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VOLCANIC SUITES AND RELATED CAULDRONS OF 
TIMBER MOUNTAIN-OASIS VALLEY CALDERA COMPLEX, 

SOUTHERN NEVADA 

By F. M. BEs, JL, W. J. CARN. PAUL P. ORxILD, 
W. D. QUiNuVAN, and K. A. SARLG'NT

ABSTRACT

The Timber Mounarn-Oasts Valley caldera complex occupies a 
slightly elliptica ara about 40 kn (2Z mi) in maximum diameter in 
southern Nye County. Ne.. and is a maior part o the southwestern 

SNevada volcanK field. which includes peralkaline. alkali-calcic. cak
alialic. and calcic centers. Upper Miocene and lower Pliocene cak

Salkalic and alkali<alc ash-flow sheets and pemologically related 
igneous rocks oa the Timber Mountain-Oasis Valley caldema complex 

Swere erupted 16-9 n.y. (million years) ago and were assoated with 
multiple cauldron subsidences.  

The newly named cak-alkalic Nedrock Valley and Crater Flat Tuffs 
were associated with collapses 16-14 m.y. am possibly within the 
Sleeping Sutte caldera. only a small pan of which ias still exposed. The 
Redrock Valley consists of only one known cooling unit, whereas the 
Crater la consists of two newly named members. the Bullfog and the 
Prow Pass 

The quart-bearing Stockade Wash Tuff. formerly the Stockade Wash 
msber ot the quartz-poor Paintbrwsh Tuft. is hem raised to separate 

-,Nmaional rank. It is a cak-alkalic tuff. erupted between 13.8 and 13.2 
mny. ago as a late effusive from the dominantly peralkaline Silent Canyon 
caldera. The Stockade Wash is unrelated to the Paintbrsah. in both its 
petrioogic features and vokanic source. but is closely similar pecro
graphically to two other Late ash-flow sheets of limited extent within and 

•) around Silent Canyon caldera and also to 1.500m (5.000 h)oIcak.alkalic 
tuffs and rhyolite tlas of Area 20. which fill Silent Carnyo cadera.  

"The Paintbrush Tuff is her resncied so include the quatru-fee to 
quartz-poor bedded and interalated welded ash-flow tuffs that occur 
between the underlying redefined Stockade Wash Tuft. or the nufts and 
rhyolises of Am 20. and the overlying Timber Mountain Tuft. The 
Paintbrush is a maor alkali-calcic volcanic sequence of genetically 
related bedded tuft and ash-flow cuff shet that were erupted 13.2-1..3 
m.y. ago from the Claim Canyon cauldron cesaes, the southernmost pan 
of which is expop.d in an arcuate segment at the south side of the 
complex. The ash-flow sheet consisto l) dt Topopah Spring Member 
newuje base. (2) the Pah Canyon Member. (3) a k,•c subsurface unit that 
may grade upward ins. a lava flow, (4) the Yucca Mountain Member. (5) 
the Tivi Canyon Member. which ixnddes dth sracauldron cuaff of 
Chocolate Mountain. and (6) the inracataldron tutd of Pinyon Past.  

The Claim Canyon cauldron segment exposes grea-Jy chickned intra.  
cauldron tacies of Paintbrush welded tults, interalaed lavas, and tull 
breccia. The estimated volume of the Topopah Spring Member is about 
25G kml (0 mafi), but may be much teamr. as the unit is bu•i.d by 
younger welkdd scffs and lavas within the exposed segment of the 
cauldron. The post-Topopah Spring ash-flow sheets of the Paintbrus 
Tuff and intercalated lavas am msre than 1.50)0 im thick in the Claim 
Canyon cauldron segment. This thick post-Topopah Spring intra
cauldron filling implies considerable smuc'ral depression inside the 
cauldron. It seems unlit.IV that this mucn structural depression could

have occurred within the cauldron following the erupton oa only the 
Topopah Spring Member. We interpree the exposed Cairn Canyon 
cauldron segmen as probably recording continaed episodic subsidence 
during or immediately follow g eruption• eac ash-flow sheet he 
Painimbre l The maxiisnm subsidence of Claim Canyon cauldron 
probably occurred wuaing the lat sages od eruption of 10 kin' (230 
mis) of the Tiva Canyon Member. An alemnauve iaprettatison infars 
that subuidence at the Oasis Valley caldera segment was related to erup
tion of the Tiva Canyon. A thick tuff breccia along and near the wall of 
.he Claim Canyon cauldron segment, however. grades laterally and 
vertically into welded masses of the Tiva Canyon and may mark a locus of 
Tiva Canyon volcanic vents.  

Cauldron resurgence posibly alfected the Claim Canyon cauldron. as 
the cuffs filling the exposed Claim Canyon cauldron segment now stand 
topographically and strurally high; the buried larger pan od the 
cauldron to the north has been dropped to great depth by collapses of the 
youngerTimber Mountain caldera. Aermatively. the segment, israised 
with a much larger Yucca Mountain block dunng early broadu .oing ol 
Timber Mountain cakera prio to eruption of the Timber Mountain 
Tuft.  

"The lower Pliocen•alkali-caklc Timber Mountain Tuft is redefined to 
include all quartz-bearing ash-flow tuff theems and minor interbedded 
ash-tall tuU erupted about 1i m.y. ago from the Timber Mountain 
caldem center. The cuff includes in ascending order. the Rainier Mesa 
and Ammonia Tanks Members which are the two widespread ash-fiow 
sheets of tLheoriginal definition, and the newly added intracaldera tufts of 
Buttonhook Wash and Crooked Canyon. The Aansonia Tanks Member 
has been further redefined to include the local tuffs of Cat Canyon anJ 
Transvaal. which am now known to be equivalent to part or all of the 
Ammonia Tanks.  

Two major subsidences ofTimaer Mountain caldera were associated 
with eruption of the Rainier Mesa Member. having a volume of more 
than 1.200 km5 (300 mi3), and with the eruption of the overlying 
Ammonia Tanks Member. having a volume of about 900 kin' (230 mir).  
The ruff exposed on the cental resurgent dome of Timber Mountain 
caklera is intracalderi Ammonia Tanks. more than 900 m (3.000 It) thick.  
and was formerly mapped as tuft of CatCanyon. Thickneses in excess of 
450 m (1.500 i). granophyric texture. and fluida; flow banding of both 
the Rainier Mej and Ammonia Tank Members within the Oasis Valley 
caldera segmet.:. suggeu also partial collapse of that segment during 
empton of the members torming a large volcano-tectonik depression.  
The area that collapsed because of the eruption of the Rainier Mesa is 
somewhat larger than that which collapsed because of the Ammonia 
Tanks. as might be expected from the greater volume of the Rainer Mesa.  

The Timber Mountain resurgent dome in the central area of Timber 
Mountain caldera containsboth inward-dipping high-silkia rhyolite tuft 
dikes, possibly cone sheeu, and an outward-dipping mKogranuc ring
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dikeappomschngquarulautecpmiomtitl68 prcpentsilia).r Thesetwo D. Bath contributed gravity and aeromagnetic inter.  rnok types a petrpnbgcallv similar to limmnig comnpomi•sms of the pretation. which greatly aided in delineating the outlines Aumouia Tanks Membrr •id -I have come from different lewi ata of the buried caldera structures in figure 1. D. C. Noble uoned ulec magma chamber high in the car.  fPou.Timber Mountain alkali.cak tuh an related hva am, contributed to the interpretation of volcanic history and cosaipled so she oasis Valley-Timber Mountain caldm compixe and location of the caldera boundaries. j. T. O'Connor probably we tup I 1.-045. s. Wao f ith ,in the o~n V•lley supplied about 50 thin-secion modes of the tuffs. Our Rhideha e~une. L colleagues R. L. Anderson. R. L Christiansen. E. B. Ekrrn.  Setand P. W. Lipman provided geologic information and 11a90 letaconcluded hea tvisyo@'thecalderacomplexaboutgm, . stimulating discussion. We. however, assume full ago. 

responsibility for any errors or misinterpretations of the 
INTRODUCTION data Thi,, ,.,., - .,I ...... --..

The ash-flow sheets discussed in this report constitut the major stratigraphic units shown on the U.S 
Geologikal Survey map of the Timber Mountain calder, 
area (Byers and others. 1976) in the Nevada Test Site regior 
of southern Nevada. An attempt is made to reiate the tufl 
sheets and petrologically similar lavas and intrusives tc major volcanic centers of the Timber Mountain-Oasih (" Valley caldera complex (fig. I). A closely related papei 

S (Christiansen and others, 1975) emphasizes the structural 
setting and associated Tertiary volcanism in the region 

I`, around the caldera complex.  
Present knowledge of the relations and distribution of C) volcanic rocks in the Nevada Test Site region of south

western Nevada is based on 34 geologic quadrangle maps 
(fig. 2). about 30 exploratory drill holes, several Bouguer 
gravity (Don L Healey. written commun.. l968)and aero
magnetic maps (G. D. Bath. written commun.. 1963), more 

171 than 500 polarity determinations of natural remanent 
magnetism of rocks (G. D. Bath, written commun., 

- 1963-68), radiometric age determinations of 51 volcanic 
r-cks (Kistler, 1968; Marvin and others, 1970), and more 
than 400'modal analyses of thin sections.  

During the concentrated effort of geologic mapping from 1960 to 1964. the volcanic rocks at the Nevada Test 
7 Site were grouped into formations because of the need to 

define su-atigraphic units for the geologic maps (fig. 2).  
Ash-flow tuff sheets of similar mineralogy and chemistry 
were grouped into foimations. the individual sheets being 
membcrs of the formations (Smith. 1960a. p. 812-813: R.  L. 3mith, oral commun., 1960-68: Christians.-n. and others. 196q), but some stratigraphic divisions were based 
on limited knowledge regarding areal distributions of the units and their associations with major volcanic centers.  
In this paper the geologic and petrologic relations of the 
tuff sequences to lava. and intrusives at caldera centers are 
further emphasized in arriving at a logical basis for 
redefining some of the units.
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In general, we follow guidelines of the ash-flow tuff 
f nomenclature of Smith (1960a, p. 800-801. 1960b) and Ross and Smith (1961). For brevity in this report and on 

the geologic map of the Timber Mountain area (Byers and 
others, 1976) ash-flow tuff (Ross and Smith. 1961, p. 3) or simply the word "tuff" in the p:aper context carries the genetic connotation of ash-flow cooling unit of Smith (1960a. p. 801), as well as that of a lithologic term. A tuff or ash-flow cooling unit, in this connotation, was emplaced 
in an instant of geologic time and is therefore a timemarker as well as a lithologic unit (compare with Smith.  
1960b. p. 150). The plural term "tuffs," analogous to "lavas" or "lava flows," is used for two or more ash-flow 
cooling units mapped as a unit (for example, Christiansen 
and Lioman. 1965; Sargent, 1969; Rogersa md others, 1967). The singular term "tuff" is also used in foritzal stratigraphic notsienclature--for example. Paintgrush 
Tuff-in which it carries the dual genetic and lithologic 
implication just noted, inasmuch as the component tuff members and the informal tuffs are single ash-flow 
cooling units. "Ash-flow sheet" is also used descriptively 
in discussing the extensive cooling units of large volume 
associated with cauldron subsidence.  

