—west-oriented complex horst 
which dips shallowly southward and extensively exposes 
several Snake River Plain rhyolite units. The Camas Prairie, 
located farther north, is an east—west-oriented graben. In this 
region, especially in the Mount Bennett Hills, northwesterly, 
east—west, and northeasterly trending fault systems are well 
developed, and generally postdate the volcanism.

The Neogene volcanic rocks in the Mount Bennett Hills 
and Camas Prairie overlie a basement composed of Paleozoic 
sedimentary rocks that are cut by Cretaceous and Tertiary 
granitic plutons, and erosional remnants of Eocene Challis 
volcanic rocks and associated sediments. The Neogene 
deposits include an early (about 9-10 Ma) sequence of 
rhyolitic ash-flow tuffs (Idavada Volcanics) erupted from 
sources in the Snake River Plain, south of the Mount Bennett 
Hills, and a later (younger than 6 Ma) lava-flow-dominated 
rhyolitic sequence erupted from the Magic Reservoir eruptive 
center in the eastern part of Camas Prairie. The rocks of the 
earlier sequence are exposed in upfaulted highlands along the 
margin of the Snake River Plain, and generally dip south, 
toward its center. Similar ash-flow tuffs progress in age from 
13-14 Ma near the Idaho—Oregon—Nevada junction (
Owyhee—Humboldt eruptive center, Fig. 15) to 0.6 Ma at 
Yellowstone; they record the voluminous, early, time- 

transgressive phase of Snake River Plain volcanism that swept 
from west to east (Armstrong et al. , 1975). The later silicic 
volcanism in the Mount Bennett Hills—Camas Prairie area (
the lava-flow-dominated products of the Magic Reservoir 
eruptive center) is thus anomalously young for their 
geographic position in the general age-distribution pattern of 
rhyolitic ash-flow tuffs along the Snake River Plain—
Yellowstone Plateau province.

Magic Reservoir eruptive center

Rhyolitic lavas and tuffs, basaltic lavas, and hybrid lavas 
younger than 6 Ma were erupted in the Magic Reservoir area. 
This volcanic rock suite is considered to be essentially 
bimodal, as the intermediate-composition magmas are thought 
to represent mixed silicic and mafic magmas (Honjo and 
Leeman, 1987). The volcanic section in the Magic Reservoir 
area (Schmidt, 1961; Malde et al. , 1963; Smith, 1966; 
Struhsacher et al. , 1982; Leeman, 1982b; Bonnichsen et al. , 
1988) contains: (A) the Idavada Volcanics, which consist of 
welded-tuff units and minor intercalated basaltic lavas (10-19 
Ma); (B) quartz latite lavas, hybrid ferrolatite lavas, and high-
silica rhyolite tuffs and young domes (6-3 Ma) associated with 
the development of the Magic Reservoir eruptive center; and (
C) young basaltic lavas that are similar in composition to
other Snake River Plain basalts.

The Magic Reservoir eruptive center occupies a large 
portion of the eastern part of the Camas Prairie and part of the 
eastern Mount Bennett Hills (Fig. 15). It is elliptical in outline, 
measuring about 22 km from east to west and 29 km from 
north to south (Leeman, 1982b; Bonnichsen et al., 1988), and 
appears to have formed by the collapse of the earth's surface 
after the eruption of a large volume of silicic lava, principally 
the rhyolite of Magic Reservoir. It has been suggested to be a 
caldera (Leeman, 1982b), but it is unlikely that it is a typical 
caldera, since the main eruptive products are lava flows. Its 
boundary coincides with the locations of several young 
rhyolite domes, several large basaltic shields, and the large hot 
spring at Hot Springs Landing. The boundary on the north-
northeast is a major fault with the down-thrown side to the 
south-southwest. Cretaceous granitic rocks are exposed in the 
upthrown block to the northeast and correlative ferrolatite 
lavas are offset by at least 120 m across this fault. The inferred 
western edge of the eruptive center
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coincides with the easternmost exposures of Idavada Vol-
canics and older rocks. Elsewhere, the boundary is not well 
defined due to the cover of younger deposits. The interior of 
the Magic Reservoir eruptive center subsided and was filled by 
the rhyolite of Magic Reservoir and younger basalt flows and 
sedimentary deposits. The central portion of the eruptive 
center (in the easternmost Mount Bennett Hills) was 
subsequently uplifted along a major east—west-trending fault 
with downward displacement to the north. This fault, which 
offsets the ferrolatite lavas by a few hundred meters, forms the 
southern boundary of the Camas Prairie.

As a function of decreasing age, the rhyolites associated 
with the Magic Reservoir eruptive center become more sil-
iceous, their phenocryst assemblages become more hydrous, 
and their calculated mineral-equilibrium temperatures de-
crease from above 1000°C (Magic Reservoir quartz latite) to 
700°C (young domes) (Honjo et al. , 1987, and in prep.). 
These trends are consistent with progressive fractionation of 
the magmas. Early Pliocene or late Miocene ash-flow tuffs and 
related pyroclastic deposits were erupted from vents within the 
Magic Reservoir eruptive center, but the volume of these 
materials is small in comparison with the rhyolites at 
Yellowstone or at other eruptive centers within the Snake 
River Plain.

Road log

This day of the trip will be led by Bill Bonnichsen (Stops 
7A and 7E) and Bill Leeman and Norio Honjo (Stops 7B, 7C, 
and 7D). We will examine: (A) two rhyolitic sheets in the 
Balanced Rock area, (B) the McHan Basalt and the City of 
Rocks Tuff, (C) a panoramic overview of the Camas Prairie 
and surrounding areas, (D) the Square Mountain ferrolatite 
near the margin of the Magic Reservoir eruptive center, and (
E) the rhyolites of Rattlesnake Springs and of Frenchman
Springs along the margin of the western Snake River Plain 
graben. As we follow today's route, which first traverses the 
central Snake River Plain, we will see a variety of basaltic 
phenomena. Later, the trip traverses the Mount Bennett Hills 
and the Camas Prairie, where the silicic volcanic units 
beneath the basaltic units are well exposed, and finally we will 
drive into and follow along the western Snake River Plain 
graben, where additional basaltic features can be seen.

FIGURE 39—Balanced Rock, near Salmon Falls Creek canyon. This amazing 
feature has been eroded from the central zone of the upper rhyolite sheet at 
Stop 7A.
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FIGURE 40—The boundary between the lower and upper rhyolite sheets at 
Stop 7A, in Salmon Falls Creek canyon. At the bottom of the photograph is the 
breccia at the top of the lower unit. It is overlain by tuffaceous sediments and 
ash-fall tuff which, in turn, are overlain by the basal vitrophyre of the upper 
unit. The lowermost few centimeters of this basal vitrophyre is only partially 
welded, suggesting that the upper unit is of pyroclastic origin, perhaps a type-V 
welded tuff.
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FIGURE 41—Gneissic inclusions in Square Mountain ferrolatite at Stop 7D, 
southeast corner of Square Mountain.
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FIGURE 42—Basal vitrophyre zone of Rattlesnake Springs rhyolite unit at 
Stop 7E, showing well-developed interlayering of glassy and devitrified 
rhyolite.
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Introduction

The Cascade Range is a late Tertiary and Quaternary 
volcanic arc that extends north from northeastern California 
through Oregon and Washington into British Columbia. The 
volcanic arc lies above an easterly dipping active subduction 
zone along which the Juan de Fuca, Gorda, and Explorer 
plates are thrust beneath the North American plate (Riddi-
hough, 1984). In addition to the major composite volcanoes 
that have erupted andesites, dacites, and even rhyolites, there 
are many smaller, commonly monogenetic vents that erupted 
primarily calc-alkaline basalt and basaltic andesite throughout 
the history of the arc (McBirney, 1978; Luedke and Smith, 
1981, 1982; Smith and Luedke, 1984; Guffanti and Weaver, 
1988). The volcanic arc is active, with certain historic 
eruptions at Lassen Peak (1914-17) and Mount St. Helens (
mid-1800's; 1980-86), and possible historic eruptions at Mt. 
Shasta (1786), Mt. Baker (mid-1800's), Mt. Hood (mid-1800's)
, Mt. Rainier (mid-1800's) and Cinder Cone (east of Lassen 
Peak; 1851?).

This field guide is designed as a six-day introduction to the 
volcanic geology of the Cascade Range in northern California 
and southern Oregon (Fig. 1). Emphasis is placed on four 
major Quaternary volcanic centers of the High Cascades:

The Lassen volcanic system: An andesitic stratovolcano 
with a large, young silicic domefield on its northeast flank.

Medicine Lake volcano: A largely basaltic shield com-
plex in an extensional environment just east of the main axis 
of the High Cascades.

Crater Lake (Mount Mazama): Site of a catastrophic 
pyroclastic eruption of a zoned magma chamber about 6800 
years ago.

Mount Shasta: A classic subduction-zone stratocone.
The guide also treats regional Quaternary basaltic and 

andesitic volcanism of the High Cascades and includes a leg 
through the Western Cascade Range, the mildly deformed 
and deeply eroded mid-Tertiary analog of the younger High 
Cascades.

FIGURE 1—Map of the southern Cascade Range showing Quaternary 
volcanic rocks (pattern) and field-trip route.

Most of the basic geologic mapping, petrology, geo-
chemistry, and isotopic dating upon which this guide is based 
have been developed in the last 10 years as part of the 
Geothermal Research Program of the U.S. Geological Survey. 
In turn, these modern investigations rest on the foundations 
provided by Howel Williams (1932a, 1932b, 1942) and 
Charles A. Anderson (1933a, 1933b, 1940, 1941) in their 
pioneering investigations of volcanism in the southern 
Cascade Range.
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Lassen Volcanic National Park and vicinity
Michael A. Clynne and L. J. Patrick Muffler

Summary

This leg of the field trip provides an overview of Qua-
ternary volcanic rocks in and around Lassen Volcanic National 
Park, with a stop at each major stratigraphic unit of the Lassen 
volcanic center. Additional stops focus on the 

1915 eruption of Lassen Peak, the Lassen geothermal system,
 regional tectonism, and mafic volcanism.

On a regional scale, Quaternary volcanism in the south-
ernmost Cascade Range is predominantly basaltic to andesitic 
and consists of hundreds of coalescing volcanoes of
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small to medium volume (10-3 to 102 km3) and relatively 
short lifetimes (100 to 103 yrs). Superimposed on this re-
gional mafic volcanism are a few long-lived, much larger 
volcanic centers that have erupted products ranging from 
basaltic andesite to rhyolite.

Each of the larger centers consists of an andesitic com-
posite cone and flanking silicic domes and flows. Four such 
centers younger than about 3 Ma have been recognized in the 
Lassen area (Fig. 2). Each was built in three stages:

Stage I: Cone-building basaltic andesite and andesite lava 
flows and pyroclastic rocks.

Stage II: Thick, cone-building lava flows of andesite and 
silicic andesite.

Stage III: Silicic domes and flows flanking the main cone.
The silicic magma chamber of Stage III provides a heat 

source for a hydrothermal system that develops within the 
core of the main cone. Alteration of permeable rocks of the 
cone facilitates glacial and fluvial erosion of the central part 
of the volcano. The result is selective preservation of a 
resistant rim of Stage-II lavas and flanking silicic rocks 
around a central depression. The three older volcanic centers 
in the Lassen area, the Dittmar, Maidu, and Yana volcanic 
centers, have reached this stage, and their hydrothermal 
systems are extinct. The fourth and youngest center, here 
called the Lassen volcanic center (LVC), hosts active silicic 
volcanism and a well-developed active hydrothermal system.

Stages I and II of LVC produced the Brokeoff volcano (
BV), an 80 km3 andesitic stratocone (Fig. 3). The bulk of BV 
consists of Stage-I deposits (olivine—augite and hyper-
sthene—augite andesite lava flows and stratified pyroclastic 
deposits) that erupted from a central vent at 600-470 ka. 
Stage I culminated in eruption of a small volume of horn-
blende—pyroxene dacite lava. During Stage II, which lasted 
about 70,000 yrs, thick flows of porphyritic augite—hyper-
sthene silicic andesite, generally lacking interbedded pyro-
clastic material, were erupted. Stage III was initiated by 
eruption of at least 50 km3 of rhyolitic magma (Rockland air-
fall and ash flows) at about 400 ka. This eruption is thought 
to have produced a caldera that is now filled by a silicic 
domefield. This domefield consists of three groups of rocks 
totaling about 30-50 km3:

Group 1: Hornblende—biotite rhyodacite lavas related to 
the Rockland magma (e.g., Raker Peak).

Group 2: Six domes and flows of 2-pyroxene—hornblende 
dacite lavas erupted at 250-200 ka (e.g., Bumpass Mtn.; Ski 
Heil Peak; Mt. Helen).

Group 3: Hornblende—biotite dacite and rhyodacite 
erupted as domes, lava flows, and pyroclastic flows in at least 
10 episodes, mostly during the past 100 ka (e.g., Lassen Peak; 
Chaos Crags).

Throughout Stage III, large flows of hybrid andesite to-
taling 10 km3 and consisting of thoroughly mixed mafic and 
silicic magma were erupted peripherally to the silicic dome-
field, primarily on the Central Plateau.

Porphyritic andesite and dacite with high A12O3 , low 
TiO2, and medium K2O contents and FeO/MgO ratios of 1.5-
2.0 are the most abundant rock types in LVC. Sparsely por-
phyritic rhyolite pumice (Rockland) is the single most vo-
luminous unit. Basaltic andesite, rhyodacite, and hybrid 
andesite are subordinate in abundance. Rocks of LVC re-
semble other calc-alkaline volcanic rocks emplaced on con-
tinental margins overlying sialic crust. Major-element 
Harker-variation diagrams of LVC show smooth trends from 
53 to 

75% SiO2 (Clynne, 1984). The general compositional ev-
olution is from mafic to silicic with time, although the ev-
olution is not strictly sequential (Fig. 4). Petrographic 
characteristics and geochemical systematics indicate a com-
plex origin for mafic and intermediate LVC magmas, in-
volving mixing and crystal fractionation of heterogeneous 
mantle-derived parental melts. Partial melting of young mafic 
crust may play a role in the origin of the more silicic magmas. 
Hybrids and ubiquitous quenched mafic inclusions provide 
abundant evidence for the interaction of mafic and silicic 
magma. The long span of activity at LVC and the presence of 
a large hydrothermal system imply an evolving magma 
chamber.

LVC differs from most other Cascade volcanoes by having 
a larger volume of silicic rocks, perhaps due to moderate 
east—west extension, which favors retention of mafic magma 
by mixing with more differentiated magma in the crust. The 
present magma system of LVC can be envisaged (Fig. 5) as an 
evolving body of magma 5-8 km in diameter in the middle 
crust (10-20 km depth) under the northwest part of LVC. The 
upper portion of the chamber contains crystal-rich rhyodacite, 
which has varied little in composition over at least the last 50 
ka years. The system is probably zoned to more mafic 
compositions at depth. Basalt from depth provides heat and 
material input to maintain the system in its partially molten 
state.

Despite the volcanologic and petrologic evidence of a 
magma system, teleseismic and seismic-refraction studies (
Berge and Monfort, 1986; Berge and Stauber, 1987) have 
failed to detect a magma chamber beneath LVC. A 25 km, 
oval, 50 mGal negative gravity anomaly is centered on the 
silicic domefield and the Central Plateau (hybrid andesites) of 
LVC. This gravity low is probably the expression of low-
density volcanic rocks near the surface and Quaternary plu-
tonic rocks at depth. North-northwest-trending normal faults in 
the Lassen region reflect the impingement of Basin and Range 
tectonics on the Cascade arc (Guffanti and Weaver, 1988).

Ages of Pleistocene rocks in the Lassen region are based on 
K—Ar dates by G. B. Dalrymple and A. L. Cook, 14C and U—
Th dates by D. A. Trimble and S. W. Robinson, and 
paleomagnetic determinations by D. E. Champion.

Field guide
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FIGURE 2—Map of the Lassen region showing field-trip route.
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FIGURE 3—Generalized geologic map of Lassen Volcanic National Park and vicinity.
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FIGURE 4—Time–composition diagram for rocks of the Lassen Volcanic 
Center. Symbols as in Fig. 3. Some units in Stage III with poorly constrained 
ages may fall outside the indicated fields. Volume estimates are approximate.