Other types of tuffare indicated in this report andon the Timber Mountain map (Byers and others, 1976) by appropriate modifiers (compare with Ross and Smith. 1961. p.  3). such as bedded tuff (descriptive) and ash-fall tuff 
(genetic).  

In Smith's (1960b, p. 157-158) summary discussion of 
the cpoling unit and composite sheet, he implied the 
existence of complete cooling breaks between cooling 
units and partial cooling breaks within compound 
cooling units by giving crizeria for recognizing types of hiatuses between ash-flow units. Recognition of 'he 
nature of these hiatuses, herein referred to as either a 
partial or complete cooling break, is necessary in order to 
define an ash-flow cooling unit as the basic stratigraphic 
unit with time-marker implications (Smith. 1960a, pl. 1; 
Christiansen and others. 1968; Noble, Bath. and others 
1968, p. C60).
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NOMENCLATVRE I

/r.L.FROGI S.,.tootn MI- toa '.  
• O•"orl • ,T'•e >nc." 

( , \CLAIM CANYON \ pL.a 
5940.. ttiM,ýIk'cthn Peak ~~" CAULDRON SEGMWNT Lookout 

ER FLAýPeait -CRATER FLAr N e5657 

4 -.. -e-.. 1 /..C :c .- '4, • __s 

- : , C3 .r 1-4 

r'' ZVolcanic center 

o 1o 20MILES I 
i I I I I 
0 10 20KILOMETRES 

EXPLANATION -r~ IApproximate outer PUt of Timber Mountain. I L.!LL.! Periphery of Timber Mountain resurtgnt dome 
Oasis Valley caldera complex. lInudes 
Sleeping Butte an Claim Canyon se ntLs.  
Duhed where indefinite 

Ficuau I.-Southwesern Nevada volcanic fie. Nye County. Nev.. showing location of Timber Mountain caldera and othe major volcanic 
cenwm. Am shown on the geokoc map by yere ane oahen (1976) is shadel.  

A compositional subdivision of(an ash-flow tuft sheet. (Lipman, Christiansen. and O'Connor, 1966. p. F5).  
characterized by a unique and lateally correlatable although a opographic term. conveniently describes the 
phenocryst assemblage, is called a subunit, following more crystal-rich, commonly more mafic upper subunit of 
usage of Smith and Bailey (1966, p. I1I and Liprnan, a compositionally zoned cooling uniL The caprock is so 
rCJrisuansen. and O'Connor (1966). The term "caprock" named because it commonly forms a resistan capping
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GENERAL GEOLOGIC RELATIONS

Ige. which is the result of a densely welded zone over
ng a less welded zone in a compound cooling unit. In 

---nany places the contact between compositional subunits 
is gradational within a foot or two and commonly nearly 
coincides with the contact between welding and 
crystallinity zones.  

The Paintbrush Tuft and younger silicic volcanic rocks 
of the Timber Mountain-Oasis Valley caldera complex are 
alkali-calcic in the Peacock (1931) classification and do 
not readily fit some of the commonly used classifications 
(Rittmann, 1952; Nockolds. 1954; O'Connor. 1963). In 
order to emphasize the differences in chemical compost
Lion among these younger rocks of the Timber Mountain 
area (W. D. Quinlivan and P. W. Lipman. written 
commun. 1974). tufts and lavas ranging from about 65 to 
72 percent SiCl are called quartz latites; rocks ranging 
from about 72 to 76 percent silica are called rhyolites or 
low-silica rhyolites to emphasize compositional range.  
and rocks in the range from about 76 to 78 percent silica are 
called high-silica rhyolites. The pre-Paintbrush volcanic 
"rocks are normal cak-alkalic rhyolites, which are lower in 
total alkalis, particularly potassium. and slightly higher 
in lime than younger rocks of similar silica content.  
Peralkaline rocks (Shand, 1947. p. 229) are represented by 
the early effusives of Silent Canyon caldera and contain 
sodium in pyroxene and amphibole, as well as in feldspar.  
These rocks are considered briefly in this report.  

.-he terms "caldera" and "cauldron" are used in this 
.-- ,-aper to emphasize topographic expression. Caldera is 

used in the sense proposed by Williams (1941, p. 242) for a 
Slarge, roughly circular or oval topographic depression in 

the central area of a volcano or volcanic complex. We also 
recognized filled and buried calderas. The Silent Canyon 
caldera no longer has the topographic form of a caldera.  
but it is filled with low-density volcanic rocks that make a 
large gravity anomaly having the shape of a caldera (D. L.  
Healey and C. H. Miller, written commun.. 1967; Orkild 
and others, 1968, fig. 2). The term "cauldron" is used fora 
generally circular or oval. structural block which has sub
s~ded in the area of a volcanic or intrusive center but which 
has los' through subsequent erosion any topographic 
features of the former caldera. Our usage is virtually 
synonymous with "cauldron subsidence" as defined in thc 
study of Glen Coe cauldron by Clough. Maufe. and Bailey 
(1909). The term "segment" is applied to a portion of a 
caldera or cauldron that does not have a circular form 
either because a part of it has been truncated by a later 
adjacent subsidence or because its original form has been 
severely modified by later structural movement.  

The term. "volcanic center" is occasionally used herein 
for the entire volcanic edifice including the underlying 
magma chamber, the subsided caul:dron, the surficial 
,'aldera, if preserved, and the extrusive vents that are 

served as dikes and vent breccias. fhe intimate associa-

tion of central stocks, ring dikes. and cone sheets with 
cauldron structures has been emphasized many times in 
the literature, notably in review papers by Richey (1932).  
Richey. MacGregor. and Anderson (1961). Anderson 
(1936). Billings (1943). Buddington (1959. p. 680-685).  
Smith, Bailey. and Ross (1961). Branch (1966). Hamilton 
and Myers (1967, p. C6-C9). and Eggler (1968, p.  
1555-1557).  

GENERAL GEOLOGIC RELATIONS 

The .southwestern Nevada volcanic field (fig. 1) 
comprises upper Tertiary effusive rocks from the Timber 
Mountain-Oasis Valley caldera complex, rocks from per.  
alkaline calderas in the northern part, and several minor 
satellite lava piles ranging from calc-alkalic to calcic 
(Noble and others. 1965; Chrisviansen and others, 1976).  
The ash-flow tuffs and related rocks discussed in this 
report constitute most of a thick upper Miocene and lower 
Pliocene cak.alkalic and alkali-calcic volcanic sequence 
shown on the geologic map of the Timber Mountain 
caldera area (8)ers and others, 1976) and include all the 
known silicic eruptive products of the Timber Mountain.  
Oasis Valley caldera complex. Peralkaline volcanic rocks 
of the Silent Canyon and Black Mountain calderas to the 
north (fig. I) intertongue and postdate, respectively, the 
tufts and lavas of this report and have been discussed else
where (Noble and others. 1963, 1965: Sargent and others.  
1965; Christiansen and Noble. 1965; Noble. Sargent, and 
others. 1968: Christiansen and others. 1976).  

The newly named upper Miocene Redrock Va2 -y and 
Crater Flat fuffs (table 1) are calc-alkalic effuwaves of 
probably the oldest recognizable caldera within the 

TABLU l.--GeWS'Ud ts4Ug?8ph1C MOMMCliru 0 rU# rusfifovmWsuu 
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EXPLANATION

Post-Timber Mountain Tuft rock of I I Paintbru,-h T 
late Tertiary and Quaternary age ý Geneticall 

LIZ.. Bedded tuff undivided Tuff breccia 

" Timber Mountain Tuft 9 Debris flows 
Genetically related lavas Partial coolir

Fimber Mountain-Oasis Valley caldera complex. Only a 
small part of this caldera is now exposed an.; is herein 
called the Sleeping Butte caldera .eggment (fig. 1). The 
redefined Stockade Wash Tuff (table 1) is not a product of 

Timber Mountain caldera complex but is a late calc
lic ash-flow sheet of the doerinantly peralkaline Silent 

ý.nyon caldera. The overlying Paintbrush Tuff. as herein

uff 

y related lavas

and breccia 

g break

defined, consists of several quaru-poor densely w-:ded 
ash-flow tuff cooling units that are lithologically and 
petrologically distinct from those of the formations above 
and below. Most of the units are exposed within the Claim 
Canyon cauldron segment (fig. 1). where they are very 
thick and intertongue with petrologically similar rhyolite 
lavas. The uppermost f .o.thq T-W• cz r unkain



"rUFFS AND LAVAS RULAn.D TO SLEEPING IUmL CALOEXA

MOUNTAIN CALDERA

7

SILENT CANYON CALOEIA 

Ammona, Tanks Mem.er 

VPse Pon LAwe e

Facuat 3 (left and above).-Geteraliaed schematic diagram through southwesr-m Ncvada volanic field, showing geologic relations between ash-flow tuff sheets and related rocks discussed in this report. A few minor utw omitted. Length ol diagram about 50 km 130 mi).

Tuff, contains comc..on to abundant quartz phenocrysts 
and consists of two widespread coextensive members, the 
Rainier Mesa and the overlying Ammonia Tanks. Within 
parts of the Timber Mountain caldera these two members 
thicken. intertongue with rhyolite lavas, and are overlain 
by intracaldera informal units of the Timber Mountain 
Tuff. as herein redefined. Post-Timber Mountain tuffs 
and lavas are of relatively small volume and are largely 
confined to the Timber Mountain-Oasis Valley caldera 
complex:. The stratigraphic and geologic relations of the 

flow tuffs and intercalated rhyolite lavas in the south
tern Nevada volcanic field are shown in figure 3.  

"BEST AVAILABLE COPY"

TUFFS AND LAVAS RELATED TO SLEEPING 
UrTT'CALDEA 

RLDIEOC VALLEY TUFf 

The- Redrock Valley Tuff, the oldest ash-flow sheet 
related to the Timber Mountain-Oasis Valley caldera 
complex, is he-re named after exposures in Redrock Valley 
(fig. 4). The least altered and most complete exposure.  
however, is on the west side of Yucca Flat at hill 5504. 2.4 
km (1.5 mi) east ofthe head of Redrock Valley (fig. 4) in the 
northern part of the Tippipah Spring quadrangle (Orkild, 
1963) and is designated the type locality. The unit. as now
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TUFTS AND LAVAS RELATIED TO SLEEPING WlTMI CALD[EALA 

WK .1

J \.