FIGURE 5—Model of Lassen volcanic center.
FIGURE 6—Roadcut exposing debris flow in the Tuscan Formation (Stop 1).
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FIGURE 7—Features of a silicic andesite lava exposed in the Bluff Falls Quarry (Stop 2).
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FIGURE 8—Panorama of Brokeoff volcano from Diamond Peak (Stop 3).

FIGURE 9—Schematic cross section of the Lassen geothermal system (from 
Muffler et al., 1982).
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TABLE 1—Summary of events in the formation of Chaos Crags. Unpublished data of R. L. Christiansen and M. A. Clynne, with 14C and tree-ring correlation 
ages from the USGS Menlo Park Radiocarbon Laboratory.

Three cold rockfall avalanches from dome 2 formed Chaos Jumbles, 14C age 275 ± 25 years (weighted average of three samples), tree-ring 
correlation age 1619 ± 63 A.D.

Hiatus of approximately 700 years

Hot dome-collapse pyroclastic flow from dome 4 
Emplacement of dome 4 
Emplacement of dome 3b 
Warm dome-collapse avalanche from 3a 
Emplacement of dome 3a 
Hot dome-collapse pyroclastic flow from dome 2 
Emplacement of dome 2

Hiatus??

Emplacement of dome 1
Explosive disruption of dome 0 by eruption of pyroclastic flow C, accompanied by a coignimbrite fall deposit and formation of a tuff cone, 14

C age 1062 ± 14 years (weighted average of seven samples), tree-ring correlation age 984 ± 15 A.D.

Hiatus of approximately 75 years

Emplacement of dome 0
Eruption of two column-collapse pyroclastic flows, A and B, 14C age 1124 ± 15 years (weighted average of seven samples), tree-ring correlation 

age 911 ± 27 A.D.
Initial vent opening, air-fall pumice and lithic deposit and formation of a tuff cone
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FIGURE 10—Panorama from the Hat Creek fault scarp (Stop 7).
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Medicine Lake volcano, California

Julie M. Donnelly-Nolan

Summary
Medicine Lake volcano is a Pleistocene and Holocene 

shield volcano covering about 2500 km2 with a volume of 
about 600 km'. It slower flanks are dominated by mafic lavas, 
especially basalt, which is commonly primitive high-alumina 
basalt. Higher on the volcano, andesitic lavas dominate, and 
some high-silica lavas are present, notably the late Holocene 
rhyolites and dacites of Glass Mountain and Little Glass 
Mountain, and the Medicine dacite flow. Well-preserved 
Holocene flows of a variety of compositions from basalt to 
rhyolite will be seen on this field trip, as well as evidence of 
tectonic activity in the form of open ground cracks and major 
normal faults.

The classic geologic reference for Medicine Lake is An-
derson (1941), which contains excellent descriptions and the 
best published geologic mapping of the volcano. Numerous 
other papers have been written about the volcano, particularly 
petrologic studies by Mertzman (1977a, 1977b), Grove and 
Baker (1984), Grove and Donnelly-Nolan (1986), and Grove 
et al. (1988). These papers and Donnelly-Nolan (1988) include 
references to earlier work.

A previous field guide contains more logistical information 
and some different stops (Donnelly-Nolan, 1987). Some of the 
stops written up here (Fig. 11) have been taken directly from 
that guide, although additional information has been added.

Field guide
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FIGURE 11—Location map of Medicine Lake volcano showing major roads and features, and field-trip stops
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FIGURE 12—Aerial view of Giant Crater, Chimney Crater, and other vents of 
the Giant Crater system (Stop 1).

FIGURE 13—Plot of K2O vs. MgO for Giant Crater lavas (Donnelly-Nolan 
and T. L. Grove, unpublished data) (Stop 1). Groups I–VI are labeled. FIGURE 14—Ground crack that opened during Little Glass Mountain 

eruptions (Stop 2). Jon Fink for scale. Snow is several feet deep.
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FIGURE 15—Aerial view of part of Glass Mountain flow. Location of Stop 5 
is shown where youngest rhyolite lobe comes down across earlier dacite lobe. 
Dome formed by last-erupted rhyolite is in middle distance.
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FIGURE 16—View of Medicine Lake shield from northeast

Lava Beds National Monument

Julie M. Donnelly-Nolan

Samples may not be collected in Lava Beds National 
Monument. Note also that rattlesnakes may be present. The trip 
route is shown in Fig. 11.

Field guide
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Klamath Basin

David R. Sherrod

Summary
The Klamath Basin is a composite graben that forms the 

westernmost structural trough of the Basin-and-Range phys-
iographic province in Oregon and California. The south part of 
the basin includes Tule Lake and Lower Klamath Lake; the 
north part contains Upper Klamath Lake and Agency Lake. 
Bedrock in the Klamath Basin is chiefly late Miocene and 
Pliocene basalt lava flows and late Miocene to Holocene 
fluvial and lacustrine sedimentary rocks. Some Quaternary 
basalt was erupted along the south edge of the basin near Tule 
Lake, California.

Lower Klamath Lake, now drained and reclaimed as 
farmland, occupies a simple graben that coincides with a 
gravity depression of 20 mGal relief relative to adjacent 
lowlands. To account for this gravity anomaly, the sedi-
mentary fill may be as thick as 2 km (Sammel and Peterson, 
1976).

Klamath Falls is built on a sequence of northeast-tilted fault 
blocks that separate the alluviated north and south parts of the 
Klamath Basin. Homes and businesses in Klamath Falls use 
thermal water for space heating, tapping approximately 600 
wells that produce water at 15°-95°C from depths of 20-550 m 
(Peterson and McIntyre, 1970; Sammel and Peterson, 1976). 
The water is heated by deep circulation along range-bounding 
faults.

Field guide
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FIGURE 17—Route map for Klamath Basin.
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FIGURE 18—Skyline panorama of Cascade Range looking west and northwest across Upper Klamath Basin. Distance (in km) and azimuth (in degrees) from 
junction of U.S. Highway 97 and Algoma Road (mile 9.5 in guidebook). Crater Lake is in the mountains between Hillman Peak and Mt. Scott.

Mount Mazama and Crater Lake caldera, Oregon

Charles R. Bacon

Summary

Crater Lake partially fills the caldera within Mt. Mazama at 
Crater Lake National Park, southern Oregon (Fig. 19). Mt. 
Mazama is an andesitic stratovolcano cluster that collapsed 
6845 ± 50 years BP during a catastrophic, compositionally 
zoned, pyroclastic eruption of about 50 km3 of magma. Prior 
to its climactic eruption, Mt. Mazama was one of the major 
Quaternary volcanoes of the Cascade Range. Mazama's 
eruptive history has been delineated by recent mapping of its 
caldera walls and flanks. Products of the climactic eruption 
partially fill surrounding valleys and mantle the slopes and 
caldera rim.

The first detailed account of the geology of the Park was 
USGS Professional Paper 3, by Diller and Patton (1902). 
Howel Williams showed in his classic monograph (1942) that 
the caldera formed by collapse and suggested that the 
compositional zonation reflected sequential tapping of a lay-
ered magma chamber. Other authors have reported on the 
zoned ignimbrite, most recently Bacon and Druitt (1988). The 
climactic eruption took place in two stages: single-vent and 
ring-vent phases; the ring-vent phase coincided with caldera 
collapse (Bacon, 1983). The single-vent phase produced the 
widespread air fall (climactic pumice fall) from a Plinian 
eruption column, followed by the Wineglass Welded Tuff, an 
ignimbrite deposited by ash flows that formed when the 
column collapsed. Deposits of the ring-vent phase range from 
pumiceous ignimbrite in the valleys around Mazama to 
coignimbrite lithic breccia (lag breccia) near the caldera rim (
Druitt and Bacon, 1986).

After construction of the stratovolcano complex of Mt. 
Mazama and prior to the climactic eruption, several rhyo-
dacitic lava flows were emplaced. These lavas apparently 
were derived from the climactic chamber during various 
stages of its growth. The andesite and dacite lavas of Mt. 
Mazama are well exposed in the caldera walls and along the 
Rim Drive. Mt. Mazama is built upon basaltic to andesitic 
High Cascade lava flows and, on its east and south sides, on 
an extensive field of rhyodacite lava flows. Basaltic andesite 
and lesser amounts of andesite and basalt were erupted from 
monogenetic vents and small shield volcanoes throughout the 
Quaternary, and these are visible on the flanks of Mt. Mazama 
and beyond.

This guide, revised after Bacon (1987), serves for a long 
one-day excursion through the Crater Lake National Park, 
concentrating on features near the caldera-rim drive. Ages of 
Pleistocene rocks quoted in the guide are based on un-
published K—Ar dates by M. A. Lanphere and, in part, on 
paleomagnetic determinations by D. E. Champion.

Field guide
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FIGURE 19—Generalized geologic map of Mount Mazama with field-trip route and stops indicated.

FIGURE 20—Variations in proportions of silicic pumice, olivine-free scoria, 
and olivine-bearing scoria through a composite section of valley-ponded 
medial ignimbrite at Stop 1. More than 50 clasts counted at each level. After 
Druitt and Bacon (1986, fig. 12).
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FIGURE 21—Composite stratigraphic section of climactic ejecta. Scoriae have 
been divided into high-Sr and low-Sr types derived from at least two distinct 
andesitic parental magmas. Olivine- and clinopyroxene-rich scoriae crystallized 
from basaltic magma or were contaminated with gabbro. Climactic pumice fall 
can be examined at Stop 6, Wineglass Welded Tuff at Stop 7, and veneer at 
Stop 5. After Bacon and Druitt (1988, fig. 6).

FIGURE 22—Schematic sketch of areal distributions of lithic breccia and 
ignimbrite and their relationships to surface topography. After Druitt and 
Bacon (1986, fig. 2).
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FIGURE 23—Geologic sketch maps of caldera walls; bases from photographic panoramas and not to scale. Thicknesses of most dikes exaggerated. Modified 
after Bacon (1983, fig. 4).

A, Southwest wall: hp = intrusions, lavas, and fall deposits of Hillman Peak; pc = dacitic ignimbrite; pwl = pre-Wisconsinan lava flows; wd = The Watchman 
and related dacite flows and dike; mwl = middle Wisconsinan lava flows; df = dacitic fragmental deposits of Stop 2.

B, Northwest wall: lb = lava sheets of Llao Bay; mp = lava flows and domes and fragmental deposits of Merriam Point; ewl = early Wisconsinan lava flows; 
pc = dacitic tephra, lower unit and deposit in C provisionally correlated with tephra of Pumice Castle; 1pf= dacitic lithic pyroclastic-flow deposits correlated with 
those of Stop 2; 1p = Llao Rock pumice fall; lr = Llao Rock rhyodacite flow; cl = undivided deposits of climactic eruption. Most climactic deposits are not 
visible from this angle.

C, North wall: lwg = late Wisconsinan till; cc = Cleetwood rhyodacite flow. Note backflow at Cleetwood Cove (Stop 6). Cleetwood pumice fall is included in 
unit 1p from Cleetwood Cove to east.

FIGURE 24—Geologic sketch maps of caldera walls; bases from photographic panoramas and not to scale. Modified after Bacon (1983, fig. 3).
A, Southwest wall: pcn = lavas and fragmental deposits of Phantom Cone; db = lavas of Danger Bay; ab = lavas of Anderson Bluffs; dc = lavas of Dutton 

Cliff; sr = intracanyon lavas of Sentinel Rock. Kerr Notch is beheaded glacial valley.
B, East wall: cb = lava sheets of Cloudcap Bay; pc = dacite tephra (heavy stippling) and lava (light stippling) of Pumice Castle; rc = Redcloud Cliff rhyodacite 

flow. Deposits of climactic eruption not shown where less than a few meters thick.
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Western Cascades, southern Oregon and northern California

James G. Smith

Summary

This section of the field trip passes through the volcanic 
rocks of the Western Cascade Range (Fig. 25). This sequence 
of gently deformed and slightly metamorphosed vol-
canogenic rocks and associated sedimentary rocks is a more 
deeply eroded mid-Tertiary analogue of the younger rocks of 
the High Cascades.

In southern Oregon and northern California, the volcanic 
rocks of the Western Cascade Range were deposited 35 to 

15 Ma and form a simple homocline dipping east to north-
east. Folds are lacking, and the sequence is cut by only a few 
faults. The present outcrop belt marks the approximate 
location of the mid-Tertiary arc. However, volcanic edifices 
of the High Cascades unconformably cover the eastern part of 
the arc, and the exact location of the axis of the Western 
Cascade Range is uncertain. In southern Oregon and northern 
California, there is a hiatus between the Western Cascade 
rocks (35 to 15 Ma) and the High Cascade rocks (<7 Ma).
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FIGURE 25—Route map for Western Cascade Range of southern Oregon and northern California



Only a few geochemically oriented studies have been done 
in the volcanic rocks of the Western Cascade Range in 
southern Oregon and northern California. They suggest that 
there is neither a difference in chemistry between the Western 
and High Cascade sequences nor a systematic change in 
composition with time.

The Western Cascade sequence contains only a narrow 
range of lithologies, is stratigraphically complex, and is 
poorly exposed. The lack of lithologic diversity and the 
stratigraphic complexity result from the way in which vol-
canic and volcaniclastic rocks were formed, deposited, and 
reworked in this subaerial arc environment. Hundreds of small 
overlapping and intertonguing volcanogenic and sedimentary 
units make up the range. Individual lithostratigraphic units 
are discontinuous and commonly interbedded in an intricate 
fashion. Widespread marker units are lacking throughout 
much of the sequence. Lithologic correlation, even of similar 
stratigraphic sequences, is unreliable without corroborating 
radiometric ages or detailed mapping. These factors have 
discouraged studies, and geologic knowledge of the Western 
Cascade Range lags behind that of the High Cascades.

Field guide
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Mount Shasta and vicinity

Robert L. Christiansen and C. Dan Miller

Summary
Mt. Shasta is the largest stratovolcano of the Cascade 

chain. At nearly 500 km3, it is comparable in volume to such 
stratocones as Fuji-san and Cotopaxi. The peak rises to an 
elevation of 4317 m, more than 3200 m above its base, and 
dominates the landscape of northern California.

The route of this trip (Fig. 26) approaches Mt. Shasta from 
the north through Shasta Valley, largely floored with the 
debris of an enormous volcanic-sector avalanche that virtually 
destroyed an ancestral Mt. Shasta about 350 ka (Crandell et al.
, 1984; Crandell, in press). Only a small remnant of this older 
volcanic edifice remains, but the volume of the Shasta Valley 
debris avalanche is about 45 km3.

The bulk of Mt. Shasta is a composite feature built over the 
stump of the destroyed older volcano; it comprises four major 
cones built around discrete eruptive centers (Fig. 27; 
Christiansen and Miller, 1976; Christiansen et al. , 1977). 
Each of these cones appears to have grown mainly in a short 
episode, perhaps only a few hundred or a few thousand years (
Christiansen, 1982, 1985), that produced numerous lavas from 
a central vent. Virtually all the lavas of the major cone-
building episodes are 2-pyroxene silicic andesites. Following 
each of these episodes, the cones underwent significant 
erosion and less frequent eruptions from the central vent and, 
in most instances, from flank vents as well. The latest 
eruptions within the central craters produced dacitic domes 
and pyroclastic flows; flank eruptions typically produced 
either cinder cones and flows of basalt to basaltic andesite or 
domes and pyroclastic flows of dacite to rhyodacite. 
Pyroclastic flows are particularly conspicuous on the west 
flank of Shastina, the prominent cone on Mt. Shasta's west 
side (Miller, 1978).