1 I
I..

T11f. and other volcanic rocks that ar probably related to Ski-ing Butte caldem

(400 ft) thick. It reaches a maximum d.ickness of 418 m ranges in thickness from about 30 to 210 m (100-700 ft).  
(1.370ft)wherepenetrated in testwell8andisabout300m The tuff is exposed at the surface in three widely 
(1,000 ft) thick in two wetis west and south of Rainier scatteredlocalitiesbesidestheonenorthwestofYuccaFlat.  
Mesa. Where penetrated in other ,.rill holes (fig. 4). it The mostsignificantoftheseisasrnalloutcrop5km(3mi)
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TIMUER MOUNTAIN.OASJ3 VALLEy CALDEIR COMPLIX. NEVADA

south of Sleeping Butte near the intersection of Sleeping 
'te and Oasis Valley caldera segments (fig. 4): this 
)sure is the only one known on the west side of the 

"-•.•e complex. The northernmost exposure at the south 
end of the Belted Range was locally mapped in Quartet 
Dome quadrangle (fig. 2; Sargent and others. 1966) as "ash-flow tuft of Kawich Valley." North of Frenchman 
Flat the nonwelded distal edge of the Redrock Valley Tuft 
is exposed in a few fault blocks along the border between 
Nye and Lincoln Counties.  

Little is known of the original total extent of the 
Redrock Valley Tuft, but if the unit was as widespread as 
suggested by the scattered outcrops and drill holes, as 
much as 360 kms (90 mi') may be present outside the 
Timber Mountain-Oasis Valley caldera complex.  
assuming an average thickness of 120 m (400 ft) over 3,000 
kmt (1,200 mi'). The volume of tuft buried beneath the 
Timber Mountain-Oasis Valley caldera complex would 
not increase this figure significantly in view of the inferred 
wide areal extent and the uncertainties involved.  

The Redrock Valley Tuft rests on Paleozoic rocks in the 
Eleana Range or on a thin, bedded unnamed tuft sequence 
immediately overlying the Fraction Tuft (Rogers and 
othen, 1967; Marvin and others, 1970) in drill holes of the 
Rainier Mesa and Yucca Flat areas shown in figure 4. The 
tuff is overlain with local unconformity by bedded tuft, as 
much as 60m (200 ft) thick, which is in turn overlain by the 
B0llfrog Member of the Crater Flat Tuff.  

tuff at hill 5504 consists of a light-yellowish-gray 
.. lded basal zone of shards, several metres thick, 

giding upward to a brown densely welded zone, which locally includes a thin dark-gray vitrophyre less than 5 m f 
(15 ft) thick. The upper 100 m (330 ft) becomes less welded 
with increasing crystallinity and is light purplish gray, I 
mottled with red-the red coloration giving the name to I 
Redrock Valley, which in turn is here reapplied to the tuft. a 
Small light-colored pumice lenticles 1-2 cm long in the a 
devitrified zone contain abundant tiny (0.2-1.0 mm) , 
biotite and hornblende phenocrysts that aid in identi- f 
fication of the unit. Quartz is absent to very sparse and, 
where present, commonly cannot be seen with a hand lens.  
The uppermost part of the tuft locally reflects vapor-phase F 
type crystallization (Smith, l96eb). The tuft has the zona- r.  
tion of a simple cooling unit.  

Petrographically, the rock c'-n be distinguished from all a 
other ash-flow tuffs at the Nevada Test Site by the criteria S, 
shown in figure 5. It typically contains hornblende, like %i 
the other calc-alkalic tufts and lavas of the Sleeping Butte P 
center. The lower part has a plagioclase to alkali feldspar si 
phenocryst ratio of about 3:1 and ,.-y little or no quartz. w 
The upper part, in conurast, has about equal feldspar 
phenocrysts and sparse quartz. Phenocrysts seemingly 0 
increase slightly in the upper part, despite less compac. C 
tion and wtu.ding. Small euhedral quartz miaopheno- at

ctrysts. commonly less than 0.5 mm and nener exceeding 1.0 
mm. are diagnostic of the unit; two thin sections examined 
from the lowermost part of the tuft were quartz.free. but all 
sections cut from the upper pan contain quartz. The 
division between the upper and lower parts is based on 
petrography and has not been recognized in the field. The 
twofold division can be recognized in surface samples and 
also in drill core from the area northwest of Yucca Flat.  

The K-Ar age of sanidine in the local basal vitrophyre of 
the Redrock Valley Tuft from the type locality at hill 3504 
is 15.7 m.y.. which is in good agreement with K-Ar ages of 
the overlying and underlying units (Marvin and others.  
1970). This age is close to the onset of volcanism at the 
Timber Mountain-Oasis Valley caldera complex and 
postdates nearly all the volcanic activity in the Northern 
Nellis Bombing and Gunnery Range to the north (Ekren 
and others, 1971). The thermal remanent magnetization is 
reverse polarity (G. D. Bath, written commun.. 1968). Two 
chemica' anatyses of the tuft, one of the lower part and the 
other of the upper part. were made (W. D. Quinlivan and 
P. W. Lipman, written commun., 1974); the silica contents 
of these rocks are shown graphically in figure 5.  

CRATXR FLAT TUlT AND V4TiC CALATED LAVA 
The Crater Flat Tuft is here named from exposures 

around the edges of Crater Flat (fig. 4), which is designated 
the type area of the formation. The tuft consists of a lower 
member, the Bullfrog Member (new), - id an upper 
r'Tmýer. te Prow Pass Member (n-•.). and local, 
unnamed intercalated breccia, bedded tuft. and ash-flow 
Luff. Both members and the intercalated breccia are well 
exposed at the southeast end of an unnamed hogback at 
outh side of Crater Flat which is designated the type 
ocality of the Crater Flat Tuft (fig. 4). This is the only 
nown section in which both members are largely glassy 

Und virtually unaltered and, therefore, amendable to K-Ar 
'ge dating. The thicLness at the type locality totals about 
90 m (620 ft). of which the Bullfrog Member is 150m (430 
t), intercalated breccia, 10 m (30 ft), and the Prow Pass 
dember, 50 m (160 ;t).  
Th: Crater Flat Tuft has been shown as '*tuff of Crater 

lat" on several U.S. Geological Survey 7 k.-minute quad
angle maps (fig. 2) covering the southern part of the 
,evada Test Site (Christiansen and Lipman, 19653 Orkild 
nd O'Connor, 1970; Poole, Elston, and Can-, 1965; 
argent and others. 1970). On the east side of the 
Iahmonie volcanic center (Poole, Elston. and Car. 1965; 
oole, Can', and Elston, 1965) a local middle ash-fiob, tuff.  
milar to the underlying Bullfrog Member. is included 
ith the formation.  
A local intercalated rhyolite lava in the south wall of the 
asis Valley caldera segment (fig. 4) is not included in the 
rater Flat Tuft. in accordance with prior practice by 
athors of reoorts on Nevada Test Site geology. This lava
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TUFFS AND LAVAS RELATED TO SLEEPING BUTTE CALDERA

is described here becaus it has about the same phenocrys 
ratios as the underlying Bullfrog Member-suggestive oti 
common origin. The lava has been altered in most placet 
along with the underlying member and cannot con.  
veniendy be mapped separately. It has been included with 
the Crater Flat Tuft on the map of the Timber Mountain 
caldera area JByers and others. 1976).  

Duplicate K-Ar ages on biotites from vitrophyre in the 
lower part of the Bullfrog Member are 14.0 and 13.0 m.y.  
For reasons previously discussed (Marvin and others. 1970.  
p. 2667). the 14.0-m.y. age is believed more reliable. The 
natural thermal resnanent magnetism of both members of 
the Crater Flat Tuft is normal (G. D. Bath. written 
comnnun., 1965).

Sunknown. If an original area of 6.00 kmt (2.500 mi2).  
I twice that of the Redrock Valley Tuft. were covered, a 
I maximum of 1.000 km s (250 mis) may have originally been 

present.  

The Bullfrog Member is commonly conformable on 
underlying bedded ash-fall tuft, which in turn separates 
the Bullfrog from the underlying Redrock Valley Tuft. In 
the Bullfrog Hills and on the eastern flank of the Grape.  
vine Mountains (fig. 4), the member rests concordantly on 
bedded tuffaceous sandstone that overlies the Oligocene 
Titus Canyon Formation (Stock and Bode, 1935). At the 
type locality at Bullfrog Mountain. the member rests on 
cooling unit I of Cornwall and Kleinhampl (1964). To the 
east along the southern border of its known extent, the 
member rests on the rocks of Pavits Springs (Poole. Elston.  
and Carr. 1965; Poole. Can, and Elston, 1965). The 
member is overlain at the type locality of the Crater Flat 
Tuff by a monolithologic breccia composed of fragments 
of the member. It is overlain by the lava flow that is petro
graphically similar to the member in the south wall of the 
Oasis Valley caldera segment (fig. 4'. Elsewhere the Bull.  
frog Member is overlain by bedded tuff of the Crater Flat.  
which, in turn, is overlain by the Prow Pass Member.  
Locally on the east flank of the Wahmonie volcanic center.  
a middle ash-flow petrographically similar to the under
lying Bullfrog Member intervenes between the members.  
In drill hole UE20j on Pahute Mesa. the Bullfrog Member 
is separated from the overlying peralkaline Tub Spring 
Mer .'er of the Belted Range Tuff (Noble, Sargent. and 
others, 19%8; Orkild and others, 1969j by 51.8 m i 70 ft) oi 
bedded ash-fall tuff. In drill hole UE20f, lavas of per
alkaline composition occur below the member, and the 
tuff of Tolicha Peak occurs above the member. In 
exposures just north of Redrock Valley and in drill cores in 
the Rainier Mesa area the Bullfrog Member occurs as a 
local nonwelded tuff at or near the top of tunnel bed I of 
the Indian Trail Formation (D. L. Hoover, oral commun..  
1974).  

In lithology and petrography the caic-alkalic Bullfrog 
Member of the Crater Flat Tuff is generally similar to the 
Redrock Valley Tuff but differs in containing significant 
euhedral quartz phenocrysts (fig. 5) as long as 2.5 mm. The 
member has a feldspar compositional zonation wirh 
plagioclase significantly in excess of alkali feldspar in the 
lower part and feldspars subequal in the upper part. The 
commcn biotite flakes in small (1-3 cm) white pumice 
lenticles are an idenufying criterion which, along with 
readily vi.ible quartz phenocrysts, serve to distinguish the 
member irom the Redrock Valley Tuff. The ash-flow sheet 
"is brown and glassy in the lower part at the type locality of 
the Crater Flat Formation at the south side of C.-,ter Flat, 
but elsewhere the Bullfrog Member is light yellowish gray, 
slightly mottled with yellow and pale reddish brown and 
microcrystalline from base to top. The sheet, where the top

BULLFROG MEMBER 
The Bullfrog Member. whose known distribution is 

shown in figure 4, is here named for the lower ash-flow 
sheet of the Crater Flat Tuft from exposures at Bullfrog 
Mountain (fig. 4). The type locality of the member is 
exposed on the mountain just north of the original Bull.  
frog mine, shown on the Bullfrog quadrangle (fig. 2) 
mapped by Cornwall and Kleinhampl (1964, pl. 4). These 
authors (1964, pl. 5. p. Jl0) described the member as 
cooling unit 2 of their Bullfrog Hillscaldera and showed a 
composite thickness of 280 m (930 ft) in the Bullfrog Hills.  

The Bullfrog Member is 130 m (430 ft) thick in the type 
locality of the Crater Flat Tuft at the south end of Crater 
Flat and is locally as much as 180 m (600 ft) thick in the 
northern part. Exposures of the member either are 
incomplete or were not mapped separately east of Crater 
Flat; therefore, maximum thicknesses are not known, but 
are probably as much as 150 m (500 ft) in paleovalleys.  
Thicknesses in Yucca Flat and in the Rainier Mesa area to 
the northwest do not exceed 120 m (400 ft). As the distal 
edges are approached, such as near the southwest comer of 
Lincoln County, the thickness of the unit ranges from 15 
to 30 m (50 to 100 ft).  

The unit is incompletely exposed south of Sleeping 
Butte (fig. 4), but probably the thickness does not exceed 60 
m (200 ft). From drill hole UE20j to UE20, just outside 
and inside the Silent Canyon caldera. respectively, the unit 
decreases slightly from 170 to 130 m (560-430 ft) in 
thickness (Orkild and others. 1969, section A-A'). The 
unit probably predates the formauon of Silent Canyon 
caldera, for there is no great difference in thickness 
between the two holes inside and outside the caldera. and 
the unit has been downdropped 2.660 m (8.720 ft) to the 
east along later caldera faults (Orkild and others, :969, 
section A-A').  

The Bullfrog Member probably originally c--ered a 
larger area than that indicated on figure 4 and may have 
extended into the Death Valley area west of the Grapevine 
Mountains and southwesterly under the Arnargosa Desert.  
The northwestern extent under Sarcobatus Flat is also

I1I
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"TIMUR MOUNTAIN-OASIS VALLEY CALDERA COMPLEX. N[VADA

is not eroded, has an upper pan that contains crystals o 
the vapor-phase zone in pumice. In the Bullfrog Hills, thi 
member is silcified and locally mineralized with sulfide

Sand 
gold (Cornwall and Kleinhampl, 1964. p. J22) and i 

moderately welded. In the Yucca Flat area, northen 
Frenchman Flat. and in drill hole UE20j (fig. i). thi 
member is nonwelded to slightly welded and the origina 
glass is now altered to zeolites.  

In drill hole UE20f (fig. 4) where the tuff member wa.  
penetrated between depths of 3,500 and 3,650 m ( 1l,50C 
and 12.000 ft), the biotite has been completely replaced by 
chlorite, and the feldspars have been partly replaced by 
sericite. All these differing facies and degrees of alteration 
of the ash-flow sheet might cause great difficulty in 
correlation were it not for the lateral per-sistence of a 
unique phenocryst assortment (fig. 5). general strati.  
graphic position, and certain lithologic features, such as 
small, flattened biotite-bearing pumice lenticles not 
destroyed by alteration.  

The petrochemistry (W. D. Quinlivan and P. W.  
Lipman. written commun.. 1974) of the Bullfrog Member 
is similar to that of the underlying Redrock Valley Tuff 
(fig. 5) in that the lower part of the ash-flow sheet is 
slightly more mafic and less silicic than the upper pan.  
Although sampling has been limited, field observations 
suggest no sharp break between the upper and lower parts; 
the subdivision is arbitrary and based on petrography.  

INTERCALATED LAVA FLOW 

~ A brownish-gray fluidal lava flow overlyirg the Bull
frog Member but not part of the Crater Flat Tuff is exposed 
in fault blocks in the south wall of the Oasis Valley caldera 
segment (fig. 4). The lava pinches out a short distance 
south of the wall, for exposures of both members of the 
Crater Flat Tuff at Prow Pass and at the north end of 
Crater Flat include only intervening bedded tuff. A down
faulted portion of the lava is doubtless buried beneath 
younger volcanic rocks in the Oasis Valley caldera 
segment. The exposed part of the lava flow does not exceed 
60 -n (200 ft) in thickness.  

The Prc',v Pap's ,'vember rests directly on the lava, but as 
much as 15 m (50 ft) of bedded tuf' separates the lava from 
the underlying Bullfrog Member.  

The lava superficially resembles ,he underlying Bull 
frog Member, but its fluidal flew banding identifies itasa 
lava flow. The lower part locally includes a virrophyre, 
whereas the brownish-gray uppermost part contains 
spheroidal white pumice with abundant fit,€ biotite 
phenoc-ysts resembling the tuff. The thin-section modes 
of three specimens of the lava are well within the range of 
22 modes of the Bullfrog Member (fig. 5). Two chemical 
analyses of the lava (W. D. Quinlivan and P. W. Lipman.  
written commLon.. 1974) indicate that the devitrified

it specimen is several percent higher in SiO, content than is 
e the specimen of the basal vitrophyre (fig. 5).  
1 

PROW PASSME.IEt[R 

The Prow Pass Member of the Crater Flat Tuff is here 
• named after Prow Pass. the type locality, at the north end 

of Yucca Mountain (fig. 4). At the type locality at Prow 
Pass. 15.2 m (50 ft) of devitrified welded tuff constitutes the 

s upper cooling unit of the Crater Flat The member is 
I slightly thicker and more densely welded in the northern 

part of the Crater Flat area than it is in the southern part.  
At the type locality of the Crater Flat Tuff (fig. 4), the 
member is5Om (160 ft) thick, but is partly glausy and only 
slightly welded. Near the eastern and southeastern edges of 
its extent, uht- Prow Pass Member isabout 15 m (50 ft) thick 
and. like the Bullfrog Member. it is nonwelded and 
zeolitized. The member has not been recognized and 
probably is not present outside the Timber 
Mountaii.-Oasts Valley caldera complex north of the area 
shown in figure 4. The estimated extracaldera complex 
volume of the unit is only about 30 kin' (8 miS), but the 
member may be several times thicker within the complex 
where an equal or greater volume could be present.  

The Prow Pass Member underlies all the construc.  
tional lavas of the calcic Wahmonie-Salyer volcanic center 
(Poole, Elston. and Carr, 1965; Poole. Carr. and Elston.  
1965; Noble and others. 1965) And the rhyolite Javas of the 
Calico Hills (Christiansen and Lipman. 19" j). The age 
relations to the post-Crater Flat tuffs on the west rim of 
Sleeping Butte caid-.ra segment are unknown from strati
graphic relations but the member may be older, on the 
basis of an inferred upward increaseof phenocrystic alkali 
feldspar (fig. 5), typical of tbe later volcanic suites. The age 
relations to the peralkaline Tub Spring Member of the 
Belted Range Tuff (Sargent and others, 1963) are 
uncertain, but the member undtcrlies a phenocryst-poor 
green peralkaline ash-fall tuff that underlies the Grouse 
Canyon Member of the Belted Range Tuff (fig. 5).  

The caic-alkalic Prow Pass Member has some general 
similarities in lithology to the Bullfrog Member, but it is 
thinner, generally less welded, and practically devoid of 
biotite. The unit is generally light graw, grayish pink. or 
moderate orange pink wheredevitrified. but is light brown 
where glassy at the type locality of the Crater Flat.  
Petrographically, it is a unique unit of all the silicic tuffs 
of the region in that it contains orthopyroxene as the 
dominant mafic phenocryst (fig. 5) and. in the extreme, 
almost lacy resorption of the quartz phenocrysts. Noother 
ash-flow sheet in the region could be mistaken for this 
unit. However, orthopyroxene is preserved only in the 
glassy upper and lower parts of the cooling unit at the type 
locality of the Crater Flat Tuff; elsewhere the unit is 
devitrified and only smudgy opaque oxide pseudomorphs

14



TUFFS AND LAVAS RLLATED TO SLEEPING BLTTE CALDERA

remain. The silica conter1ts of two deviuified specimens 
-re shown grakically in figure 5.  

M OF I , Irv NG IUFTI AND THEIR IILLATION TO 

CALMIRA WALL 
Rocks under this heading comprise a sequence of three 

similar ash-flow tuff cooling units occupying the west rim 

of the Sleeping Butte caldera in the vicinity of Sleeping 

Butte (fig. 4). The caldera rim is delineated for several 

miles by the axis of an easterly dipping monocline in the 

tuff. The tufts of Sleeping Butte are slightly more than 500 

m (1.000 ft) thick at Sleeping Butte. where the upper 

cooling unit is weli exposed. Along the west rim of the 
caldera the monocline exposes 150-240 m (500-800 ft) of 

the tufts. The outcrop area shown in figure 4 is delimited 
by the onlap of younger rocks.  

The monoclhne dips easterly under the peralkaline 
Grouse Canyon Member of the Belted Range Tuff and 
younger rocks, which fill the Sleeping Butte caldera 
"segment. Near the southern end of the exposure, relatively 
unfraaured but locally vertically dipping tufts of Sleeping 
Butte probably onlap the highly fractured caldera wall 
consisting of the Redrock Valley Tuff and the Bullfrog 
Member of the Crater Flat Tuff. although the contact is 
not exposed. The local vertical attitude in the onlapping 
tufts of Sleeping Butte strikes north, parallel to the 
inferred caldera wall, and is typical of the most easterly 
exposure. The steep initial dip of the tufts probably 
",ccurred as they were compacted and plastered against the 

eping Butte caldera wall.  
fhe inferred younger age relation of the tufts of 

Sleeping Butte to the Prow Pass Member of the Crater Flat 
Tuff is suggested partly by the close stratigraphic 
succession of the units of the Crater Flat Tuff, and partly 
by the increase of alkali feldspar upward. The unfractured 
nature of the tuffs with respect to the highly fractured 
Bullfrog Member also indicates their younger age, 
probably as postcaldera tufts draped over a wall composed 
of the Bullfrog Member and older rocks.  