The Mt. Shasta magmatic system has evolved more or less 
continuously since at least 590 ka. The Sargents Ridge cone, 
oldest of the four cones that formed the present volcano after 
major sector collapse, is younger than about 250 ka, but has 
experienced two major glaciations. The next younger, the 
Misery Hill cone, is younger than about 130 ka and has been 
sculpted in one major glaciation. The twc younger cones are 
Holocene: Shastina, west of the cluster of other central vents, 
was formed mainly between 9.7 and 9.4 ka; the Hotlum cone 
may overlap Shastina in age bui appears to be mainly 
younger. Mt. Shasta has continued tc erupt at least once every 
600-800 years since 10 ka (Miller, 1980). Its most recent 
eruption probably was in 1786 (Finch. 1930).
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FIGURE 26—Route map for Mount Shasta and vicinity.
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FIGURE 27—Geologic map of Mount Shasta.
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The following section contains only a brief outline of 
features seen along 1-5 South from Mt. Shasta City to Red-
ding. It is intended only as a sketch of some features of 
interest, lists no stops, and is not an authoritative guide to the 
geology of this part of the eastern Klamath Mtns.
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EXCURSION 13B:
Long Valley caldera and Mono-lnyo Craters volcanic chain, 

eastern California

Roy A. Bailey1, C. Dan Miller2, and Kerry Sieh3

1U.S. Geological Survey, Menlo Park, California 94025; 2U.S. Geological Survey, Cascades Volcano Observatory, Vancouver, Washington 98661; 
3Divison of Geological & Planetary Science, California Institute of Technology, Pasadena, California 91125

Geologic summary

Setting

Long Valley caldera (Fig. 1) is located at the western edge 
of the Basin and Range province straddling the eastern frontal 
fault escarpment of the Sierra Nevada, in which it forms a 
reentrant or offset commonly referred to as the "Mammoth 
embayment." The floor of the caldera ranges in elevation from 
2000 m in its eastern half, where it is dominated by Lake 
Crowley and sage and grass-covered Long Valley, to 2600 m 
in its western half which is hillier and heavily forested. The 
caldera walls rise steeply to elevations of 3000-3500 m on all 
sides except the east and southeast where the floor rises only 
150 m before merging with the Volcanic Tableland at 2300 m 
elevation. The MonoInyo Craters volcanic chain extends from 
the western part of Long Valley caldera northward from 
Mammoth Mountain to Mono Lake, a distance of 50 km. 
Although commonly described as subparallel to the Sierran 
front, the chain trends nearly due north at a noticeable angle to 
the northwest-trending Sierran faults (Figs. 1, 2). The 
prevolcanic basement in the area is mainly Mesozoic granitic 
rocks of the Sierra Nevada batholith plus Paleozoic 
metasedimentary rocks and Mesozoic metavolcanic rocks of 
the Mt. Morrison and Ritter Range roof pendants. The late 
Tertiary terrain upon which Long Valley volcanism was 
initiated was a maturely eroded upland drained by westward-
flowing streams.

Volcanism

Volcanism associated with Long Valley caldera (Bailey et 
al. , 1976; Bailey, 1989) began with widespread eruption of 
trachybasaltic–trachyandesitic lavas between 3.6 and 2.2 Ma. 
Erosional remnants of these precaldera lavas are scattered 
discontinuously over a 4000 km2 area around the caldera (Fig. 
2), a distribution that suggests an extensive mantle source 
region for these initial mafic eruptions. Slightly younger 
rhyodacite domes and flows associated with these mafic lavas 
erupted near the north and northwest rims of the present 
caldera between 3.2 and 2.6 Ma. They probably represent the 
onset of deep-crustal magmatic accumulation and 
differentiation that eventually culminated in formation of the 
large, shallow Long Valley magma chamber from which 
subsequent more silicic eruptions originated. The first erup-
tions from this silicic chamber were on the northeast rim of the 
present caldera at Glass Mountain, where 1000 m of high-
silica rhyolite domes, flows, and tuffs accumulated between 2.
1 and 0.8 Ma (Metz and Mahood, 1985).

Catastrophic rupturing of the roof of the silicic magma 
chamber at 0.73 Ma expelled at least 600 km3 of rhyolite 
magma as plinian ash falls and incandescent ash flows. This 
partial emptying of the chamber caused collapse of its roof to 
form the 2-3 km deep oval depression of Long Valley 

caldera. The resulting ash-flow deposits, the Bishop Tuff (
Gilbert, 1938; Hildreth, 1979), inundated 1500 km2 around 
the caldera and accumulated locally to thicknesses ap-
proaching 200 m on the Volcanic Tableland and to lesser 
thicknesses in upper Owens Valley, Adobe Valley, and Mono 
Basin. A large volume of Bishop Tuff also ponded within the 
caldera as it collapsed; although the tuff is not exposed at the 
surface within the caldera, drill holes have confirmed that as 
much as 1500 m of Bishop Tuff is buried beneath younger 
volcanic and sedimentary caldera fill. During this climactic 
eruption, associated plinian ash clouds drifted thousands of 
kilometers downwind and deposited an ash layer (informally 
termed the Bishop ash) as far east as Kansas and Nebraska (
Izett, 1982), as well as in southern California (Merriam and 
Bischoff, 1975); it is found in deep-sea cores from the East 
Pacific Ocean (Sarna-Wojcicki et al., 1987).

After collapse of the roof of the magma chamber, rhyolitic 
volcanism continued on the caldera floor. Pyroclastic erup-
tions followed by extrusion of thin, hot, fluid rhyolite flows 
produced a 100-500 m thick sequence of intracaldera tephra 
and lavas informally designated as the early rhyolite. They 
are typically aphyric to sparsely porphyritic, containing less 
than 5% crystals of plagioclase, hypersthene, biotite, and Fe–
Ti oxides. They contrast strikingly with the preceding crystal-
rich Bishop Tuff, suggesting a marked change in magmatic 
conditions after caldera collapse. Simultaneous renewal of 
magma pressure accompanying this early rhyolite episode 
uplifted, arched, and faulted the early rhyolite flows and 
tephra, forming a resurgent dome with a northwest-trending 
medial graben (Figs. 2, 5). The resurgent dome formed within 
100,000 yrs after caldera collapse, between 730 and 650 ka as 
constrained by K–Ar ages of the contemporaneous early 
rhyolite flows (Bailey et al., 1976; Mankinen et al. , 1986).

After a quiescent interlude of about 100,000 yrs, crystal-
rich rhyolite again began erupting within the caldera, mainly 
in the moat—probably from ring fractures peripheral to the 
resurgent dome. This coarsely porphyritic rhyolite, infor-
mally designated as the moat rhyolite, typically contains up to 
20% phenocrysts of plagioclase, quartz, sandidine, biotite, 
hornblende, and Fe–Ti oxides. It forms thick, steep-sided 
domes and flows suggesting higher viscosity and lower 
temperature than the early rhyolite, and it probably signaled 
the onset of cooling and crystallization of the magma cham-
ber. The moat rhyolite erupted at about 200,000 yr intervals at 
500, 300, and 100 ka in clockwise succession around the 
resurgent dome, in the northern, southeastern, and western 
sectors of the moat, respectively. The 100 ka western moat 
rhyolites appear to be the youngest extrusions so far derived 
from the Long Valley magma chamber. However, recent
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FIGURE 2—Geologic map of Long Valley caldera. JL, June Lake; ML, Mammoth Lakes; CD, Casa Diablo; HC, Hot Creek; TP, Toms Place (modified from 
Bailey, 1987).
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FIGURE 1—Generalized geologic map of the Long Valley—Mono Basin area, eastern California (from Bailey et al., 1976). Geophysical boundaries of Mono Basin and 
Long Valley caldera from Pakiser (1961) and Pakiser et al. (1960).
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seismological and geodetic studies suggest that a body of 
partially molten magma still underlies the resurgent dome and 
is a potential source for future eruptions (see below: Recent 
seismicity and ground deformation).

This 3.6 Ma to 100 ka mafic-to-silicic sequence of vol-
canism centered on Long Valley caldera is overlapped spa-
tially and temporally by the Mono-Inyo Craters volcanic 
chain, a younger mafic-to-silicic sequence localized along a 50 
km north-trending fissure system extending from Mammoth 
Mountain on the southwestern caldera rim through the western 
caldera moat to Mono Lake. This younger sequence began 
between 300 and 200 ka with the eruption of trachybasaltic–
trachyandesitic lavas in and near the west moat, where they 
accumulated to at least 250 m thickness and poured around the 
resurgent dome sending lava tongues eastward into both the 
north and south moat (Fig. 2). Younger mafic lavas vented 
successively farther north near June Lake (40-20 ka) and at 
Black Point on Mono Lake (13,300 yrs B .P.), suggesting 
localization along a northward-propagating fissure system. 
During these mafic eruptions, rhyodacite domes and flows 
erupted sporadically in the western part of the caldera as well 
as farther north in and near Mono Lake. The greatest 
accumulations of rhyodacite are on the northwest and 
southwest caldera margins where the fissure system apparently 
intersected caldera ring fractures. On the southwest caldera 
rim, between 200 and 50 ka, repeated extrusion of rhyodacite 
domes and flows built the imposing cumulovolcano of 
Mammoth Mountain.

Rhyolites began erupting along the Mono-Inyo fissure 
system about 35 ka—first at the Mono Craters chain, north-
west of the caldera, and more recently at the Inyo Craters 
chain, which spans the northwest caldera rim and extends into 
the west moat. The Mono Craters form a 17 km long, arcuate 
chain of 30 or more coalesced rhyolite domes, flows, and 
craters ranging in age from about 35 ka to 600 yrs B.P. (
Wood, 1977b; Sieh and Bursik, 1986). They are composed of 
high-silica rhyolite and consist predominantly of aphyric to 
sparsely porphyritic obsidian, pumiceous glass, and tephra (
Kelleher and Cameron, 1989). The most recent of these 
eruptions occurred at the northern end of the chain from a 6 
km long line of vents that ejected about 1 km3 of magma as 
plinian and subplinian pyroclastic falls and pyro 

clastic flows and surges followed by vent-filling domes and 
flows (Sieh and Bursik, 1986).

The Inyo Craters chain forms a 12 km long, discontinuous 
line of mainly low-silica rhyolite domes, flows, and craters 
ranging in age from about 6000 to 500 yrs B.P. The youngest 
Inyo eruptions (650-550 yrs B .P.) began explosively (Figs. 
10-12) and culminated with extrusion of Obsidian, Glass 
Creek, and Deadman Creek domes (Fig. 9) which apparently 
were fed by a shallow, 8 km long rhyolite dike (Miller, 1985). 
The two southernmost of these youngest domes consist of 
two distinctly different rhyolites—a light-colored, coarsely 
porphyritic, pumiceous rhyolite and a more silicic, sparsely 
porphyritic rhyolite—which are locally commingled in 
spectacular "marbled-cake" fashion. Petrologic and 
geochemical studies (Sampson and Cameron, 1987) indicate 
that the two types probably came from separate magma 
chambers and commingled within the conduits during erup-
tion. The youngest Inyo eruptions succeeded the youngest 
Mono eruption by only a few years (Sieh and Bursick, 1986), 
so that the northern and southern ends of the MonoInyo chain 
were active almost simultaneously about 600 yrs B.P.

Phreatic eruptions both preceded and succeeded these 
youngest magmatic eruptions along the Inyo chain. Shortly 
before the Inyo tephra eruptions, phreatic explosions broke out 
on the north face of Mammoth Mountain, forming six small 
craters subparallel to the caldera wall. Shortly after the tephra 
eruptions, several phreatic eruptions occurred in the west moat 
near Deer Mountain, a 115 ka dome of moat rhyolite, forming 
several large craters, two of which contain the Inyo Craters 
Lakes. The latter eruptions, according to radiocarbon dating 
and dendrochronological evidence (Wood, 1977a), occurred 
between 1340 and 1460 A.D. The most recent eruptive activity 
in the region, however, occurred in Mono Lake between 1720 
and 1850 A.D. , with the emergence of Paoha Island during 
intrusion of a rhyolite cryptodome (Stine, 1984). There is also 
a report of an apparent sulfurous steam eruption in Mono Lake 
during an earthquake in 1890 (Holden, 1892: 18), but the 
original source of the report (The Homer Mining Index, 1890) 
was of notoriously questionable reliability and neither the 
earthquake nor the eruption could be corroborated.

FIGURE 3—Panorama of Mono Basin from Conway Summit overlook (Stop 1). View
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Structure

The caldera ring fracture is not exposed, but its general 
location is suggested by the distribution of the moat rhyolite 
vents which are within the annular caldera moat and pe-
ripheral to the resurgent dome. The dominant structural trend 
in the Long Valley region is northwest, subparallel to the 
Sierran frontal fault zone which parallels the elongation of the 
Sierran plutons and the associated roof pendants. Within the 
caldera, this northwest trend is reflected by the medial graben 
on the resurgent dome and by the alignment of the vents of the 
early and moat rhyolites.

Two major Sierran frontal faults transect the caldera, the 
Hilton Creek fault on the southeast and the Hartley Springs 
fault on the northwest (Fig. 2). These faults, which show 
major pre- and postcaldera displacement outside the caldera, 
terminate as major escarpments at the caldera margin and 
continue within only as minor discontinuous splinters. This 
marked difference in intracaldera and extracaldera displace-
ment suggests that the subcauldron magma chamber tended to 
hydraulically dampen or absorb intracaldera fault movements 
and that only recently has the chamber roof thickened 
sufficiently as a result of cooling and crystallization to behave 
rigidly and to transmit tectonic stresses through the cauldron 
block (Bailey et al., 1976). An alternative, or possibly 
additional, explanation for the lack of significant structural 
relief on intracaldera tectonic faults is that regional extension 
within the caldera has been accommodated volumetrically by 
repeated injection of magma into the chamber or into fissures 
and faults (Bursik and Sieh, 1989).

Recent seismicity and ground deformation

Based on the 200,000 yr eruption periodicity of the moat 
rhyolite and on the age of the youngest 100 ka west moat 
domes, future eruptions from the residual Long Valley magma 
chamber would seem only a remote possibility, not to be 
expected for another 100,000 yrs. However, an unusual 
succession of earthquake swarms, including a sequence of 
magnitude-6 earthquakes in May 1980 and another of mag-
nitude-5 earthquakes in January 1983, accompanied by 50 cm 
uplift of the resurgent dome, suggests that new magma has 
been injected into the chamber and possibly into the 

south moat ring-fracture zone (Savage and Clark, 1982; 
Savage and Cockerham, 1984). Although the intensity of 
seismicity and the rate of uplift and horizontal distention 
across the resurgent dome have decreased since 1984, cir-
cumstantial structural and geophysical evidence indicates the 
persistence of a residual magma chamber beneath the caldera 
as well as the potential for future eruptions (Hill et al., 1985; 
Rundle and Hill, 1988). Statistically, however, the more 
likely site for future eruptions in the region is along the 
Mono-Inyo Craters volcanic chain where eruptions have 
occurred most recently about 450, 700, 1200, and 1345-1469 
A.D. (Miller, 1985; Sieh and Bursik, 1986; Sieh, unpubl. 
data). The potential hazards associated with possible future 
eruptions in the area have been outlined by Miller et al. (
1982).

Day 1: Reno, Nevada, to Mammoth Lakes, California,
via US-395

About 13 mi south of Bridgeport, California (0.9 mi past 
Conway Summit sign), turn RIGHT off US-395 into Scenic 
Viewpoint.

is to southeast with high points along the rim of Long Valley caldera on the skyline.



Day 2: Long Valley caldera circuit (Fig. 4)
(Begins and ends in Mammoth Lakes)

From Mammoth Lakes go west on CA-203 to Mammoth 
Mountain Ski Lodge. Take gondola to Mammoth Mountain 
summit (3372 m) and walk about 200 m southeast along crest.
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FIGURE 4—Map of Long Valley caldera showing routes and stops of Days 2, 4, and 5. (Number of dots along route indicates day: two dots is Day 2, etc.).



233



234

FIGURE 5—Panorama of Lone Valley caldera from the summit of Mammoth
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Mountain (Stop 2). View is to northeast, with Mono Basin just visible to north.

Day 3: Bishop Tuff circuit (Fig. 6) (
Begins and ends in Mammoth Lakes)

Take US-395 south to Toms Place and continue 1 mi to the 
wide turnout on the right, opposite a 20 m high roadcut on the 
left.
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FIGURE 6—Map of Volcanic Tableland showing route and stops of Day 3.