The three ash-flow rooling units of the tufts include a 
lower nonwelded to partly welded. phenocryst- poor shard 
tuff (not shown in figure 5). a middle purple welded tuff 
that contain, fluidal flow banding where it dips inward 
(easterly) into the caldera, and an upper tuff. mainly 
exposed around Sleeping Butte. Ali the tufts of Sleeping 
Butte are mostly light purplish gray, light brown, and 
microcrystalline; basal virrophyres are practically non
existent and the rocks are commonly mildly silicified and 
sericitized to the extent that former plagiorlase pheno
crysts are completely gone. Xenoliths are common and 
consist mainly of altered silicic volcanic rock .•.,d less 
common pilotaxitic intermediate an'. mafic lava. The 
fluidal flow banding of the middle unit. localiy vertical, 
occurs only at its eastern margin where it dips into the 
inferred Sleeping Butte caldera.

The thin.secton modes of the middle and upper tufts of 
Sleeping Butte are pooled graphically in figure 5. The 
lower shard-rich tuff is phenocryst-poor (2 to 3 percent 
phenocrysts) somewhat altered, and therefore nos pooled 
with the overlý ing units. Its phenocryst percentages. based 
on only two sections. are roughly similar to those of the 
middle and upper unit, the chemical analysis (W. D.  
Quinlivan and P. W. Lipmnan. written commun.. 1974) 
indicates a more silicic rock at 75.1 percent StO2 (water
free) than the two phenocryst-rich specimens of the middle 
and upper units (fig. 5). The middle and upper unJts are 
similar, in modal petrography except for sparse 
pigeonitic(?) clinopyroxene (low 2V. slightly pleochroic 
in pale green and yellow) in addition to hornblende in the 
upper unit. This is the oldest unit containing significant 
clinopyroxene phenocrysts. The presence of pigeonitic 
(low Ca) clinopyrcxene in the highest stratigraphic unit of 
the tufts of Sleeping Butte is analogous to the occurrence 
of orthopyroxene (low Ca) in the Prow Pass Member, the 
uppermost cooling unit of the Crater Flat Tuff.  

High potassium (W. D. Quinlivar- and P. W. Upman.  
written commun.. 1974) in all three tufts is due partly to 
very minor sericite replacing plagioclase. but the 
dominantly alkali feldspar phenocrysts indicate that most 
of the potassium is primary. Therefore, these youngest 
rocks of the Sleeping Butte caldera center approach the 
alkali-calcic composition of the overlying Paintbrush and 
Timber Mountains Tufts and may be products of a late 
alkali enrichment in the upper part of the Sleeping Butte 
magma chamber.  

TUFT Of TOLIC•A PEAK 

The tuff oi Tolicha Peak (Noble and Christiansen, 1968: 
Rogers and others, 1968) is a local phenocryst-poor 
densely welded shard tuff. about 60 m (200 ft) thick, that 
occurs above the Bullfrog Member of the Crater Flat Tuff 
in drill hole UE20f (fig. 4; Orkild and others, 1969. cross 
section A-A'). The unit crops out in the north half of the 
Black Mountain 15-minutc quadrangle (fig. 21, and in the 
southwest quarter of the quadrangle in the vicinity of 
Quartz Mountain and Tolicha Peak (fig. 1); it was 
penetrated in a drill hole in eastern Yucca Flat. The unit is 
distinctivc lithologically and also petrographically in that 
it contains sparse quartz and plagioclase dominant over 
alkali feldspar. The tuff may be related to the Sleeping 
Butte caldera (Christiansen and others, 1976); however. E.  
B. Ukren (oral commun., 1974; Ekren and others, 1971, p.  
60) has evidence suggesting a source from the north in the 
Mount Helen area (fig. 4).  

aIOTMrHORNOLINDE ILHYOLITE LAVAS 

WEST OF SPLUT RuJ• 

Two calc-alkalic rhyolite lava flows and underlying 
petrographically similar ash-flow and ash-fall tufts inter
tongue with peralkaline members of the Belted Range
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Tuft and related lavas (Sargent and others, 1965; Noble.  

Sargent. and others, 1968) in the triangular salient 

between Silent Canyon caldera, Timber Mountain 

caldera, and the peralkaline lava pile of Split Ridge (fig.  

4). The rocks occupy approximately the same strad

graphic position as the tuffs of Sleeping Butte; they also 

contain homblende but are petrographically more mafic 

like the Redrock Valley Tuft (fig. 5). They are therefore 

generally similar to other calc-alkalic rocks grouped under 

Sleeping Butte caldera and are included here for 

convenience. Magnetic polarity determinations by G. D.  
Bath (written commun.. 1965) indicate a reverse orienta
tion in these rocks in contrast to normal remanent 
magnetization of the enclosing peralkaline rocks.  

The two lavas and underlying tuffs were called quartz 

latite flows and quartz latite tuff on the geologic map of 

the Ammonia Tanks quadrangle (fig. 2; Hinrichs and 

others, 1967); however, the one analyzed vitrophyre of the 

lower, more mafic, plagioclase-rich lava is chemically 
rather silicic at 73.9 percent SiC) (fig. 5), and total alkalis 
aze 7 percent (W. D. Quinlivan and P. W. Lipman, written 

commun., 1974); hence these rocks are called rhyolite in 

this report and on the geologic map of the Timber Moun

"tain area (Byers and others, 1976). Hinrichs, Krushensky, 
and Luft (1967) show a maximum thickness of 364 m 

(1,195 ft), comprising 114 m (375 ft)of underlying tuff. 174 

m (570 ft) of lower lava. and 76 m (250 ft) of upper lava.  
The lower flow is a thick lenticular exposure in a short 
canyon tributary to Timber Mountain caldera; the over
lying and underlying units are mere stratiform and do not 
pinch out within the exposed area.  

The biotite-homble-de tuff-lava sequence west of Split 
Ridge is transected by green, peralkaline feeder dikes and 
vent breccias of the rhyolite complex of Split Ridge and is 

also overlain by greenish-gray peralkaline bedded tuff

breccia under the rhyolite lava of Split Ridge. which in 

turn underlies the Grouse Canyon, the upper member of 

the Belted Range Tuff. The sequence overlies greenish
yellow peralkaline bedded tuff that in turn overlies the 

Tub Spring, the lower member of the Belted Range Tuff.  
The basal tuffs include two, possibly three, nonwelded 

ash-flo.s tuf's as much as 23 m (75 ft) thick, and inter
calated bedded tuff. They ar- yellowish gray, weather 
lighter gray, and are typical of calc-alkalic zeolitized tuff 

stradgraphically between the Grouse Canyon Member 
and the Crater Flat Tuff in the area between Yucca Flat 

and Timber Mountain caldera (fig. 4). The phenocryst 
mineralogy of these basal tuffs is generally similar to that 

of the overlying biotite-hornblende rhyolite lavas.  

The lavas superficially resemb!'e other calc.alkalic 
'~ rhyolite lavas associatedwith the Timber Mountain-Oasis 

Val!ey caldera complex. Both ;avas have a glassy breccia 

envelope, a dark basal vitrophyre, and a purplish-gray 

fluidal flow-banded middle part with conspicuous small

phenocrysts. less than 2mm. of feldspar, biolite, and horn
blende (fig. 5). The occurrence of a few phenocnvsis of 
sphene in every thin section of these lavas contrasts with 
the sporadic occurrence of sphene in other volcanic rocks 
of the Sleeping Butte caldera.  

PERALKALINE ROCKS OF SILENT CANYON 
CALDERA 

A complete description of the peralkalinz rocks rrl.t-d 

to the Silent Canyon caldera center is beyond the scope of 

this paper these rocks are described elsewhere (Sargent 

and others. 1965: Noble. Sargent. and others. 1968: Orkild 

and others. 1968; Orkild and others. 1969: Sargent. 1969-.  

Noble and others, 1969; Noble. 1970; and Christiansen and 

others. 1976). These unique rocks, however, provide an 

extrermeiy helpful datum for stratigraphic assignments of 
the rocks of the Timber Mountain-Oasis Valley caldera 
complex and. therefore, are mentioned briefly here.  

The comniditic Tub Spring and Grouse Canyon 
Members constitute. respective'ly, the lower and upper ash
flow sheets of the Belted Range Tuff (Sargent and others, 
1965). Many peralkaline lava flows, including the rhyolite 
lava of Split Ridge, are genetically related to these sheets 
and occur within and around the Silent Canyon caldera 

center (Noble. Sargent. and others. 1968). The Tub Spring 
Member overlies the Crater Flat Tuff in drill b'ole UE20j 
(fig. 4). and the exposed uppermost part of the Tub Spring 
underlies the calc-alkalic biotite-homblende rhyolitic 
rocks west of Split Ridge. The Grouse Ca: on Member is 
much more widespread, covering about z.000 km 2 (3,000 
mi?) (Noble. Sargent. and others, 1968, p. 67), and 
represents the peak of peralkaline igneous activity. The 
maximum extracaldera thickness is about 90 m (300 ft), 

and the original volume of the member is about 200 km 3 

(50 mi'). The Grouse Canyon and related pera!kaline 
rocks (fig. 5) separate the underlying calc-alkalic rocks of 

the Sleeping Butte caldera frm overlying similar calc
alkalic effusives that were erupted from the Area 20 center 
late in the development of Silent Canyon caldera.  

STOCKADE WASH TUFF 
AND RELATED CALC-ALKAUC ROCKS 

ASSOCIATED WITH SILENT CANYON CALIDERA 

The Stockade Wash Member was first named by 
Hinrichs and Orkild (1961. p. D98) as a unit of the Oak 
Spring Formation from the thick exposure in Stockade 
Wash south of Rainier Mesa (fig. 6). The member was 
mapped in Rainier Mesa (Gibbons and others. 1960) and 

Tippipah Spring quadrangles (fig. 2; Ork.ld. 1963) Poole 
and McKeown (1962. p. C61) raised the rank of the Oak 
Spring to group status and divided it into the Indian Trail 
and Piapi Canyon Formations. Their Piapi Canyon 

included, in ascending order, the Survey Butte. Siockade 
Wash. Topopah Spring, Tiva Canyon. and Rainier Mesa
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FIGuIK 6.--.lsopadts ol Stockade Wash TuI. Stockade Waah(?) Tull. and tufif •4d ]lackop lutmes in relation to Silent Canton cadema.  

Members. Latr O~rkild (1965) abandoned the Oak Spring di'ision of these formations, which included the Stockade 
Group and raised the• Piapa C~anyonm to group, consistingI Wash Memnber at the base of the Paintbrush, is shown in 

of the Paintbrush and Timber Mountain Tufis. His sub- the left column of figure 7.