237



238

Day 4: Devils Postpile—Inyo Craters (Fig. 4) (
Begins and ends in Mammoth Lakes)

Follow CA-203 west from Mammoth Lakes to Minaret 
Summit (6.4 mi). Turn RIGHT into Minaret Vista parking 
area.
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FIGURE 7—Geologic map of Inyo Craters (Stop 17) showing faults, fissures, 
and distribution of phreatic deposits from north and south craters (dark-shaded) 
and summit, middle, and west craters (light-shaded) (from Mastin, 1988). Line 
A-A' is section line of Fig. 8.
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Day 5: Inyo domes circuit (Fig. 4) (
Begins and ends in Mammoth Lakes)

Follow US-395 north from CA-203 junction 5.2 mi to 
Mammoth Scenic Loop (on left); turn RIGHT (east) and 
follow gravel road 3.1 mi to summit of Lookout Mountain.

FIGURE 8—Path of Inyo Craters corehole with generalized stratigraphy and 
interpreted breccia structure of phreatic vent. Inset shows path of corehole (
solid line) in plan view with outline of crater rim and lake; heavy bars on 
corehole path in inset show location of breccia zones at depth. T1 and T2 are 
main north—south and subsidiary northwest—southeast trends of faults and 
fissures in area. From Eichelberger et al. (1988).
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FIGURE 10—Isopach map of tephra deposits from Deadman Creek vent, Inyo 
volcanic chain. Northeast and southwest tephra lobes correspond to first and second 
eruptive pulses, respectively (from Miller, 1985).
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FIGURE 9—Panorama of west moat of Long Valley caldera from west summit of Lookout

FIGURE 11—Isopach map of tephra deposits from Obsidian Dome vent, Inyo 
volcanic chain (from Miller, 1985).



Mountain (Stop 18), showing north–south alignment of domes (shaded) in Inyo volcanic chain.
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FIGURE 13—Sketch of stratigraphic section of Inyo pyroclastic-flow and -
surge deposits exposed along entrance road to south Deadman Creek 
Campground (Stop 19) (from Miller, 1984).

FIGURE 12—Isopach map of tephra deposits from Glass Creek vent, Inyo 
volcanic chain (from Miller, 1985).

FIGURE 14—Sketch of stratigraphic section in excavation along Deadman 
Creek Road (Stop 20) (from Miller, 1984).
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FIGURE 15—Sketch of stratigraphic section in excavation at Deadman 
Summit (Stop 21) (from Miller, 1984).

Day 6: Mono Craters circuit (Fig. 19) (
Begins and ends in Mammoth Lakes

Go north on US-395 about 14 mi from CA-203 junction to 
Pumice Mine Road; turn RIGHT and go 0.4 mi to gravel road: 
turn LEFT and go 1.7 mi; park adjacent to road and walk 
northwest to crater rim.
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FIGURE 16—Vertical airphoto of Obsidian Dome and Glass Creek Dome, Inyo volcanic chain. A, B, C, D correspond to Stops 22-A, -B, -C, -D.

FIGURE 17—Schematic cross section of Glass Creek Dome showing dis-
tribution of marginal sparsely porphyritic rhyolite, central coarsely por-
phyritic rhyolite, and commingled zone, Inyo volcanic chain (Stop 22-C).
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FIGURE 18—Map and cross section of Cratered dome, Inyo volcanic chain (
Stop 22-D) (modified from Mayo et al., 1936).
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FIGURE 19—Map of Mono Craters and Mono Lake showing routes and stops of Days 1 and 6.
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FIGURE 20—Geologic map of Mono Craters chain showing distribution of 
aphyric, sparsely porphyritic, and porphyritic rhyolites (from Sieh, 1984, 
modified from Wood, 1977b).

FIGURE 21—Proximal isopach map of bed 1, North Mono eruption, shows that low-level winds blew northeast during eruption. Shape of 500 mm isopach shows 
that bed-1 tephra issued from a northwest-trending linear vent or line of vents now buried beneath North Coulee. From Sieh and Bursik (1986).
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FIGURE 22—Near-vent isopach map of bed 2, North Mono eruption, shows that tephra was blown north-northwest from vent now buried beneath Upper Dome (
UD) (from Sieh and Bursik, 1986).
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FIGURE 23—Isopach maps of bed 7, North Mono eruption. A, Distal data 
show remarkable asymmetry and elongation of isopachs. B, Near-vent data 
show vent was near or under Upper Dome. From Sieh and Bursik (1986).
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FIGURE 24—Vertical airnhoto of Panum Crater and associated pyroclastic deposits.



FIGURE 26—Generalized map and cross sections of Panum Dome (Stop 26) (
from Sieh and Bursik, 1986).

FIGURE 27—Hypothetical development of North Mono eruption episode above a rising rhyolite dike (from Sieh, 1984).
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FIGURE 25—Generalized columnar section of North Mono eruption deposits 
in vicinity of Panum Crater (from Sieh and Bursik, 1986).
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EXCURSION 14B:
Cordilleran volcanism, plutonism, and magma generation at various 

crustal levels, Montana and Idaho

Compiled by Donald W. Hyndman
Department of Geology, University of Montana, Missoula, Montana 59812

Introduction

This six-day field trip examines emplacement of Late 
Cretaceous to Eocene felsic magmas at various crustal levels, 
from deep continental crust to the earth's surface. The trip is in 
three parts, each approximately two days long.
1. Idaho batholith: deep plutonic, with no preserved vol-

canic rocks that are known to be related.
2. Boulder batholith—Elkhorn Mountains Volcanics: shal-

low plutons with some preserved volcanic rocks erupted 
from them.
3. Challis Volcanics: broad volcanic field erupted from cal-

deras, with some exposure of magma-chamber plutons. 
Idaho batholith: This major granitoid batholithic complex 

is one of several in a generally north—south trend along the 
axis of the North American Cordillera. These complexes 

follow the 0.705 87Sr/86Sr initial-ratio boundary which 
marks the western edge of old continental North America 

against younger crust of oceanic affinity to the west. In this 
area, at least, the more mafic rocks, across a major 

mylonitic suture zone to the west, are accreted 
microcontinental terranes, volcanic arcs, and scraps of 

oceanic crust.
The Idaho batholith is dominantly granodiorite with a 

prominent belt of quartz diorite to tonalite along its western 
border. It has been intruded by abundant mafic to inter-
mediate synplutonic mafic dikes which mixed with the bath-
olith and which probably contributed much of the heat needed 
to melt the continental crust to form the batholith magmas. 
The batholithic complex represents the deep levels of ex-
posure of a volcanic arc, surrounded by a broad area of 
sedimentary rocks regionally metamorphosed at about the 
same time.

Boulder batholith—Elkhorn Mountains Volcanics: This 
major latest Cretaceous granite to granodiorite batholith was 
emplaced into miogeoclinal sedimentary rocks just behind the 
outer edge of the Cordilleran overthrust belt. It appears to 
overlap in time with emplacement of at least some of the felsic 
main-phase units of the Idaho batholith.

The Boulder batholith was emplaced at very shallow levels 
beneath a broad area of Elkhorn Mountains Volcanics erupted 
from the same magma chamber(s). Smaller, more mafic 
plutons were emplaced in the early stages around its borders. 
The volcanic rocks are of similar composition, dominantly 
felsic to intermediate, with some basaltic units. Emplacement 
at such shallow levels requires that the rising magmas must 
have been nearly dry. Major ash-flow tuffs of the Elkhorn 
Mountains Volcanics erupted through epicontinental calderas, 
a few of which have been identified in and around the 
batholith.

Challis Volcanics: This large volcanic pile was erupted 
behind the Cordilleran overthrust belt in Eocene time after 
crystallization of the Idaho batholith. These arc(?) magmas 
were erupted onto miogeoclinal sedimentary rocks; their 
shallow magma-chamber plutons were emplaced into the 
eastern half of the earlier, much deeper Idaho batholith and 
onto its flanking sedimentary rocks.

The Challis Volcanics are dominantly felsic ash-flow tuffs 
in the upper part, with dominantly mafic to intermediate 
volcanic rocks in the lower part. Much of the volcanic pile 
was erupted from major calderas or cauldrons, many of which 
have been mapped. At least one major magma-chamber 
pluton, the Casto pluton, is exposed.

Plutonism at deep crustal levels: The Idaho batholith, Montana and Idaho
Donald W. Hyndman1 and David A. Foster2

1Department of Geology, University of Montana, Missoula, Montana 59812; 2Department of Geological Sciences, State University of New York, Albany, New York 12222

Idaho batholith environment

General aspects and regional tectonics

The Idaho batholith was emplaced into the Precambrian 
continental crust of North America, just east of a major 
collisional suture zone bounding a microcontinent to the 
southwest (Fig. 1). Beginning about 120 Ma, the Seven 
Devils/Wallowa terrane arrived in western Idaho, colliding 

with the Precambrian rifted margin of old North America, and 
completing docking with plugging by quartz dioritic plutons 
about 85 to 82 Ma (Snee et al. , 1987). The boundary is 
marked by a major mylonitic suture zone, the western Idaho 
suture zone, that trends northward in western Idaho near the 
western edge of the Idaho batholith, curves westward near 
the town of Orofino at latitude 46°30'N, and disappears under 
the Miocene Columbia River basalts. At
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FIGURE 1—Geological map of the Idaho batholith region. Route of the field trip is shown as a heavy dotted line.

the curve in the suture zone, the microcontinent was being 
underthrust northeastward at a 50° plunge under North 
America. At least 80 km of transport are documented in 
deformed mafic dikes in the mylonite zone (Strayer et al. , 
1987). The suture closely follows the boundary between 
generally mafic rocks of oceanic affinity on the west and 
generally felsic rocks of continental affinity on the east, and 
between 87Sr/86Sr initial ratios of less than 0.704 on the west 
and greater than 0.706 on the east (Armstrong et al., 1977; 
Fleck and Criss, 1985).

Proterozoic semipelitic to quartzose and impure calcar 

eous sedimentary rocks of the Belt Supergroup underlying 
most of northwestern Montana and northern Idaho were 
subjected to regional Precambrian burial metamorphism to the 
greenschist facies. Metamorphism reached lower grades 
higher in the stratigraphic section. During Mesozoic time, 
rocks adjacent to the northern Idaho batholith were deformed 
and regionally/dynamothermally metamorphosed to grades 
reaching as high as the sillimanite zones (cf. , Hyndman et al. , 
1988), an effect that extends as much as 70 km from the 
batholith contact (Fig. 2). In contrast to the massive, spotted 
fabric of the Precambrian burial metamorphism, the
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FIGURE 2—Metamorphic map of the Idaho batholith region. Route of the field trip is shown as a dotted line.

Mesozoic regional metamorphism formed well-foliated schists 
and gneisses. Metamorphic grades increase progressively, in 
most areas, toward the batholith. However, locally the 
isograds are cut at low angles by the batholith contact, 
demonstrating that intrusion postdated regional metamor-
phism. Mineral assemblages that include quartz, muscovite, 
biotite, staurolite, sillimanite, and kyanite suggest that rocks 
north and northwest of the batholith were formed at depths

greater than 24 km, somewhat less to the southeast (Rice, 
1987). Melting formed anatectic migmatites at the highest 
metamorphic grades, suggesting that this regional meta-
morphism accompanied crustal melting to form the Idaho 
batholith.

Main-phase units of the northern Idaho batholith, or Idaho-
Bitterroot batholith, are granite to granodiorite emplaced in 
latest Cretaceous time between about 65 and 80 or possibly
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85 Ma (Fig. 3). The timing, immediately after collision along 
the western Idaho suture zone, and the proximity of the 
batholith to that zone, suggest that subduction to form the 
batholith lay west or southwest of the western Idaho suture 
zone. The 14,000 km2 Idaho-Bitterroot batholith was 
apparently emplaced into a broad synclinorium trending 
southeastward in the Proterozoic Belt Supergroup. The rocks 
are felsic, medium-grained, and massive or nearly so. Much of 
the deep line of section along the Lochsa River, the section 
followed by the field trip, is relatively homogeneous 
mineralogically and chemically (Hyndman, 1984), but else-
where the batholith shows considerable variation within the 
range of granite and granodiorite (Toth, 1987; Reid, 1987).

The western border zone, about 20% of the width of the 
Idaho batholith, consists of somewhat older intrusions of 
biotite—homblende quartz diorite to tonalite. The rocks are 
massive to foliated on steep surfaces trending approximately 
parallel to the western Idaho suture zone. These lie on the 
oceanic, southwest side of the Sr-isotope boundary.

Sheets and other bodies of tonalitic and quartz diorite 
orthogneiss occur elsewhere in the deeper and border zones of 
the batholith (cf. , Taubeneck, 1971; Chase, 1973; Wiswall 
and Hyndman, 1986; Hyndman and Foster, 1988). These 
mafic-rich rocks may mark the deepest levels of the Idaho 
batholith, as also inferred for the Sierra Nevada batholith (
Ross, 1985).

Large, voluminous swarms of synplutonic basaltic andesite 
to andesite dikes and small areas of gabbroic complex cut the 
batholith (Hyndman and Foster, 1988). In one 10 km wide 
section along the Lochsa River valley, we measured 20% 
dikes, by volume. Mafic synplutonic dikes are also 
widespread in the tonalite/quartz diotite of the western border 
zone of the batholith.

Intrusive relations indicate that the mafic dikes in the 
Idaho-Bitterroot batholith were emplaced in the same time 
period as the main-phase granites. Evidence for such a syn-
plutonic nature includes the following (Hyndman and Foster, 
1988):
1. Mafic dikes cut the host granite as tabular, sharply bounded

bodies; some are stretched, thinned, segmented, or dis-
membered, or are folded in undeformed granite.

2. Many of the mafic dikes show foliation, lineation, and
mylonitic texture imposed by post-emplacement move-
ment of the granite. Some are foliated oblique to the walls 
of the dike (Fig. 4A).

3. Mafic dikes grade into rounded blobs or mafic schlieren in
the granite (Fig. 4B).

4. Mafic dikes are cut by tabular or ptygmatic dikes of the host
granite, are metamorphosed by heat from the host granite, 
or contain late alkali feldspar megacrysts like those in the 
granite.

5. Granite within 1 m or so of some of the dikes is con-
taminated and more mafic than normal Idaho batholith 
granite.

6. Granite and andesite in composite dikes show small-scale
intermingling; elsewhere, rounded blobs of basalt have 
thin rims of leucogranite.

7. The complete range of chemical composition of the syn-

FIGURE 3—Intrusive map of the northern Idaho batholith. —
sheet-like intrusions of border zones
—main-phase batholith: composition, texture, foliation.

FIGURE 4—A, Basaltic dike with a strong foliation and lineation has intruded 
granite that remained massive. The basalt appears to have chilled in, and been 
deformed by, the granite before it crystallized completely. US-12, milepost 
124.95. B, An andesitic dike intermediate in composition and texture between 
fine-grained basaltic inclusions and coarser-grained intruded granite. Basaltic 
magma appears to have chilled against, and mixed with, intruded granite 
magma to form andesite. US-12, milepost 124.75.



259

plutonic dikes (Table 1), from basaltic andesite to dacite, 
lies along a linear major-element trend which includes the 
composition of the enclosing granite to granodiorite. A 
magma-mixing interpretation of this trend is supported by 
megascopic and abundant microscopic disequilibrium 
textures in intermediate rock types.
Given the nature of their interaction with the enclosing 

granite, synplutonic mafic magmas appear to have been 
injected at early, intermediate, and late stages in the evolution 
of the granite. Because voluminous, high-temperature, mafic 
magmas apparently were emplaced throughout crystallization 
of the granite of the Idaho-Bitterroot batholith, they must 
have added considerable heat. As suggested by Hyndman and 
Foster (1988), the mafic magmas, rising above the subduction 
zone, probably provided the additional heat required to melt 
the lower continental crust to form the granitoid magmas of 
the Idaho batholith.

Pegmatites and minor aplites occur in several environ-
ments. A few early, concordant muscovite-biotite-quartz-
feldspar pegmatites pinch and swell and show 1 to 3 mm 
biotite selvages in pelitic to quartzofeldspathic country rocks. 
These probably formed by anatexis during regional meta-
morphism. Most of the pegmatitic dikes were emplaced by 
injection (Chase and Johnson, 1977), during or after regional 
metamorphism, many probably associated with emplacement 
of the main-phase units of the batholith.