"BEST AVAILABLE COPY"
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Fc~uax 7 (above and right).-Sea.mtgrphic relations and revsions of Stockade Wash, Paintbrush, and Timber Mountain Tuifs.  
Timnber Mountain caldera and vWcuary. Dwrk-shaded units intertongue with these named tu~ffs but ame not part of them. Diagonal 
-sling indicates unit is ame premai light shading. bedded luff.

The Stockade Wash Member is herein removed as the 
basal unit oC the Paintbrush Tuff and raised to forma.  
tional rank (second column, fig. 7) because .- is litho
logically and petrologically unlike the ash-flow tuff units 
of the Paintbrush and appears more closely related to the 
cak-alkalkc tufts and rhyolite lavas of Area -20 in Silent 
.Canyon caldera. The areal distribution of the Stockade 
Wash Tuff and closely related units is shown in figure 6.

The tuff reaches its maximum thickness of slightly more 
than 120 m (400 ft) along the west side of Rainier Mt.a and 
also in the low hills north of Frenchman Flat (fig. 6) where 
Hinrichs and McKay (1965) mapped the unit as the 
Stockade Wash(?) Member. Subsequent field and petro
graphic work have established the identity of their unit in 
the northern Frenchman Flat area with that at the type 
section. The volume of the Stockade Wash Tuff is

to
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probably between 20 and 40 kms (5 and 10 mi3 ). depending 
on its largely unknown thickness and extent under Yucca 
and Frenchman Flats.  

The areal distribution pattern of the Stockade Wash, 
trending generally southeast from Silent Canyon caldera, 
is similar tc that )f the peralkaline ash fall of the Belted 
Range Tuff (Noble and others, 1968, fig. 2). which came 
from Silent Canyon caldera. and is unlike the distribution 
patterns of members of the Paintbrush Tuff (figs. 8, 9) 
which originated in the southern or southwestern part of 
the Timber Mountain-Oasis Valley caldera complex. The 
closest exposure of the Stockade Wash Tufl to the type 
section of the Paintbrush is about 15 miles.  

The Stockade Wash Tuff, where present in the Rainier 
Mesa and Yucca Flat areas, rests on zeolitc tuffs of the tufts 
and rhyoli:e lavas of Area 20 but has cm been recognized in 
drill holes inside Silent Canyon caldera (rfip. 6 and 7). The 
lithic-rich ash-flow tuff in the lower part of the tufts and 
rhyolite lavas of Area 20 within Silent Canyon caldera

(Orkild and others, 1969) has a=~ been recognized in 
several drill holes in Yucca Flat where it reaches a 
maximum thickness of 64 rn (210 ft). The lithic-rich ash.  
flow tuff is separated from theoverlying Stockade Wash by 
less than 10 m (35 ft) of zeolitic lithic-rich bedded tuff and 
rests on die Grouse Canyon Member of the Belted Range 
Tuff. The Stockade Wash Tuff is overlain by quartz-free 
friable glassy bedded tuff of the Paintbrush Tuff (Orkild, 
1965), although, locally, a few metres (10 ft) of '.eolitic 
lithic-rich bedded tuff occurs between the Paintbrush and 
the Stock:ide Wash. The best correlation of the Stockade 
Wash, baed on petrography, is with the lower part of the 
lower rhyolite lava of the tufts and rhyolites of Area 20 (see 
fig. 5). analogous to the relation of the Bullfrog Member 
of the Cr•ter Flat Tuff with the petrographically similar 
lava (fig. 5). The Stockade Wash Tuff was probably 
erupted from the same magma as the lower lavas just 
before, in between, or just after the sequence of several 
lower rhyolite lavas of the tufts and rhyolites of Arma 20,
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which underlie the Paintbrush Tuft (fig. 7; Orkild and 
others. 1969). Therefore, where zeolitic quartz-bearing 

lithic-rich cuff are present beneath or just above the 

S Stockade Wash, they are assigned to the tufts and rhyolite 

lavas of Area 20, rather than to the Paintbrush Tuft (fig. 7).  

The Stockade Wash Tuff is a simple coolkng unit of 

massive nonwelded to partly welded ash-flow tuff having 

4-9 percent of small phenocrysts generally less than I mm 

in length. It is characterized in the field by randomly 

oriented orange pumice fragments that average half an 

inch in length in a pale-yellowish-gray to light-yellowish
brown matrix. Locally the tuff is zeolitized at the base 

(Hinrichs and Orkild. 1961. p. D98; Gibbons and others, 

1963). Despite its partly we!ded character, the Stockade 

Wash Tuft is a cliff-former and locally south of Stockade 

Wash contains rosettes of closely spaced polygonal joints 

possibly localized by lumaroles during cooling.  

The Stockade Wash Tuft lithoiogically and miner

alogically resembles two local massive nonwelded to very 

slightly welded simple cooling units, one of which is 

found outside the Silent Canyon caldera on the east and 

t&e other within the caldera (fig. 6). The one east of Silent 
Canyon caldera was mapped as Stockade Wash(?) Member 
of the Paintbrush Tuff in Quartet Dome quadrangle (fig.  

2; Sargent and others. 1966). This cooling unit is likewise 
raised in rank to Stockade Wash(?) Tuft. The other cooling 
unit that resembles the Stockade Wash is the tuff of 
Blacktop Buttes (cols. 5 and 6. fig. 7; Hinrichs and others, 
1967; Orkild and others. 1969). which is entireiy confined 
-.,,thin the Silent Canyon caldera (fig. 6). This tuff inter
tongues with the Paintbrush Tuft (as restricted in this 

paper) and was mapped with the Paintbrush on two 

geologic maps (Hinrichs and others. 1967; Orkild and 

others. 1969). Because of its lithologic similarity to the 
Stockade Wash, however, this tuff is herein regarded as 
local informal unit separate from the Paintbrush.  

The Stockade Wash and Stockade Wash(?) Tuffs and the 

tuff of Blacktop Buttes are all characterized by sparse to 

abundant dark-greenish-gray dense devitrified xenoliths 

of peralkaline volcanic rock. These xenoliths closely 

resemble the peralkaline rocks, including the devitrified, 

microcrystalline facies of the rhyolite of Split Ridge and 

the Grouse Canyon Member of the Belted Range Tuft 

from the floor and the rim of Silent Canyon caldera. We 

therefore infer that these units were extruded from vents 

inside or on the rim of Silent Canyon caldera.  

Average modal analyses of the Stockade Wash Tuff, 

Stockade Wash(?) Tuft, and tuff of 3lacktop Buttes are 

compared in figure 5 with the !'vas of the tufts and 

rhyolites of Area 20: the intracaldera lavas are arbitrarily 

placed together. The modes suggest that the Stockade 

Wash and Stockade Wash (?) Tufts each may generally 

correlate with the lower and the upper lavas. respectively,

of the tuffs and rhyolites of Area 20. The Stockade Wash(?) 
Tuft. therefore, probably slightly postdates the type 
Stockade Wash and is a separate cooling unit. The tull of 

Blacktop Buttes is known to be the youngest, for it p(ot
dates all the lavas of Area 20 (Orkild and others. 1969) and 
intertongues with two lavas related to the Paintbrush Tuf I 
(cols. 5 and 6. fig. 7). In contrast with thin.section mode,, -4 
Paintbrush Tuft units, the Stockade Wash and rclioid 
tuffs contain common to abundant quartz and no 
clinopyroxene. although clinop7roxene has been found.e • 
a minor constituent of heavy-mineral separates.  

Percentages of nonmagnetic heavy mineral separaw" 
from the Stockade Wash Tuft and probable related cil(
alkalic units associated with the Silent Canyon caldera are 

compared with those separated from some units of the 

Paintbrush Tuft in table 2. The tufts and rhvolite lavas of 

Area 20, the Stockade Wash Tuft. the Stockade WVash(?) 
Tuft. and the t:iff of Blacktop Buttes are all characterized 
by a high allanite/sphene rati,. and very low content of 
augite in contrast to alkali-calcic tuff units of the Paint
brush. In the Topopah Spring Member, however, the 
paucity of both allanite and sphene makes the ratio 

insignificant for comparison. None of the three Paint
brush units contain orthopyroxene in the heavy mineral 
assemblage, but the Stockade Wash Tuft and tuff of 
Blacktop Buttes each contain 1 percent. The trace amounts 
of aegirine-augite ini the tuffs and rhyolite la%, s of Area 20.  

as well as in the Stockade Wash (?) Tuft anc n the tuff of 

Blacktop Buttes. may have been derived from abundant 
peralkaline xenoiiths.  

Chemical analyses of the lavas of Area 20 and the 
Stockade Wash Tuftf Were made (W. D. Quinlivan and P.  

W. Lipman. written comtaun., 1974); silica percentages of 
glass and divitrified rocks are plotted in figure5. The lavas 

of the tuffs and rhyolites of Area 20 become progressively 
more silicic upward. The de,itrified specimens are 
relatively enriched in silica with respect to the glassy 
specimens.  

In summary, the Storkade Wash and the tuff of Blacktop 
Buttes are removed from the Paintbrush Tuft and from the 
Piapi Canyon Group. The Stockade Wash is raised in rank 
to a separate tuff formation, because it is lithological Iy a nd 

petrographically unlikc any units in the Paintbrush Tuff 
but does show lithologic and petrographic affinities to late 
effusives occurring entirely within the Silent Canyon 

caldera The Stockade Wash(?) Member of Sargent. Luft.  
Gibbor.;, and Hoover (1966). which occurs just east of :'nd 

outside the Silent Canyon caldera, is also raised in rank 
but is retained as a queried unit because its petrographic 
features .uggest that it correlates with a slightly higher 

part of the intracaldera sequence. The tuff of Blacktop 
Buttes (Hinrichs and others. 1967; Orkild and others, 
1%68), the youngest ash flow entirely confin.ed to the Silent 

Canyon caldera, is regarded as an iniormal unit not 
assigned to a formally named formation.
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PAINTBRUSH TUFF AND ROCS RELATED TO 
CLAIM CANYON CAULDRON 

GENERAL FIATURM 

ORIGINAL AND REDEFINMON OF THE PAINTBRUSH TUFF 

The Paintbrush Tuff was defined by Orkild (1963. p.  
A49) from exposures in Paintbrush Canyon. a small gulch 
6.4 km (4i mi) northeast of Yucca Mountain (figs. 1. 8). The 
most complete stratigraphic section. however, is on the 
north end of Yucca Mountain where four members are 
well exposed. The Topopah Spring and Tiva Can',on 
Members are widespread welded ash-flow sheets that were 

first defined as members of the former Oak Spring 

Formation (Hinrichs and Orkild, 1961. p. D97) in the 

Yucc-: Flat area (figs. 1. 2). These members wer- sub

sequently inrluded in the Piapi Canyon Formation of the 

Oak Spring Group (Poole and McKeown, 1962. p. C61).  