Many tabular, post-metamorphic muscovite-quartz-feldspar 
pegmatites 5 to 25 cm thick have been injected into planar 
fractures. Another group of tabular pegmatites or aplites, 1 cm 
to 2 m thick, dips 5 to 25° west, northwest, or north, 
regardless of the dip or degree of deformation of the enclosing 
rock. These subhorizontal pegmatitic sheets are emplaced 
only into granodiorites and granites of the western 16 km of 
the Lochsa River valley section (west of milepost 120; see 
road log), and extend only 1.3 km into the country rocks (
Hyndman, 1983). The surfaces of the pegmatite dikes are 
marked by slickenside striae plunging downdip to the 
northwest, indicating post-emplacement slip and probably 
shear-surface control of emplacement.

Several stages of deformation are recognized in the Idaho 
batholith environment (cf. , Hietanen, 1961; Chase, 1973; 
Reid et al., 1973; Nold, 1974; Hyndman et al., 1988). Tight 
isoclinal folds with strong axial-plane schistosity were formed 
in deformation D1, but they are difficult to find. A few large 
folds verging away from the batholith have been described. 
The major amphibolite-facies regional metamorphism sur-
rounding the batholith, and described above, produced the 
axial-plane schistosity of D1 folds. Open to nearly isoclinal 
folds that deform the dominant schistosity, and develop a new 
weak to locally strong axial-plane schistosity with muscovite 
and biotite, formed during D2 deformation. These folds tend 
to have nearly vertical plunges near the batholith

TABLE 1-Chemistries of representative quartz diorites and synplutonic mafic dikes in the Idaho-Bitterroot batholith. Major-element analyses by x-ray 
spectrometry, Washington State University.

Western border zone 
quartz diorites and tonalites

Synplutonic mafic dikes 
in Idaho batholith

Idaho
batholith

quartz diorite
180

quartz diorite
292

quartz diorite
322

fine-grained 
basaltic 
andesite 
135.9A

fine-grained 
foliated 
andesite 
139.3C

very fine-grained 
black andesite
116.0

granodiorite
average

(from Hietanen, 1962) (Hyndman and Foster, 1988) (Hyndman, 1984)
SiO2 57.30 59.16 60.35 54.19 58.08 61.32 71.23

TiO2 0.74 0.85 0.75 2.28 0.98 1.23 0.20
A12O3 17.64 18.15 18.22 15.21 17.29 16.85 15.74
Fe2O3 1.88 1.57 1.27 4.53 3.56 3.34 0.65
FeO 4.29 4.08 3.62 5.19 4.08 3.82 0.73
MnO 0.11 0.10 0.08 0.14 0.11 0.08 0.025
MgO 4.26 3.13 2.84 6.46 4.60 2.56 0.39
CaO 7.11 6.47 5.95 6.36 6.87 4.88 1.93
Na2O 3.72 3.71 4.10 3.19 2.64 2.91 4.44
K2O 1.38 1.47 1.28 1.57 1.94 2.69 3.69
H2O (LOI) 1.16 0.79 1.09 0.49
CO2 0.21 0.03 0.02
P2O5 0.21 0.032 0.27 0.54 0.19 0.33 0.06

Zr (ppm) 106 17 90 131.5

Nb 42 13 19 13.1
Y 23 17 17 12.3
Rb 56 56 96 83.1
Sr 681 536 616 896.9
Ba 645 535 944 1520.9

Rare-earth elements

La (ppm) 38.0 18.6 39.8 25
Ce 79.1 35.7 77.7 52
Pr 9.0 6.3 8.6
Nd 37.2 16.9 32.6
Sm 7.4 3.5 5.6
Eu 2.27 1.14 1.64
Gd 6.3 3.3 4.38
Dy 4.6 2.9 3.1
Ho 0.82 0.56 0.6
Er 3.31 1.64 1.7
Yb 1.77 1.54 1.4
Lu 0.24 0.22 0.19
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contacts, perhaps as a result of rise of the batholith magmas 
during D3. Upright and relatively open concentric and flex-
ural slip folds of the earlier metamorphic schistosity formed 
during D3 deformation, probably during the final stages of 
forceful emplacement of the batholith. No new axial-plane 
schistosity formed.

Therefore, a model for formation of the northern Idaho 
batholith is as follows: The Seven Devils/Wallowa terrane of 
eastern Oregon and western Idaho docked in Late Cretaceous 
time near the present western edge of the Idaho batholith, a 
boundary marked by a major mylonite zone and the Sr-
isotope initial-ratio boundary. Subduction on a separate zone 
southwest of the terrane between about 120 to 80 Ma and 80 
to 65 Ma gave rise to the mafic western border and the felsic 
main-phase magmas, respectively, of the Idaho batholith. 
Partial melting formed basaltic andesite magmas in the 
mantle wedge above the subducted oceanic plate, and those 
high-temperature magmas rose into the overlying crust. 
Outboard of old continental North America, they crystallized 
to form tonalite and quartz diorite plutons. Where the mafic 
magmas rose into the old granitoid continental crust, they 
heated the crust, caused regional metamorphism, and 
ultimately caused secondary melting to form the granodiorite 
and granite magmas of the Idaho batholith. The synplutonic 
mafic dikes now preserved in the Idaho batholith formed by 
continued rise of the same mafic magmas.

Field trip

General aspects

The Idaho batholith field trip traverses a well-exposed 
cross section of the northern Idaho batholith, briefly ex-
amines the broad aspects of this deep-seated granitoid bath-
olith and its regionally metamorphosed country rocks, and 
considers the role of synplutonic mafic magmas from the 
mantle in providing heat for melting of continental crustal 
rocks to form the more felsic main-phase units of the bath-
olith.

Day 1—Examination of the broad aspects of this deep-
seated granitoid batholith and its regionally metamorphosed 
country rocks, including:
1. the low- to high-grade regional metamorphic rocks of the

eastern border zone,
2. the sheet-like intrusions of the contact zones of the gran-

itoid rocks,
3. the main-phase granodiorite to granite of the batholith,
4. the high- to medium-grade regional metamorphic rocks

and sheet-like intrusions of the western border zone,
5. injection migmatites of the border-zone rocks,
6. some of the structures which relate to emplacement of the

batholith.
Day 2—Examination of the more mafic, early to synplu-

tonic quartz diorite to tonalite to basaltic andesite intrusions 
which are thought to originate in the mantle, and consid-
eration of their role in providing heat for melting of con-
tinental crustal rocks to form the more felsic, main-phase 
units of the batholith. Major features to be examined include:
1. early western border-zone tonalites,
2. fine-grained synplutonic dikes of basaltic andesite to an-

desite which cut the batholith and make up about 20% of 
the batholith volume in this area,

3. small granitoid dikes which cut the dikes of basaltic
andesite,

4. complex mixing relationships between the basaltic an- 

desite magmas and the granitoid magmas of the batholith,
5. subhorizontal granitoid to pegmatite sheets which cut the

batholith.

Field-trip guide
Mileposts (m.p.) refer to small green signs at edge of road.

Day 1: Missoula, Montana, to Lowell, Idaho, via US-12. Day 
2: Lowell, Idaho, to Missoula, Montana, via US-12.

Stops are designated Day 1 or Day 2, but read in a single 
direction from east to west for those who may later want to 
combine Day 1 and Day 2 into a single trip.

Head southwest on US-93 from Missoula, Montana.
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Volcanism and plutonism at shallow crustal levels:
The Elkhorn Mountains Volcanics and the Boulder batholith,

southwesern Montana

Carolyn Rutland1, Harry W. Smedes2, Robert I. Tilling3, and William R. Greenwood4
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Introduction

The Upper Cretaceous Elkhorn Mountains Volcanics (
EMV) and Boulder batholith of southwestern Montana 
provide an example of a large-volume, epizonal, volcanic—
plutonic complex whose deep level of erosion has exposed the 
co-genetic intrusive rocks while preserving sizeable portions 
of the volcanic field (Robinson et al. , 1968; Klepper et al. , 
1971). Such a volcanic—plutonic association provides a 
unique opportunity for evaluation of many aspects of the 
evolution of a shallow-crustal magmatic system, such as 
geochemical relations of both the volcanic and plutonic rocks 
and the nature of intrusive—extrusive relationships at the 
present level of exposure. Studies of these have contributed to 
an improved understanding of the processes and mechanisms 
controlling the earliest and latest development of a large, 
complex magmatic system and its subsequent modification.

The many geologic, geophysical, and geochemical aspects 
of the EMV and the Boulder batholith are consistent 

with the accepted model of the general caldera cycle con-
sidered typical of eroded ash-flow fields, such as the San Juan 
field in southwestern Colorado (Steven and Lipman, 1976) 
and the Timber Mountain—Oasis Valley caldera complex in 
southern Nevada (Byers et al. , 1976), and its subjacent, 
cogenetic plutonic system (Lipman, 1979, 1984). During the 
early evolution of the magmatic system, volcanic activity was 
the surface manifestation of the igneous system, producing the 
variety of primary and reworked eruptive materials in the 
EMV, most importantly lava flows and ash-flow sheets. 
During this period, the sources of the ash flows and lava flows 
of the EMV may have comprised several superimposed 
calderas and vents, whose eruptive products overlapped. 
Although each eruptive episode would have tapped its own 
localized magma chamber, all were probably related to a 
larger, complex magmatic system whose final crystallization 
products were the plutons of the Boulder batholith. Indeed, the 
development of the cogenetic plutonic
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rocks may be broadly traced within the same time frame. 
Thus, each cycle of volcanic activity reflects the upward 
movement of magma, climaxing with ash-flow eruption and 
the failure of the roof of a particular chamber or cupola, and 
then waning as the remaining material cooled. The final 
cooling and crystallization stages of the magmatic system 
resulted in the plutons of the Boulder batholith.

For many years, but principally from 1949 to 1970, the 
EMV and the Boulder batholith were the focus of field and 
laboratory research by members of the U.S. Geological 
Survey. The northeastern part of the EMV—Boulder batholith 
complex lies within the proposed Elkhorn Wilderness Study 
Area, whose economic potential was evaluated jointly by the 
U.S. Geological Survey and the U.S. Bureau of Mines (
Greenwood et al. , 1978).

The following summary of the regional igneous relation-
ships is from these references and our own unpublished work. 
Potassium—argon ages cited in this guidebook have been 
recalculated using the decay constants of Steiger and Jager (
1977) now accepted in geochronology, and thus are slightly 
older than the published ages. Most of the field mapping of the 
EMV—Boulder batholith complex was done before 1972, and 
the classification and nomenclature used in nearly all the 
original sources we cite are slightly modified from Johannsen 
(1939), as shown in Fig. 1A. For continuity and consistency, 
we continue to use that scheme rather than the more recent 
and now commonly accepted classification and nomenclature 
of Streckeisen (1973, 1976) shown in Fig. 1B. For example, 
rather than renaming over 75% of the exposed batholith the "
Butte granite/monzonite," we continue to refer to the Butte 
Quartz Monzonite by its formal stratigraphic name of the 
modified Johannsen (1939) classification.

FIGURE 1-Classification and nomenclature of plutonic rocks: A, scheme used 
in this paper (modified from Johannsen, 1939); B, scheme of Streckeisen (
1976). Fields of modes of rocks of the Boulder batholith from Tilling (1973, 
fig. 16).

Regional geologic setting

The EMV—Boulder batholith region is east of the Idaho 
batholith within th Helena salient of the frontal Cordilleran 
fold and thrust bet (Fig. 2). The region is dominated by 
Sevier-style thrusting on the north, whereas the southernmost 
part of the volcanics and older rocks are folded and, like the 
southern satellite plutons, faulted in structures related to 
Laramide-style deformation of the Rocky Mountain foreland (
Schmidt and Hendrix, 1981). These two structural styles 
developed coevally from Late Cretaceous to late Paleocene 
time (about 80 to 60 Ma ago). Eruption of the EMV took place 
from about 81 to 76 Ma, partly overlapping emplacement of 
the Boulder batholith, which took place from approximately 
80 to 70 Ma ago (Tilling et al. , 1968).

The Elkhorn Mountains Volcanics

General statement

The Elkhorn Mountains Volcanics (EMV) are most ex-
tensively preserved in the Elkhorn Mountains, located about 
30 km southeast of Helena, Montana, and discontinuously 
cover much of the region ringed by the cities and towns of 
Deer Lodge, Helena, Townsend, Three Forks, Whitehall, and 
Butte (Fig. 2). They are the remnants of an extensive volcanic 
field estimated to have covered nearly 26,000 km2, to have 
been at least 3.5 km and perhaps as much as 4.6 km thick (
Smedes, 1966), and to have comprised one of the earth's 
largest ash-flow fields (Smith, 1960). The EMV were intruded 
by the Boulder batholith and make up much of its margins and 
remaining roof (Fig. 3).

Klepper et al. (1957) divided the volcanics into three 
informal volcanogenic members. We have retained that ter-
minology here for convenience in referring to a specific part 
of the volcanic pile, although no correlations of lithostra-
tigraphic or chronostratigraphic boundaries have been es-
tablished from one mountain range to another. There is no 
formal stratigraphy for the EMV.

The lower member is locally as much as 1500 m thick; it 
consists predominantly of lava flows, autobrecciated lavas, 
mudflow breccia, water-laid volcaniclastic rocks, and sparse, 
thin sheets of andesitic ash-flow tuff. The middle member is 
as much as 2500 m thick in places. It consists of numerous 
sheets of rhyolitic welded tuff and interbedded andesitic and 
basaltic volcaniclastic rocks. The upper member ranges 
widely in thickness and is at least 600 m in places. It consists 
dominantly of reworked material of the middle and lower 
units, together with some juvenile ash. The deposits largely 
accumulated in fault-bounded depressions and in stream beds. 
In its northernmost exposures (Fig. 3), the upper member is 
comprised of a large field of basalt lava flows and flow 
breccia.

During and following deposition of the upper unit, faulting 
became more intense in places and parts of the volcanic pile 
foundered into shallow magma reservoirs which resulted in 
complex intrusive masses with related sills and dikes.

Agglomerate, other deposits of vent facies, and remnants of 
stratovolcanoes indicate that sources of the basaltic and 
andesitic deposits are widespread. Although deep erosion has 
obliterated all geomorphic expression (calderas), we have used 
characteristics and informal criteria of cauldrons (Lipman, 
1984) to infer the probable sites of cauldrons (Fig. 3). 
Evidence includes stratigraphic characteristics, such as abrupt 
thickening of welded tuff toward a central location,
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FIGURE 2—The tectonic setting of the EMV—Boulder batholith region (after Schmidt et al., 1979). Area of Fig. 3 shown by outline.

units interpreted as chaotic intracaldera fill, arcuate faults 
separating significantly different volcanic units, and ring 
dikes. We have emphasized in particular what we suspect to 
be roots of eroded cauldrons; we will examine one of these 
sites at Stop 1-2.

Geochemistry of the Elkhorn Mountains Volcanics
The geochemistry of the EMV is not well understood; 

difficulties in interpretation arise from alteration of original 
compositions by various post-eruption processes. From re-
gional analyses, Tilling (1973, 1974a) described the EMV as 
differing in composition among the lower and middle 
members, as well as from many of the plutonic units. Table 1 
gives representative analyses of some units of the EMV and 
the Boulder batholith.

A recent systematic study of the geochemistry of lava flows 
and ash-flow sheets in the southern Elkhorn Mountains (
Rutland et al. , 1984; Rutland, 1985, 1986) shows this 
particular sequence to be characterized by relatively constant 
Th/Ta ratios and enrichment of Ce, Ta, Hf, Zr, Yb, and Th. 
The common parent magma of the EMV and the Boulder 
batholith was probably high-K calc-alkaline, as suggested by 
the relatively high Zr and Hf abundances in these rocks. These 
chemical signatures are consistent with the hypothesis that 
these volcanic rocks are related by evolution of a single 
magmatic source. The entire magma system may have been 
far more heterogeneous; it is not known how representative 

the sequence studied in detail by Rutland is of the entire EMV 
field. The whole EMV magmatic system probably consisted of 
several separately evolving, but perhaps physically linked, 
large magma bodies. As shown by Tilling (1974a), very few 
analyses of the EMV, regardless of strati-graphic position, fall 
within the compositional fields for Butte Quartz Monzonite 
and related silicic facies, which make up more than three-
quarters of the batholith. Yet, many analyses of the ash flows 
of the middle member of the EMV plot within a more silicic 
and potassic extension of the field for these predominant 
plutonic rocks, suggesting that these voluminous silicic ash 
flows were probably derived from the same magma that 
mostly crystallized subsurface to form the Butte Quartz 
Monzonite" (Tilling, 1974a, fig. 2 and p. 1925).

The Boulder batholith

General statement
The Boulder batholith is a composite calc-alkalic intrusive 

body comprised of numerous coalesced epizonal plutons and 
isolated satellitic plutons that range from potassic ultramafic 
rocks and melagabbro, through granodiorite and quartz 
monzonite to granite and syenite. It is exposed over an area of 
about 5700 km2 (Klepper et al. , 1974). The batholith is an 
elongate, north-northeast-trending body of about 100 by 50 
km. The largest pluton, the Butte Quartz Monzonite,
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TABLE 1-Representative chemical analyses of some units of the Elkhorn Mountains Volcanics and the Boulder batholith. With two exceptions, the letter symbols 
for the units are the same as in Fig. 3: Ki, intrusive rocks contemporaneous with the Elkhorn Mountains Volcanics; m, mafic rocks; gd, granodiorite; bqm, Butte 
Quartz Monzonite; f, felsic quartz monzonite; a, alaskite; inc, mafic inclusion in bqm; rc, Rader Creek pluton; d, Donald pluton; c, Climax Gulch pluton.

Elkhorn Mountains Volcanics (Kv) Boulder batholith

Unit Lower member Middle member Ki Main magma series Sodic magma series

m gd bqm f a inc rc d c

Sample 
Number** 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

SiO2 52.7-60.0 59.3-65.7 59.6 71.6 65.6-69.6 71.2 54.8 54.5 61.14 64.8 64.92 71.5 76.7 58.8 62.3 70.4 65.18 72.5
A12O3 12.5-16.5 16.6-17.3 17.4 15.4 16.7-17.1 15.2 15.1 12.4 15.28 15.7 15.46 14.2 12.4 15.4 16.8 15.3 15.60 14.8
Fe2O3 } 10.2-6.8*

3.4-2.5 3.3 1.2 2.3-1.8 1.2 2.3 1.0 1.90 1.9 1.81 1.2 0.6 2.5 2.7 1.6 1.77 0.89
FeO 2.7-4.3 3.2 0.73 1.1-1.4 0.77 6.0 6.8 4.52 2.8 2.70 1.4 0.77 4.2 2.8 1.1 2.66 0.92
MgO 10.9-1.7 2.0-2.2 2.6 0.60 2.5-0.66 0.65 5.0 11.4 3.41 2.2 2.05 0.93 0.14 3.6 2.3 0.66 2.20 0.51
CaO 8.3-4.6 4.6-4.0 5.2 1.5 2.6-1.4 1.7 8.1 6.8 5.51 4.4 4.24 2.9 0.81 5.4 5.3 2.6 4.14 1.8
Na2O 1.8-3.4 2.1-1.7 2.6 2.6 2.6-4.2 3.6 2.1 2.2 2.78 3.1 3.06 2.9 2.2 2.7 3.4 4.0 3.09 3.6
K2O 3.0-4.1 4.3-3.9 3.4 5.2 5.4-4.5 5.0 0.64 3.2 3.34 3.9 3.94 4.2 5.8 5.6 2.6 3.4 3.75 3.7
TiO2 0.79-1.1 0.78-0.85 0.72 0.4 0.84-0.75 0.46 0.90 0.59 0.82 0.60 0.53 0.26 0.13 0.69 0.51 0.26 0.54 0.29
P2O5 0.41-0.48 0.37-0.39 0.34 0.14 0.2-0.09 0.04 0.46 0.42 0.26 0.19 0.18 0.16 0.90 0.26 0.23 0.12 0.19 0.09
MnO 0.15-0.12 0.14-0.09 0.16 0.04 0.07-0.14 0.08 0.17 0.12 0.12 0.08 0.09 0.08 0.02 0.17 0.14 0.08 0.10 0.06
H2O+ 1.3-1.5 }0.51 1.2-0.46 }2.8 }0.68 }0.65 0.59 }0.42 }0.42 0.71 }0.52 0.57 0.80
H2O- 0.5-0.1 0.1-0.12 0.12 0.22 0.13 0.07
CO2 1.7-0.01 0.08 0.05-0.03 1.8 <0.05 0.09 0.06 0.06 <0.05 0.06 0.02 <0.05
BaO 0.08 0.09
S 0.01 0.05
Loss on 
ignition 1.6-2.05 1.5 0.31 0.57 0.36

makes up over 75% of the exposed batholith. Estimates of 
thickness of the batholith range widely (Tilling, 1974b), from 
less than 5 km (Hamilton and Myers, 1974) to more than 15 
km (Klepper et al. , 1974). Radiometric-age determinations 
for the batholith range from approximately 80 to 70 Ma; the 
Butte Quartz Monzonite was probably emplaced from 76 to 74 
Ma ago (Tilling et al. , 1968). In general the younger plutonic 
rocks tend to be more felsic than the older ones, the 
leucocratic granodiorites and quartz monzonites being the 
youngest (Knopf, 1957, 1963; Tilling et al., 1968).

Two-magma-series model for the batholith
Tilling (1973) showed that most rocks of the Boulder 

batholith can be assigned to one of two magma series, the 
main (or potassic) series and the sodic series (Fig. 3). The 
main series, represented primarily by plutons in the northern 
and central parts of the batholith, is characterized by higher K2
O and lower Na2O at any given SiO2 content than those of the 
sodic series. Plutons of the sodic series lie mostly in the 
southern part of the batholith. The distribution of Rb, Sr, Th, 
and U, and of Pb, O, and H isotopes also distinguishes the 
two groups (Tilling, 1973, 1977). In a trace-element study of 
the plutons in the southern part of the batholith, Lambe (1981) 
presented SiO2 variation diagrams for Nb, Zr, Pb, Cu, and Ba 
that also exhibit different patterns for each magma series.

The differences between the two magma series cannot be 
ascribed simply to change in chemical and isotopic com-
position of magma with time, because the intrusive sequences 
of the two series overlap. For example, the granodiorite of 
Rader Creek is the earliest known member of the sodic series 
but is older than the Butte Quartz Monzonite of the main 
series. The Climax Gulch pluton (sodic series) is younger than 
the Butte Quartz Monzonite. All the members of the main 
series appear to have differentiated from a single parental 
magma, whereas the various plutons 

of the sodic series do not seem to be related by magmatic 
differentiation. Magmas that formed the sodic-series rocks are 
inferred to have been derived from two or more discrete 
sources of distinct Rb/Sr and Sr and Pb isotopic ratios, or from 
a single heterogeneous source characterized by intrinsic 
differences in Rb/Sr and Sr and Pb isotopic ratios from one 
part to another.

Collectively, interpretations of the isotopic data and 
chemical analyses support the results of mapping studies that 
indicate a cogenetic relationship between the EMV and the 
Boulder batholith (e.g., Klepper et al. , 1957; Robinson, 1963; 
Robinson et al., 1968; Smedes, 1966; Smedes et al. , 1988). 
Doe et al. (1968) concluded that the lead isotopic data for the 
batholith and the volcanics (represented by only two samples) 
are compatible with the inferred genetic relationship between 
them. Tilling (1973, 1974a) presented chemical and isotopic 
evidence comparing the EMV with the main and sodic series 
of the batholith and concluded that the volcanics resemble 
more closely the more mafic rocks of the plutonic main series 
and are distinctly different from any rocks of the sodic series" 
(Tilling, 1974a: 1925). The results of trace-element studies by 
Lambe (1981) are also consistent with a genetic relationship 
between the EMV and the plutonic main series. Hence the 
EMV only show chemical affinity with rocks of the main 
magma series, whereas they contain no known extrusive 
equivalents of the sodic magma series (Tilling, 1974a). These 
observations have been substantiated by a recent systematic 
study of the geochemistry of the EMV (Rutland et al. , 1984; 
Rutland, 1985, 1986).

We will make stops at representative plutons of each 
magma series (Fig. 3). Main series: Stop 1-3, early mafic 
plutons; Stops 2-1 and 2-2, the Butte Quartz Monzonite; Stops 
2-4 and 2-5, late silicic facies. Sodic series: Stop 23, 
granodiorite of Rader Creek; Stop 2-5, Climax Gulch pluton.
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Shape and contact relations
Most plutons of the batholith and the satellitic stocks are 

steep-walled bodies. Exceptions include many of the aplite-
alaskite—pegmatite bodies, which commonly are gently dip-
ping sheets that cut other batholith rocks; the Moose Creek 
pluton, a moderately inclined irregular laccolith (Smedes et al. 
, 1980); and the granitic facies of the Climax Gulch pluton, 
which is overall sheet-like. The contact on the east margin of 
the batholith is remarkably straight; it consists chiefly of Butte 
Quartz Monzonite cutting the EMV and the 

granodiorite of Rader Creek. The straightness of this contact 
and of sheared rocks along it is interpreted as evidence for the 
emplacement of the eastern part of the Butte Quartz 
Monzonite along a preexisting fault zone of north-northeast 
trend, parts of which were obliterated by stoping during 
emplacement. About 30 km east of Butte, north of Interstate 
90, the contact of the EMV and the batholith is a hybrid zone 
of rock so intensely sheared, recrystallized, and injected that 
the contact is blended (Stop 2-2). Near the northern end of the 
eastern margin, a downward-tapering screen
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FIGURE 3—Generalized geologic map of the Boulder batholith region (after Smedes et al., 1988), showing plutons of the main and sodic magma series (after Tilling, 1973), 
inferred sites of possible eruptive sources (calderas) of the Elkhorn Mountains Volcanics (this work), and the route and stops of the field trip.

of sheared and thermally metamorphosed volcanic rocks 
separates the main batholith mass from a large dike-like lobe 
to the east. Near the southern end of the eastern margin, a 
narrow septum of sheared rocks, late Precambrian to Late 
Cretaceous in age, separates the Butte Quartz Monzonite from 
the older granodiorite of Rader Creek. North of the batholith, 
this fault offsets prevolcanic sedimentary rocks by at least 
1000 m (west side up) and perhaps some left-lateral 
displacement.

Contact-metamorphosed Paleozoic and Mesozoic sedi 

mentary strata wrap the north and south ends of the batholith 
and steepen toward the contact. At the north, the country rocks 
chiefly are in contact with granodiorite and early mafic rocks 
that predate the main mass of the batholith. The contact is 
highly irregular in detail, but overall the strike roughly 
parallels the south-dipping host rocks. However, at depth the 
batholith may steepen and dip northward, as suggested by the 
presence of satellitic stocks which probably are de-roofed 
cupolas of the main mass. The inferred gentle northward dip 
of the batholith is compatible with the formation
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of a broad contact aureole, locally as much as 2.5 km wide, 
composed of hornfels and other contact-metamorphic rocks (
Knopf, 1957; Rice, 1977). Metamorphic grade changes from 
pyroxene hornfels to albite—epidote hornfels facies with 
increasing distance from the batholith (Smedes, 1966).

At the south end of the batholith, the Paleozoic and Mes-
ozoic country rock and primary foliation of the batholith strike 
about east—west and are vertical or steep. A zone of contact 
metamorphism, which is narrow compared with that at the 
north end, is consistent with the steep contact. Locally, 
forcible emplacement of the plutons is indicated by shearing, 
vertical stretching, and displacement of the country rock. The 
western wall of the batholith is buried beneath younger 
deposits, although many remnants of the roof are exposed in 
the western part of the batholith region. Those exposures 
reveal that roof generally dips gently westward.

Some late plutons of the batholith, including abundant 
bodies of aplite—alaskite—pegmatite, were emplaced along a 
north-northeast-trending zone along the central axis of the 
batholith. This zone also marks the locus of abundant late-
stage veins (shown in detail by Becraft et al. , 1963, and 
Smedes, 1966), as well as dikes and plugs of post-batholith 
quartz latite and rhyolite. Discontinuous screens of pre-
batholith volcanic and older rocks with complex fault re-
lations lie near the western limit of the exposures of the 
batholith.

Collectively, the shapes of contact relations of the plutons 
indicate that faults of north-northeast trend played a prom-
inent role before, during, and after batholith emplacement and 
post-batholith volcanism.

Internal structures

Most rocks of the Boulder batholith are massive and do not 
exhibit a strongly expressed fabric (Grout and Balk, 1934). 
However, the marginal parts of some plutons and, less 
commonly, their interiors show internal steep planar foliation, 
defined by parallel alignment of platy minerals and/or discoid 
inclusions, or gently dipping schlieren in roof zones. Locally, 
the plutonic rocks contain abundant mafic inclusions, 
composed of sharply outlined to diffuse aggregates of mafic 
minerals and plagioclase of the same composition as in the 
host rock.

In places, two or more distinct types of steep foliation are 
preserved in the same rock; these structures are well 
developed in plutons in the southwestern part of the batholith. 
An older foliation, consisting of aligned mafic minerals, 
mafic inclusions, and plagioclase, is interpreted to be caused 
by primary flow during pluton emplacement; a younger 
foliation, marked by aligned alkali-feldspar phenocrysts is 
interpreted to reflect late crystal growth along incipient joints 

that formed late in the cooling history, after the pluton had 
largely solidified. Joints that formed still later during the 
cooling of some main-series plutons, especially the Butte 
Quartz Monzonite, became the loci for injection of felsic rocks 
(principally aplite, alaskite, and pegmatite) and, very rarely, 
mafic rocks. In the granodiorite of Rader Creek, the 
emplacement of mafic bodies was in part joint controlled. 
Some later generations of fractures were occupied by me-
talliferous quartz veins and/or by thin dikes of diverse com-
position. We will examine some of these internal structures in 
the Butte Quartz Monzonite at Stops 2-1 and 2-5.

Description of stops and road log

We will spend two days examining the EMV—Boulder 
batholith complex, making stops at a possible cauldron rim, 
the intrusive contact between the Boulder batholith and the 
EMV, and a representative selection of the plutons of the main 
series and the sodic series.

Day 1
We will drive east from Helena on US-287/12. Road log 

begins at East Helena city limits. We plan to provide ad-
ditional material including sketches and other geological 
information at some of the stops. These materials are not 
included in this article because of space limitations, but are 
available from the authors on request.

FIGURE 4—Views of major geologic features visible from Stop 1-1; arrows point to directions of view. Letter symbols in this and subsequent figures are same 
as those in Fig. 3.
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FIGURE 5—Sketch map showing rocks and contact relations of the Elkhorn 
Mountains Volcanics at Stop 1-2 (simplified from Smedes, 1962, pl. 1), 
interpreted to indicate the possible structural rim of a cauldron. Note location 
of Stop 1-3. Selected contours given in feet.

FIGURE 6—A, Hypothetical cross section of the volcanic pile before regional 
deformation and plutonism; dotted line indicates the approximate position of 
present surface. B, Present-day cross section reflecting post-eruption tilting (
about 35°) of the strata, intrusion of batholith, and deep erosion. The traverse 
of Stop 1-2 spans only a small part of the EMV stratigraphic sequence.
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Day 2
We will drive south from Helena on 1-15. Road log begins 

at the east edge of Butte (Fig. 3).
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FIGURE 7—Sketch map of contact of Butte Quartz Monzonite and the 
Elkhorn Mountains Volcanics in the Dry Creek area, Stop 2-2; traverse follows 
along railroad tracks, beginning where they cross the road (SE1/4 sec. 18).
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FIGURE 8—Vistas of the batholith contact from Stop 2-2. A, Looking 
northward along Dry Creek. B, Looking southwestward toward the Highland 
Mountains. Stippled area indicates a screen of contact-metamorphosed 
sedimentary and volcanic rocks separating the granodiorite of Rader Creek and 
Butte Quartz Monzonite (see Fig. 3).
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Eocene magmatism, Challis volcanic field, central Idaho

Richard F. Hardyman
U.S. Geological Survey, Reno, Nevada 89557

Introduction

The Challis Volcanics of Idaho constitute one part of an 
extensive belt of compositionally diverse volcanic and plu-
tonic rocks of Eocene age that occur throughout the north-
western United States. The Challis volcanic field is the largest 
and perhaps most diverse of the volcanic fields in this Eocene 
magmatic province. Deep erosion of the Challis Volcanics in 
central Idaho since the end of the Eocene has dissected many 
of the source vents for the volcanic rocks and exposed 
subjacent cogenetic plutons.