"1he Yucca Mountain Member of the Piapi Canyon 

Formation was described by Lipman and.Christiansen 

(1964) and occurs between the Topopah Spring and Tiva 

Canyon Members (fig. 7) in the Yucca Mountain area (fig.  

8). Orkild (1965) included the Stockade Wish Member 

(Stockade Wash Tuff of this paper), the Topopah Spring 

Member. a newly defined Pah Canyon Member, and the 

Yucca Mountain ancd Tiva Canyon Members in his Paint

brush Tuff (fig. 7) of the Piapi Canyon Group.  

The Paintbrush Tuff is here redefined to include, in 

ascrnding stratigraphic order, the Topopah Spring. Pah 

Canyon. Yucca Mountain. and Tiva Canyon Members 

a.d similar. quartz-poow. informal ash-flow and ash-fall

tufts that occur between the top of the underlying Stockade 
W'ash Tuff, as herein defin-ed, and the base of the over
lying Rainier Mesa Member of the Timber ,•'.)untaia 
Tuff. except for thin local bedded lithicorich tuff that 
occurs just above the Stockade Wash (fig. 7). Excluded are 
the Stockade Wash Member, which was part of the 
original definition (Orkild. 1965). and also quartz.  
bearing. lithic-rich tufts of the tuffs and rhyolites of Area 
20. which occur between the Belted Range and Stockade 
Wash Tuffs and locally just above the Stockade Wash 
Tuff. In the Yucca Flat-Rainier Mesa area. these lithic-rich 
tufts were included in the 7aintbrush by Orkild (1965) as 
part of the now-abandoned Survey Butte Member (Poole 
and McKeown. 1962; Orkild, 1965) before the strati
graphic position of the lithic-rich tufts in the subsurface of 
Area 20 was known (Orkild and others. 1968 and 1969).  
Where the Stockade Wash Tuff is missing, the lower 
contact of the Paintbrush can almost always be recognized 
within'a few metres (several feet) as glassy quartz-poor 
friable tuff lyingon zeolitic quartz-bearing lithic-rich tuff.  
In northeastern Yucca Flat and locally elsewhere in and 
around Yucca Flat (fig. 8). bedded tuff of the Paintbrush 
rests directly on the Belted Range Tuff or on a local th,., 
peralkaline bedded sequence just above the Belted Range 
(Sargent and others, 1965; Noble and others. 1968).  

BEDDED TUFF 

The bedded tuff of the redefined Paintbrush. is generally 
recognized by the glassy state of contained shards and 
pumice lapilli and by its somewhat lesser induration than 
that of the underlying bedded tuif. The distinguithing
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abundance of quartz and lithic fragments is the best 
criterion for separating the bedded tuft of the Paintbrush 
from the underlying lithic-rich tufts of the tufts and 
rhyolhtes of Area 20.  

On the 7%-minuce quadrangle maps (fig. 2). bedded tuff 
of the Paintbrush was not distingpished consistenly from 
the underlying lithic-rich tufts and fron intertonguing 
bedded tuft of the Wahmonie Salyer volcanic center to the 
south (fig. 1; Poole. Carr, and Elston. 1965). Moreover. on 
the north and south rim of Timber Mountain caldera.  
some beds within the Paintbrush Tuft coarsen into tuft 
breccia toward lava vents and intertongue with rhyolite 
lava. In some places the tuft breccia was included with the 
lava flows; in others, it was mapped as bedded tuft. On the 
geologic map of the Timber Mountain caldera area (Byers 
and others. 1976), the bedded tuft map unit includes 
bedded tuft of the Paintbrush, lithic-rich bedded and 
nonwelded ash-flow tuffs of the tuffs and rhyolites of Area 
20, tuff-breccia around rhyolite lava vents, and other 
minor local nonwelded ash flows, such as the tuff of 
Blacktop Buttes. The grouping together of all this light
colored porous tuft sequence that occurs between the 
underlying Belted Range Tuft and the overlying Timber 
Mountain Tuff was necessitated by the difficulty in 
separating these various units in the field within the time 
allotted for the completion of maps at the Nevada Test 
Site. Drill cores have provided the means for positive 
separation and identification of these units in the sub
surface, in contrast to their generally low profile in 
outcrop.  

GEOLOGIC RELATIONS BETWEEN WELDED ASH-FLOW 
TUFFS. LAVAS. AND CLAIM CANYON CAULDRON 

Welded ash-flow tuff members of the Paintbrush Tuft 
intertongue with genetically related, alkali-calcic lavas 
that are not part of the Paintbrush and are within the 
Claim Canyon cauldron segment, which is the exposed 
high-standing southern remnant of the now largely buried 
Claim Canyon cauldron (fig. 8). Eruption of the members 
of the Paintbrush Tuff resulted in cauldron subsidence in 
overlapping areas within the inferred limits of the Claim 
Canyon cauldron shown in figure 8. All four tuff members 
are probably present within the buried part of Claim 
Canyon cauldron. The lowermost member, the Topopah 
Spring, is not exposed within the cauldron segment, but a 
fragment of intracauldron facies that was included in the 
Timber Mountain caldera debris flow was cored at a depth 
of 1.402 m (4,600 ft) in drill hole UE ISr (fig. 8); hence, the 
site of UEI8r was probably within the cauldron. North of 
Timber Mountain caldera, lavas intercalated with ash
flow tuff units are exposed in the wall of the caldera and 
were penetrated in drill holes north of the wall. Flow 
directions in the surface exposures indicate a southerly 
source (Cummings. 1964), probably from the rim area of 
the now-buried Claim Canyon cauldron within a few 
miles to the south.

Welded ash-flow tulfs of the Paintbrush Tuff and inter
calated lavas are several times thicke (table 3) inside the 
Claim C.-myon cauldron segment than where they are 
exposed on the cauldron rim (fig. I). A total thickness of 
more than 3,000 m (6.500 t) of Paintbrush Tuft and inter
calated lavas is present inside the Claim Canyon cauldron 
segment, but theTopopah Spring Member is nt e-iti. ed.  
The tuf of Chocolate Mountain and the tuff ol Pmnon 
Pass are informal map units of the Paintbrush ruff 
entirely within the Claim Canyon cauldron segment isee 
fig. 7). The tuft of Chocolate Mountain (table 3! 1% an 
extremely thick intracauldron welded quartz litite 
caprock of the Tiva Canyon Member and. at one critcal 
exposure, grades Jownward within a stratigraphic 
intervaJ of about 50 feet into the underlying main part of 
the Tiva Canyon Member. The tuff of Pinyon Pass is a 
separate overlying cooling unit which closely resembles 
the main part of the Tiva Canyon but-is not considered 
par: -f it iecause of the complete cooling break between 
Lhe units.  

TAuLA 3.-Thiwkneuws ou K-Ar ages of Pa•nsl•,h Tut/ unti end 
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and ouisse opt raujd~ron nn 
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L...l ý ,,k Pah Camne 
and Y -im o,. .  

o eff.Ph .. u . . ...... .... . m e8.  
Topo k $ 4Au. .................. 126 is? 

CimcI v .oo~ . - 1,-, 2.000
11.400kt) f.0

LITHOLOG I( AND FIELD RECOGNITION

There are few unique criteria that can be used to dis
tinguish individual welded tuff units of the Paintbrush 
Tuff in the field. Locally strong crystallization owing to 
slow cooling has destroyed primary textures, and so in 
places it is difficult to distinguiish tufts from intercalated 
lavas. The field geologist, following a long period of 
fairiliarization. eventually learns to distinguish on the 
basis of very subtle differences, individual cooling units it, 
a restricted area. Part of the problem of field identification 
arises from the fact that lithologic variations within 
individual welded tuft units tend to be similar for all units 
and to be much more conspicuous than variauons between 
equivalent parts of separate units.  

All the welded ash-flow units of the Paintbrush Tuff 
and even the intercalated lavas have crystalliLaiion zones
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similar to thoe described by Smith (Ig60b). and mom cf 
the lithologic conutats observed in outcrop are related to 
these zones. Color, for example, Ui related to crystalliza
tion zones in the following way- dark gPry t black, glassy; 
brownish gray, cryptocrystalline; light brownish gray to 
purplish gray. microcrystallif'; and light gray. coarsely 
miaocrystalline with granophyric texture in pumice 
lenticles. The light.gray granophyric tuffs are typical of 
the thick intracauldron sheets. The degree of welding is 
also similar for each ash-flow cooling unit and tends to be 
moderate to dense except at the very distal edges of the 
units. Notwithstanding these similarities there are a few 
features, such as lithic content, pumice content and size.  
and compositional zonations, that the experienced 
geologist can use in making field identifications.  
Generally modal analyses are necessary to identify a unit.  

TOPOPAJI SPRJNG MLMBER 

The Topopah Spring Member of the Paintbrush Tuff 
has been rather thoroughly descibed by Lipman.  
Christiansen. and O'Connor (1966); therefore. only the 
salient features are summarized here. The Topopah 
Spring, whose distribution is shown in figure 8. extends 
generally east of the Tiva Canyon Member but overlaps 
the member by more than 50 percent. Variations in thick.  
ness, with a maximum thickness of nearly 275 m (900 ft) on 
the west flank of the CP Hills (fig. 8). are mainly the result 
of paleotopography. The member is not exposed inside 
the Claim Canyon cauldron segment but an unknown 
volume of it is buried there. The total extracauldron 
volume is about 160 kms (40 mi3) (Lipman. Christiansen, 
and O'Connor, 1966); probably more than 250 kmi (60 
mi') was erupted.  

The unit has a high-silica rhyolitic lower zone and a 
quartz latitic upper zone or caprock. Near the south rim of 
the Claim Canyon cauldron segment (fig. 8) a middle 
xenolithic subunit containing granitic fragments 
separates the lower and upper parts (Lipman.  
Christiansen, and O'Connor. i966, fig. 18). Densely 
welded quartz latitic bedded tuff, which occurs at 
Prospector Pass (fig. 8) just west of the cauldron segm-nt.  
overlies the high-silica rhyolite zone and is probably very 
near the source area of the Topopah Spring area (Lipman, 
Christiansen. and O'Connor, 1966, p. F26).  

The modal compositions of the lower and upper 
compositional zones are shown in figure 9: the Topopah 
Spring is distinguished modally hfni j all oth-r members of 
the Paintbrush Tuff by the lack of sphene. The rhyolitic 
lower part of the -1 opopah Spring is also distinguished 
readily by a high plagioclase-to-alkali feldspar ratio, nut 
the quartz latitic caprock of the Topopah Spring is dis
tinguished from younger caprocks of the Paintbrush 
mainly hy the absence of sphene. Chemical analyses of the 
Jifferent ash-flow units of the Topopah Spring Member 

•- were published by Lipman. Christiansen, and O'Connor

(1966, table 2); the silica ranges of the high-silica rhyolite 
and quartz latite are shown in figure 9.  