This report provides an overview of magmatic events that 
resulted in deposition of rocks of the Eocene Challis volcanic 
field, central Idaho, and emplacement of the Casto pluton 

and other intrusive rocks associated with this extensive vol-
canic field. More detailed descriptions of the volcanic units 
and local stratigraphic and structural relationships in the 
central and northern part of the field are in McIntyre et al. (
1982), Leonard and Marvin (1982), Ekren (1985), and 
Hardyman (1985). Preliminary descriptions and strati-graphic 
relations of Challis volcanic rocks in the southern part of the 
volcanic field, which consists of similar strati-graphic 
sequences in the same time frame but apparently different 
volumes of explosive products, are reported in Moye et al. (
1988). Descriptions of the Eocene granitic rocks associated 
with the volcanic terrane are in Bennett and Knowles (1985).
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Challis volcanic rocks

Stratigraphic and structural framework

Eocene volcanism in central Idaho began about 51 Ma ago, 
culminated in large-volume explosive eruptions between 
about 49 and 45 Ma, and was essentially over by about 40 Ma. 
The Challis volcanic field in central Idaho consists of a lower 
sequence of mafic and intermediate volcanics (51-49 Ma) and 
an upper sequence of felsic volcanics (49-45 Ma). These 
volcanic rocks are cut by mafic to felsic intrusions as young as 
40 Ma and a major granitic pluton, the Casto pluton, was 
emplaced into the volcanic pile about 47-44 Ma.

The lower part of the volcanic sequence consists of thick 
accumulations of lavas, breccias, and dome-complex intru-
sive rocks of intermediate and mafic compositions. These 
rocks, which locally exceed 1000 m in thickness, were erupted 
from numerous small stratovolcanoes, shield volcanoes, and 
dome complexes. They were deposited on an erosional surface 
with more than 300 m of structural and topographic relief, 
carved on Precambrian and Paleozoic sedimentary rocks. The 
lower part of the Challis volcanic sequence may have 
resembled a regionally extensive lava plateau infilling around 
and over local pre-Tertiary fault-block promontories. 
Numerous vents of moderate relief dotted the plateau at the 
onset of explosive volcanism.

Large-volume silicic pyroclastic eruptions dominated 
magmatic activity in the Challis volcanic field for about 4 
million years. These events began with eruptions of rhyo-
dacite magma, evolved through eruptions of quartz latite and 
rhyolite, and terminated with eruption of alkali rhyolite 
magma. The older rhyodacitic volcanism initiated devel-
opment of a huge cauldron complex nearly 110 by 65 km (60 
by 35 mi) in dimensions, extending northwest from Challis, 
Idaho, to nearly the Salmon River, where the river flows west 
across Idaho. The younger quartz latite to alkali rhyolite 
pyroclastic eruptions formed smaller calderas superimposed "
cookie-cutter" fashion on this cauldron terrane (Fig. 1).

Although intermediate to mafic magmatic activity had 
significantly waned by the onset of silicic pyroclastic vol-
canism, eruptions of mafic and intermediate magma con-
tinued well into the period of silicic volcanism throughout the 
region. Intermediate intrusions locally postdate the silicic 
volcanic rocks (Leonard and Marvin, 1982; McIntyre et al., 
1982; Fisher et al., 1983).

Emplacement of the 47-44 Ma Casto granite into the 
cauldron-related pyroclastic rocks and subsequent erosion 
have separated the Challis volcanic field in this extensive 
cauldron region into two geographic subregions. Challis 
volcanic rocks and related calderas lying northwest of the 
Casto pluton are designated parts of the Thunder Mountain 
cauldron complex (Leonard and Marvin, 1982). Calderas and 
related rocks lying southeast of the pluton are part of the Van 
Horn Peak cauldron complex (Ekren, 1981). Although 
separated into two volcanotectonic subregions, it must be 
emphasized that the sequence of volcanic units and caldera 
development in both regions shows similar evolutionary 
trends. It seems more appropriate to consider both subregions 
as part of an extensive intermediate lava field on which 
developed a vast cauldron complex that began with 
subsidence of a Toba-sized depression (that for the most part 
encompassed both geographic subregions). Subsequent 
collapse of individual areas formed isolated to over-

FIGURE 1—Structural map of the Challis volcanic field, central Idaho, 
showing major cauldron and caldera boundary faults, related grabens, 
intermediate-lava eruptive centers, and the Casto pluton. Modified from 
Hardyman (1985). Tg = Tertiary granite, Kg = Cretaceous rocks of Idaho 
batholith, V = Van Horn Peak fissure vent, C = Corral Creek cauldron 
segment, dotted line = boundary of inferred calderas; star symbol = 
intermediate lava eruptive centers.

lapping Valles-sized calderas. Following deep erosion, this 
terrane is now separated into two areas separated by ex-
posures of the Casto pluton. For ease of discussion, the 
cauldron-related rocks and calderas will be treated as parts of 
either the Thunder Mountain or Van Horn Peak cauldron 
complex areas.

Numerous high-angle, northwest- to northeast-striking, 
normal and strike—slip faults were in existence prior to vol-
canism (Hobbs et al., 1975; Hays et al., 1978; McIntyre and 
Hobbs, 1987). Many of these faults experienced renewed 
displacements during the period of Challis volcanism and 
some northeast-trending faults were conduits for intrusive 
rhyolites that cut pyroclastic rocks as young as 45 Ma in the 
upper part of the volcanic sequence. Movement on some of 
these northeast-trending faults, that are part of the trans-
Challis fault system (Kiilsgaard and Lewis, 1985; Kiilsgaard 
et al., 1986), may be as young as Holocene (Kiilsgaard and 
Lewis, 1985).

Intermediate and mafic lavas

Lavas and local intrusive rocks of intermediate to mafic 
composition dominate the lower sequence of rocks of the 
Challis volcanic field throughout central Idaho. In the Thun-
der Mountain and Van Horn Peak cauldron complexes, these 
rocks are generally buried beneath cauldron-related ashflow-
tuff sequences. South and southeast of the Van Horn Peak 
cauldron complex, however, outflow-tuff sheets from the 
cauldron complex have for the most part been removed by 
erosion and the intermediate to mafic lava pile is well 
exposed. In the vicinity of Challis, Idaho, and the region
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extending to the southeast (southeast part of the Challis 1° x 
2° quadrangle) numerous source vents for these rocks have 
been mapped (McIntyre et al., 1982; Fig. 1). In this region, the 
intermediate lava pile is as much as 1000 m thick. Farther to 
the south and southeast (Hailey and Idaho Falls 1° x 2° 
quadrangles) the intermediate lava pile (predominantly 
andesite flows and tuff breccias) is as much as 700 m thick (
Moye et al., 1988). To the northwest, in the Thunder 
Mountain cauldron complex, the lower intermediate lavas are 
at least 500 m thick (Fisher et al., 1983).

Rocks making up the intermediate lava pile are divisible 
into two groups based on their appearance: light-colored rocks 
that are distinctly porphyritic, and dark-colored, crystal-poor 
"basaltlike" rocks. The conspicuously porphyritic rocks 
contain phenocrysts of plagioclase and various combinations 
of clinopyroxene, orthopyroxene, hornblende, biotite, and 
altered olivine. Chemical analyses of these porphyritic light-
colored rocks show that they are best called dacite and 
rhyodacite (McIntyre et al., 1982). The dark "basaltlike" rocks 
include potassium-rich andesite, andesite, latite, and minor 
volumes of magnesium-rich basalt and potassium-rich basalt.

The dacite and rhyodacite were erupted from numerous 
small (about 8 km in diameter) stratovolcanoes and dome 
complexes. Intrusive breccias, or near-vent facies eruptive 
breccias, are common to many of these source vents.

Pyroclastic rocks of the Van Horn Peak 
cauldron complex

Corral Creek segment: The first significant explosive 
magmatic event of the Van Horn Peak cauldron complex was 
the eruption of lithic-rich dacite or rhyodacite tuff informally 
named the tuff of Corral Creek (Ekren, 1985). The eruption of 
this tuff caused caldera collapse of the Corral Creek segment 
of the Van Horn Peak cauldron complex (Fig. 2). Subsidence 
was controlled by preexisting northeast- and northwest-
striking faults. Extrusion of this tuff was immediately 
followed by eruption of dacitic and latitic lavas that together 
with mudflow breccias rapidly infilled the collapsed block. 
The tuff of Corral Creek is about 200 m thick within the 
Corral Creek collapse segment. Overlying infilling lavas and 
breccias are as much as 900 m thick.

FIGURE 2—Map of the Van Horn Peak and Thunder Mountain cauldron 
complexes. Shaded area is inferred area of cauldron collapse that originated 
with the eruption of the tuff of Ellis Creek. From Ekren (1985). Numbered 
circles refer to field-trip stops.

Van Horn Peak cauldron: Major subsidence of the Van 
Horn Peak cauldron complex accompanied eruption of vo-
luminous amounts of rhyodacitic and quartz latitic magma 
about 48.4 Ma ago. The products of these events, the tuff of 
Ellis Creek and overlying tuff of Eightmile Creek, were 
associated with collapse of an elliptical area about 70 km long 
and 40 km wide that included most of the area of the Van 
Horn Peak cauldron complex. This area is now occupied by 
the present exposure of the Casto pluton and much of the 
southeastern part of the Thunder Mountain cauldron complex 
(Fig. 2). Remnants of the outflow of these immense ash-flow-
tuff eruptions are preserved as far as 25-35 km south and east 
of the cauldron-complex boundary. The tuff of Ellis Creek 
outflow sheet alone probably had an original volume of at 
least 400 km3. Locally, this outflow sheet is more than 300 m 
thick. The tuff of Ellis Creek is at least 1500 m thick where 
preserved within the cauldron complex, and intracauldron tuff 
of Eightmile Creek is 600-800 m thick (Ekren, 1985).

Collapse of the Toba-sized depression, formed as a result of 
the eruption of the tuff of Ellis Creek and tuff of Eightmile 
Creek, was closely followed by eruptions of a cauldron-filling 
sequence of densely welded quartz latitic to rhyodacitic ash-
flow tuffs. These tuffs, the tuffs of Camas Creek—Black 
Mountain, are characterized by small (2 mm or less) 
phenocrysts. Plagioclase is the dominant phenocrystic min-
eral, altered pyroxene is the principal mafic mineral, biotite (
ubiquitous) and hornblende are secondary, and quartz and 
alkali feldspar are generally sparse or absent.

Some of the Camas Creek—Black Mountain ash-flow tuffs 
were erupted from the Van Horn Peak welded-tuff vent (
Ekren, 1981), located near the east-central margin of the Van 
Horn Peak cauldron complex (Fig. 2). Welded tuffs of the 
outer rim of this cone-shaped vent correlate with cooling units 
of the lower part of the Camas Creek—Black Mountain 
package. The tuff of Van Horn Peak, which forms the inner 
core of the vent, correlates with the youngest intracauldron 
units of the Van Horn Peak cauldron. The tuffs of Camas 
Creek—Black Mountain are at least 3000 m thick within the 
cauldron complex.

Ash-flow tuffs of the tuff of Pennal Gulch are interpreted to 
be outflow equivalents of the tuffs of Camas Creek—Black 
Mountain. Near Challis, Idaho, the Pennal Gulch unit in-
cludes interbedded subaerial and subaqueous tuffs and sed-
iments. The Pennal Gulch unit is approximately 370 m thick.

Castle Rock segment: Eruption of crystal-rich quartz latite 
and rhyolite ash-flow tuff was the next significant magmatic 
event to occur in the Van Horn Peak cauldron complex. 
Venting of quartz latitic and rhyolitic magma caused the initial 
collapse of the Castle Rock half-moon or trapdoor caldera (
Fig. 2). Two ash-flow-tuff cooling units, collectively called 
the quartz—biotite tuff, were deposited. This unit is at least 
300 m thick within this cauldron segment. Thickness relations 
of the quartz—biotite tuff in the Panther Creek graben, 
compared to the Castle Rock cauldron segment, suggest that 
the Panther Creek graben had begun to subside before 
deposition of the quartz—biotite tuff.

Continued collapse of the Castle Rock cauldron segment 
accompanied eruption of the tuff of Castle Rock. This se-
quence of cauldron- and graben-filling tuff consists of five 
cooling units totaling 630 m in thickness. These tuffs are 
rhyolitic, crystal-rich ash-flow tuffs that closely resemble the 
tuff of Challis Creek that was erupted from the Twin Peaks 
caldera (see below), but differ in that they contain
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sparse but ubiquitous biotite and are quite rich in small 
volcanic lithic fragments. The tuff of Challis Creek, in con-
trast, contains so little biotite that these grains are rarely 
observed in hand specimen or thin section, and lithic frag-
ments are sparse.

Twin Peaks caldera: The Twin Peaks caldera formed 
about 45 Ma ago with the eruption of approximately 320 km3

of alkali rhyolite ash-flow tuff, the tuff of Challis Creek. This 
Valles-size caldera (Fig. 1), with dimensions of 20 by 14 km, 
is the youngest recognized collapse structure of the Van Horn 
Peak cauldron complex (Hardyman, 1985). The tuff of Challis 
Creek is at least 1300 m thick within the caldera, and erosional 
remnants of this tuff are preserved as far as 40 km from the 
caldera. The tuff of Challis Creek within the caldera consists 
of two thick cooling units of alkali rhyolite ash-flow tuff that 
are distinct in that they contain abundant sanidine and quartz 
and little or no plagioclase or ferromagnesian minerals.

Northeast-trending faults of the trans-Challis fault system 
probably influenced the collapse of the Twin Peaks caldera. 
The fairly linear northern and southern margins of the caldera 
may have formed by collapse along preexisting northeast-
trending faults in the pre-Tertiary basement and older Tertiary 
volcanic rocks (Hardyman, 1981).

Pyroclastic rocks of the Thunder Mountain 
cauldron complex

Initial collapse of the Thunder Mountain cauldron complex 
accompanied eruption of rhyodacitic to rhyolitic ash-flow 
tuffs about 47 Ma ago. These tuffs, the informal "dime and 
quarter" unit of Ekren (1985), are the Thunder Mountain 
cauldron complex analogue of the Camas Creek—Black 
Mountain tuffs in the Van Horn Peak cauldron complex. They 
are generally densely welded, crystal-poor tuffs characterized 
by well-flattened pumice lapilli the size of dimes and quarters. 
For the most part they are quartz-poor rocks containing 
predominantly plagioclase and clinopyroxene in excess of 
minor biotite and hornblende. The intracauldron thickness of 
the "dime and quarter" tuff unit, including intercalated thin 
tuffaceous sediments and latite lavas, exceeds 500 m.

A thick sequence of rhyolite tuffs and lavas referred to as 
the "buff rhyolite" occupies the northwest part of the Thunder 
Mountain cauldron. These are nearly aphyric (about 1% 
phenocrysts) rocks containing plagioclase, traces of biotite, 
and an altered prismatic mafic mineral. This unit may be as 
thick as 1000 m and could be associated with a separate 
caldera within the larger cauldron (Leonard, pers. comm. 
1988). These rhyolites are inferred to be older than the 
Sunnyside rhyolite of the younger Thunder Mountain caldera 
(see below) (Leonard and Marvin, 1982).

Thunder Mountain caldera: Eruption of quartz latite and 
rhyolite ash-flow tuffs, the Sunnyside rhyolite of Leonard and 
Marvin (1982), about 45-46 Ma produced the Thunder 
Mountain caldera, the youngest collapse structure recognized 
in the Thunder Mountain cauldron complex. The Sunnyside 
rhyolite consists of a lower sequence of ash-flow tuffs and an 
upper ash-flow-tuff unit; locally these are separated by 
megabreccia up to 100 m thick (Ekren, 1985).

The lower Sunnyside consists of at least three composi-
tionally zoned, crystal-rich ash-flow-tuff cooling units. Each 
cooling unit grades upward from a rhyolitic base rich in quartz 
and alkali feldspar to a quartz latite top rich in plagioclase 
and biotite and low in quartz and alkali feldspar 

(Ekren, 1985). In contrast, the upper Sunnyside tuff is a 
multiple-flow compound cooling unit that is rhyolitic from 
base to top. This unit contains alkali feldspar and quartz, 
essentially no plagioclase, and only sparse biotite. This tuff is 
the Thunder Mountain cauldron complex counterpart to the 
tuff of Challis Creek in the Van Horn Peak cauldron complex. 
The combined thickness of the Sunnyside rhyolite ash-flow 
tuffs is about 900 m within the Thunder Mountain caldera.

Post-cauldron intrusive rocks

Intracauldron pyroclastic rocks in both the Van Horn Peak 
and Thunder Mountain cauldron complexes are cut by in-
trusive rocks ranging in composition from basalt to rhyolite. 
The basaltic intrusive rocks are sparse and generally occur as 
dikes that locally may be feeders for minor lava flows 
intercalated with the pyroclastic rocks. These rocks typically 
contain plagioclase and pyroxene phenocrysts and only rarely 
olivine.

In the Van Horn Peak cauldron complex and adjacent 
Panther Creek and Custer grabens, the dominant post-ash-
flow-tuff intrusive rocks are a gray dacite porphyry unit, 
intrusive rhyolites, and a distinct pink quartz porphyry that is 
most closely associated with the Casto pluton (see discussion 
below).

The gray dacite porphyry occurs in exposures of small 
pluton and stock-size dimensions that in aggregate approach 
the exposed dimensions of the Casto pluton. The gray por-
phyry is a gray to green porphyritic rock consisting of 3050% 
phenocrysts of plagioclase as large as 1 cm, and varying 
proportions of biotite, hornblende, and pyroxene. Locally, this 
unit contains scattered quartz phenocrysts and is everywhere 
somewhat hydrothermally altered. This unit intrudes the 
quartz—biotite tuff of the Van Horn Peak complex and all 
older tuffs. Locally, the gray porphyry is nearly concordant 
with the older intracauldron tuffs and some masses may form 
laccoliths.

Intrusive rhyolites are light-gray, tan, and pinkish-red, 
generally crystal-poor porphyritic rocks containing pheno-
crysts of sanidine and quartz in variable amounts, and locally 
plagioclase and biotite. These intrusive rocks typically form 
steeply discordant dikes and small stock-like intrusions and 
flow-dome complexes. Isotopic ages of rhyolite intrusions in 
the Van Horn Peak cauldron complex range from about 49 to 
44 Ma. Rhyolite dikes cut the youngest tuff of Challis Creek 
within the Twin Peaks caldera and are locally hydro-thermally 
altered (Hardyman, 1985). Many rhyolite intrusions of the 
Van Horn Peak complex are elongate in a northeast—
southwest trend, parallel to the trans-Challis fault system.

Post-cauldron-collapse intrusive rocks in the Thunder 
Mountain cauldron complex range in age from 47 to 37 Ma (
Leonard and Marvin, 1982). These intrusive rocks include 
quartz diorite and granite porphyry stocks and aphyric to 
crystal-poor, porphyritic rhyolite and latite dikes, dike 
swarms, and small irregular intrusions. Similarly to the Van 
Horn Peak complex, post-cauldron-collapse intrusive rocks in 
the Thunder Mountain complex are also commonly hydrother-
mally altered.

Intrusive rocks of the Van Horn Peak and Thunder Moun-
tain cauldron complexes are for the most part hypabyssal 
equivalents of Tertiary diorite—monzodiorite and granite ep-
izonal plutonic rocks that intrude Cretaceous granitic rocks 
throughout the Atlanta lobe of the Idaho batholith (Bennett



280

and Knowles, 1985). These epizonal diorite—monzodiorite 
and granite plutons and hypabyssal dacite—rhyodacite and 
rhyolite intrusions undoubtedly are the intrusive equivalents of 
the pyroclastic sequences of the cauldron complexes. Some 
mafic and intermediate dikes in the cauldron complexes 
probably represent vestiges of the magmas producing the older 
intermediate lava piles in the Challis volcanic field, but these 
nonexplosive volcanic rocks have yet to be related to any 
major plutonic bodies (Bennett and Knowles, 1985).

Casto pluton and related felsic intrusions

General lithology

The Casto pluton was first mapped and described by Ross (
1934), who noted that the principal rock type was a pink 
granite with associated subordinate hornblende granite and 
quartz monzonite and that the pluton intruded the lower part of 
the Challis volcanics. The pink granite is generally coarse-
grained and has an average modal mineralogy of about 28% 
quartz, 48% microperthite, 13% oligoclase, 7% biotite, and 
3% hornblende. Quartz content can range from as low as 10% 
to as much as 50%. The hornblende granite and quartz 
monzonite are medium-grained and somewhat porphyritic. 
Potassium—argon ages of the Casto pluton range from about 
47 to 44 Ma (from Leonard and Marvin, 1982; Armstrong, 
1975, recalculated).

The Casto pluton, as well as other Eocene plutons in central 
Idaho such as the Sawtooth and Crags plutons, contain 
miarolitic cavities indicative of shallow epizonal em-
placement. The cavities often contain crystals of microcline, 
smoky quartz, beryl, topaz, and fluorite. The Tertiary pink 
granite tends to be similar chemically to the felsic Cretaceous 
plutonic rocks, but with a narrower range in silica content than 
in the Cretaceous granites. In addition, the Eocene granites 
such as the Casto pluton are more evolved and generally 
contain less aluminum, magnesium, and calcium and more 
potassium (Bennett and Knowles, 1985). Gamma-ray 
spectrometry measurements reported by Bennett and 
Knowles (1985) also show that the Tertiary granites have an 
average uranium, thorium, and potassium-40 content two to 
three times higher than granitic rocks of the Cretaceous Idaho 
batholith.

Oxygen and hydrogen isotopic studies by Taylor and Ma-
garitz (1978) and Criss and Taylor (1983) in the Idaho bath-
olith showed that large-scale meteoric-hydrothermal 
circulation systems were developed around epizonal Tertiary 
plutons. More recent isotopic studies of the Challis volcanic 
rocks of the Van Horn Peak and Thunder Mountain cauldron 
complexes (Fig. 3) have revealed that the largest meteoric-
hydrothermal system ever documented around a single pluton 
is centered on the Casto pluton (Criss et al. , 1984).

A distinct pink felsic rock of similar modal mineralogy to 
the Casto pluton, but with a dominant porphyritic texture, 
forms dikes, small plugs, and irregular, generally northeast-
southwest-elongated intrusive bodies that cut rocks of the 
Casto pluton and all pyroclastic rocks of the Thunder Moun-
tain cauldron complex. This pink porphyry also intrudes most 
pyroclastic units of the Van Horn Peak cauldron complex, 
including the gray porphyry intrusive unit.

The pink porphyry, "pink granophyre" of Ross (1934), 
typically contains 20-35% phenocrysts (about 4 mm in di-
ameter) of bipyramidal smoky quartz and alkali feldspar in 
subequal amounts, less abundant plagioclase, and sparse 
biotite in a micrographic to microgranular groundmass.

FIGURE 3—Map of southern Idaho batholith and adjacent Challis volcanic 
terrane showing boundaries (hachured lines) of large meteoric-hydrothermal 
alteration systems. The largest of these, the Casto ring zone (CRZ), is centered 
on the Casto pluton; the Sawtooth ring zone (SRZ) is centered on the Sawtooth 
pluton. Stipple pattern indicates Challis volcanic rocks; lined patterns indicate 
Precambrian (p€) and Paleozoic (Pz) or Cenozoic (Cz) rock units; solid pattern 
indicates Tertiary granites. From Criss et al. (1984).

Locally, pink porphyry intrusive masses are extremely 
coarse-grained, with partially resorbed quartz bipyramids up 
to 1 cm and alkali feldspar and plagioclase up to 3 cm in size. 
These coarsely porphyritic varieties have a graphic-textured 
groundmass. A single sanidine crystal from one of these 
coarse-grained pink porphyry dikes yielded a potassium—
argon age of 44.4 ± 1.0 Ma (McIntyre et al., 1982).

Relation to Challis volcanic rocks

As recognized by Ross (1934) and pointed out by Cater et 
al. (1973), the Casto pluton intrudes its own ejecta. At present 
erosion levels, the pluton is in intrusive contact with only the 
thick lower rhyodacitic sequence of intracauldron tuffs of both 
the Van Horn Peak and Thunder Mountain cauldron areas. 
Whether the pluton intruded into the upper rhyolitic sequence 
of the intracauldron section, which undoubtedly once 
blanketed the entire cauldron terrain, is speculative.

Ash-flow tuffs within both the Thunder Mountain and Van 
Horn Peak cauldrons are tilted away from the Casto pluton 
along its northwest and southeast flanks, respectively. The 
pluton, therefore, occupies the core of a regional northeast-
trending anticline flanked by the Thunder Mountain cauldron 
to the northwest and the Van Horn Peak cauldron to the 
southeast.

Dips of the older rhyodacitic Ellis and Camas Creek—
Black Mountain tuffs on the southeast flank of the pluton
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are as great as 75 to locally 90° in the vicinity of Meyers 
Cove. Dips of these units on the Thunder Mountain side of the 
pluton are locally as great, but generally somewhat less. 
Regional northwest tilt of the younger rhyolitic Sunnyside tuff 
on the Thunder Mountain side of the pluton is generally only 
about 15-25°. Likewise, regional southeast tilts of the 
unconformably younger tuff of Challis Creek on the Van Horn 
Peak cauldron side of the pluton are generally only 5-15°. It 
seems reasonable, therefore, that the Casto pluton may have 
started its ascent into the lower part of the Challis volcanic 
sequence prior to eruption of magma to produce the Sunnyside 
and Challis Creek rhyolitic tuffs and prior to collapse of the 
youngest calderas of the volcanic field.

Most of the cauldron-filling pyroclastic rocks of both the 
Van Horn Peak and Thunder Mountain cauldron complexes 
are to some degree hydrothermally altered. Tuffs in the lower 
rhyodacitic part of the sequence are ubiquitously altered to 
propylitic mineral assemblages. Near the Casto pluton, these 
rocks are so thermally affected that they are barely recog-
nizable as ash-flow tuffs. It is to these altered pyroclastic rocks 
along with some outcrops of altered gray porphyry that Ross (
1934) applied the name "Casto Volcanics," a name that 
subsequently has been abandoned.

Tuffs of the younger rhyolitic part of the intracauldron 
sequence, especially those farthest away from the Casto 
pluton, are the least hydrothermally altered. These tuffs, 
however, are locally strongly altered along major faults, and 
altered at higher temperatures and for a longer period of time (
Criss et al. , 1984).

Discussion

The sequence of volcanic rocks of the Challis volcanic field 
of central Idaho consists of a thick section of intermediate 
and mafic lavas that formed an extensive lava plateau upon 
which a vast cauldron complex formed with transition from 
relatively passive lava eruptions to explosive volcanism. Ash-
flow tuffs produced by the explosive phase of volcanism are 
now mostly preserved within the eroded cauldron complex 
where they exceed 6000 m in thickness.

The presence of the same ash-flow-tuff cooling units of the 
lower rhyodacitic part of the pyroclastic sequence in both the 
Thunder Mountain and Van Horn Peak cauldron areas 
indicates that these two cauldron complexes did not originate 
as two distinct and separate complexes that, once formed, 
were further separated by the emplacement of the Casto 
pluton. Instead, the two areas are part of the same vast 
cauldron complex that may have initiated as a large 
volcanotectonic depression in which subsequent individual 
calderas developed. By the time the youngest calderas de-
veloped with eruption of the rhyolite and alkali rhyolite 
Sunnyside and Challis Creek tuffs, respectively, at either end 
of the cauldron complex, the source substrate for these felsic 
magmas must have been of batholithic dimensions.

Individual cupolas of magma may have risen diapirically 
from a batholith-sized source substrate to sufficiently shallow 
levels of the crust to give rise to the Thunder Mountain and 
Twin Peaks calderas. Contemporaneously, a third bulge or 
cupola of magma rose to a level necessary to invade the lower 
and thickest part of the volcanic pile and cooled to form the 
Casto pluton. Whether the Casto magma ever vented to the 
surface is uncertain. If it did, its products have been removed 
by erosion. High fluorine content of Tertiary granites in 
central Idaho indicates that they formed from dry melts which 
were able to rise to shallow crustal levels before 

crystallizing (Bennett and Knowles, 1985). Perhaps the Casto 
magma was initially dry or devolatized by the time it rose to 
levels where it might have produced pyroclastic eruptions.

Field trip

Day 1
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Selected conversion factors*

TO CONVERT MULTIPLY BY TO OBTAIN TO CONVERT MULTIPLY BY TO OBTAIN

Length Pressure, stress
inches, in 2.540 centimeters, cm lb in-2 (= lb/in2), psi 7.03 x 10-2 kg cm-2 (= kg/cm2)
feet, ft 3.048 x 10-1 meters, m lb in-2 6.804 x 10-2 atmospheres, atm
yards, yds 9.144 x 10-1 m lb in-2 6.895 x 103 newtons (N)/m2, N m-2

statute miles, mi 1.609 kilometers, km atm 1.0333 kg cm-2

fathoms 1.829 m atm 7.6 x 102 mm of Hg (at 0° C)
angstroms, Å 1.0 x 10-8 cm inches of Hg (at 0° C) 3.453 x 10-2 kg cm-2

Å 1.0 x 10-4 micrometers, µm bars, b 1.020 kg cm-2

Area b 1.0 x 106 dynes cm-2

in2 6.452 cm2 b 9.869 x 10-1 atm
ft2 9.29 x 10-2 m2 b 1.0 x 10-1 megapascals, MPa
yds2 8.361 x 10-1 m2 Density
mil 2.590 km2 lb in-3 (= lb/in3) 2.768 x 101 gr cm-3 (= gr/cm3)
acres 4.047 x 103 m2 Viscosity
acres 4.047 x 10-1 hectares, ha poises 1.0 gr cm-1 sec-1 or dynes cm-2

Volume (wet and dry) Discharge
in3 1.639 x 101 cm3 U.S. gal min-1, gpm 6.308 x 10-2 l sec-1

ft3 2.832 x 10-2 m3 gpm 6.308 x 10-5 m3 sec- 1

yds3 7.646 x 10-1 m3 ft3 sec-1 2.832 x 10- 2 m3 sec-1

fluid ounces 2.957 x 10-2 liters, 1 or L Hydraulic conductivity
quarts 9.463 x 10-1 1 U.S. gal day-1 ft-2 4.720 x 10- 7 m sec-1

U.S. gallons, gal 3.785 1 Permeability
US. gal 3.785 x 10- 3 m3 darcies 9.870 x 10-13 m2

acre-ft 1.234 x 103 m3 Transmissivity
barrels (oil), bbl 1.589 x 10-1 m3 U.S. gal day-1 ft-1 1.438 x 10-7 m2 sec-1

Weight, mass U. S. gal min-1 ft-1 2.072 x 10-1 1 sec-1 m-1

ounces avoirdupois, avdp 2.8349 x 101 grams, gr Magnetic field intensity
troy ounces, oz 3.1103 x 101 gr gausses 1.0 x 105 gammas
pounds, lb 4.536 x 10-1 kilograms, kg Energy, heat
long tons 1.016 metric tons, mt British thermal units, BTU 2.52 x 10-1 calories, cal
short tons 9.078 x 10-1 mt BTU 1.0758 x 102 kilogram-meters, kgm
oz mt-1 3.43 x 101 parts per million, ppm BTU lb-1 5.56 x 10-1 cal kg-1

Velocity Temperature
ft sec-1 (= ft/sec) 3.048 x 10-1 m sec-1 (= m/sec) °C + 273 1.0 °K (Kelvin)
mi hr-1 1.6093 km hr-1 °C + 17.78 1.8 °F (Fahrenheit)

mi hr-1 4.470 x 10- 1 m sec-1 °F - 32 5/9 °C (Celsius)

*Divide by the factor number to reverse conversions.
Exponents: for example 4.047 x 103 (see acres) = 4,047; 9.29 x 10-2 (see ft2) = 0.0929.
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