The Topopah Spring Member can also be identified by 
its normal thermal remanent magnetization (G. D. Bath.  
written commun.. 1965). in contrast to revrrse polarities of 
younger units of the Paintbrush Tuff. Its K-Ar age is 13.2 
m.y.. in contrast to an average 12.5 m.y. for the Tiva 
Canyon Member (table 2).  

PA4 CANYON MILMBLR AND 3-ELATED PUI-PAH LAVAS 

The Pah Canyon Member is lithologically similar to the 
quartz latitic caprock of the Topopah Spring Member but 
is a simple ash-flow cooling unit without compositional 
zoning. Also. its silica content-74 percent (fig. 9)-falls 
in the rhyolite range in contrast to that of the Topopah 
Spring caprock. which is in the quartz latite range of 69-72 
percent. Flattened pumice lenticles, less than 2 cm in 
length, contrast with larger ones in the Topopah Spring.  
Sparse to com-ion ,mall cognate inclusions, mostly less 
than 0.5 cm. are distributed throughout the Pah Canyon.  
The extracauldiron extent of the Pah Canyon isonly about 
200 km 2 (75 mi2) (fig. 10). The extracauldron volume of the 
Pah Canyon does not exceed 20 km) (5 mis). but an equal 
or greater volume of the tuff -must be contained within the 
Claim Canyon cauldron, for the average thickness of the 
tuff inside the cauldron is at least three times that of the 
tuff outside. The buried areal extent inside the cauldron is 
probably greater than that outside the cauldron.  

Two lavc flows underlie the Pah Canyon wit.,in the 
Claim Canyon cauldron segment (figs. 3. 7). Their modes 
are pooled and are similAr to but slightly more mafic than 
that of the Pah Canyon (fig. 9). These pre-Pah Canyon 
lavas are the lowest stratigraphically in the Claim Canyon 
cauldron segment and are also closest to the cauldron wall.  
near which they are brecciated and silicified.  

LAVA•S AND ASH-FLOW TUFT ZETWE.N PA CANYO.N 
YUCCA MOUNTAIN MEMBURS 

One or more lava flows of similar composition were 
extruded on the Pah Canyon Mcmber before eruption of 
the Yucca Mountain Member within and just outside the 
Claim Canyon cauldron segment (fig. 10). At about the 
same time a local ash-flow tuff and two overlying lava 
flows were poured northward into Silent Canyon caldera 
(Cummings. 1964; David Cummings, written commun., 
1964) from the now-buried Claim Canyon cauldron. The 
local ash-flow tuff to the north was penetrated only in drill 
holes UEI9f and UEI9i (fig. 10). On the north side ot 
Timber Mountain caldera. the Pah Canyon and Yucca 
Mountain Membeus are not exposed or penetrated in drill 
holes, and so the local lavas and underlying tuff occur 
between the Topopah Spring and Tiva Canyon Members.  
The petrography (fig. 9) and cooling history of these local 
intercalated units on the north side. however, indicate that
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and extent of lavas between the member Geologic cross ctio.., shown in figures I]. 12. and 1.5

Canyon (fig. 10). The local ash-flow tuff and all the lavas 
at this stratigraphic position on both north and south 
sides of Timber Mountain caldsra have a thermal 
remanent magnetism that is reverse to the Earth's present

field (G. D. Bath. written commun., 1965). and is typical of 
post-Topopah Spring units of the Paintbrush.  

The lavas between the Pah Canyon and Yucca Moun
tain Members in Claim Canyon cau;dron segment are
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pyroae bearing and are almost identical in modal Petbo

graphy to the lower lava flow on the north side in Silent 
Canyon caldera. These lavas differ from the Pah Canyon 
in that sphem is more common and alkali feldspar pheno
crys are dominant over plagioclase; the modal ranges 
shown in figure 9 represent seven thin-section modes 

from the south side pooled with five from the north side of 

the Timber Mountain-Oasis Valley caldera complex. The 

74-percent silica content ot the lower lavas indicates a 

rhyolitic composition similar to that of the Pah Canyon.  

The local ash-flow tuft penetrated in drill holes UEI9i 

and UEl9 (fig. 10) is closely associated with theoverlying 

pyroxene-bearing lava flow. This ash flow is locally fused 

beneath the lava flow, as penetrated in drill hole UEI9f 

(figs. 10. 11). In drill hole UE19i, 4 km (2% mi) farther away 

from the inferred volcanic source, the two units are 

separated by nonwelded tuft, and a basal vitrophyre is 

present in the lava. Although the tuft resembles the Pah 

Canyon Member lithologically and was shown as Pah 

Canyon in a cross section by Hinrichs. Krushensky. and 

Luft (1967, section A-A'). both the tuft and the overlying 

pyroxene-bearing rhyolite lava (Byers and Cummings.

A 
S. S. W.  

7000' -%

40W

1967) have similar phenocryst ratios (table 4). The sub.  
surface tuff. moreover. differs modally from the Pah 

Canyon Member of the Paintbrush Tuft south of Timber 

Mountain caldera mainly in the sanidine/plagiodlase 

phenocryst ratio (2: I ). The Pah Canyon Member has about 

equal sanidine and plagioclase phenocrysts in the ,n,,le 

and contains other petrographic features that rtl.,i, it 

more closely to the underlying Topopah Spring Nlsu.iiwv 

The petrographic evidence and close association with ihr 

overlying pyroxene-bearing lava indicate that the lexi l 

subsurface tuft is probably slightly later than the P.ah 

Canyon Member and therefore is considered a lijoi 

ipformal unit of the Paintbrush Tuft. The close ,pjijll 

and temporal association of the tuft and the ls~a.  

combined with their close petrographic similarity alw 

suggest that they were probably erupted from the sane 

Claim Canyon cauldron vent, probably just inside the 

present noil, wall of the Timber Mountain caldera.  

The upper. hornblende-bea-ing lava flows are exposed 

in the north wall of Timber Mountain caldera (fig. 10).  

They originally flowed only a short distance northward 

(Cummings. 1964; David Cummings. written commun..

A' 
Genefal dirOCao•A of flow 1 ,3 from t-f-.red i~O'€ vent N. N.NW.  
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a 2000 4000 6000 FEET

500 1000 
Vwtiai aoeationi X 2

I00 METRES

F~uaz II.--Ge.nealized :eciion along A-A trubmgh drill ho.les UE19( and UEl9i. Silnt CanTon caldera. srawing retaions betwe~n subsurface 

ash-now lufl ol Paintbrush Tuii and overlying. mineralogically similar pre.Tiva Canyon rhyolite lava. Vitrophyms Own in black; 

rnawelded to partially welded wne. stppled. Infer-cd transitional contacn shown by %L.-dash line. Line of section ýhown in 

figuml & 10.
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1964). as shown by the fact that they have not been 
penetrated by the extensive drilling in Silent Canyon 

- caldera. Two lava flows of slighdy different modal 
-- compositions are exposed. The volumetrically larger of 

the two Lava flows is as much as 125 m (400 ft) thick and is 
S separated from the underlying pyroxene-bearing rhyolite 

lava by 75 m (250 ft) of coars, near-vent tuff breccia. The 
CO overlying Tiva Canyon Member pinches out over the 

thickest part of the larger homblende-bearing lava flow.  
There are two exposures of this flow separated by a thick 
paleovalley filling or source-vent filling of post-Tiva 
Canyon biotite-bearing lava (Byers and Cummings, 1967; 

,'7 Byers and others. 1976). Two thin-section modes from 
each of the two exposures are very similar and are pooled 

-on figure 9. Two chemical analyses (W. D. Quinlivan and 
P. W. Lipman, written commun.. 1974) indicate that the 
hornblende-bearing lava approaches high-silica rhyolite 

•, in composition (fig. 9). One thin section from the smaller 
flow at the same stratigraphic position slightly west of the 

". larger flow is petrographically similar but contains a sub
ordinate amount of quartz phenocrysts.  

YUCCA MOsNTAIN MEMBER 

The Yucca Mountain Member (Lipman and 
Christiansen, 1964) is a simple cooling unit of uniform.  
nearly phenocryst-free, high-silica rhyolite (fig. 9) even 
where it is 335 m (1,100 fi) thick within the Claim Canyon 
caularon segment (table 3). Outside the Claim Canyon 
cauldron segment. a small thin lobe is present east and 
south of Pah Canyon (fig. 10) and a larger lobe with a 
maximum thickness of about 75 in (250 ft) occupies about 
100 km2 (40 mi2) around northern Yucca Mountain and 
northern Crater Flat. %,Ilv about 8 kms (2 mil) is picsent 
outside the cauldron and roug.-lv an equ',l volume can be 
inferred within the Claim Canyon cauldron segment.  

The member differs from all other unita of the Paint
brush Tuff, in having less than 1 percent phenocrysts.  
largely sodic saniusne. Sparse small pumice lenticles and 
grayish-red xenoliths less than I cm in length are strewn

through a matrix of shards or devi'trified groundmass. The 
unit has distinct crystallization zones with brownish-gray 
to gray glassy upper "nd lower zones and a pale-purplish.  
gray middle zone. which contair- irregular white 
lithophysae where it is thick.  

The field and petrochemical evidence indicate that the 
Yucca Mountain Member postdates not on1v the 
clinopyroxene-bearing lavas but probably also the 
hornblende-bearing lavas exposed in the north wall of 
Timber Mountain caldera where the Yucca Mountain is 
absent. Between the Yucca Mountain and overlying Tiva 
Canyon Member. only a foot or two of fine-grained ash
fall tuff. typical of the initial phase of the Tiva r .nvon 
eruption. is nearly everywhere present. no coarse tuff 
breccia that would indicate nearby lava vents has been 
found between the members. This close stratigraphic 
association and the petrochemical trend toward increasing 
phenocrysts and decreasing silica content strati
graphically upward (fig. 9) indicate that the Yucca Moun
tain Member is an early eruptive phase of the same magma 
chamber that supplied the Tiva Canyon. Moreover, very 
little time. probably measurable in tens of years. elapsed 
between eruptions of the two members, for little if any 
erosion has been observed on the Yucca Mountain where it 
is overlain by the Tiva Canyon. The eruption of the Yucca 
Mountain. therefore, was probably very close to that of the 
Tiva Canyon Member in time and was almost certainly 
later than the extrusion of the hornblende-bearing 
rhyolite tava.  

TIVA CANYON MIMII.LR 

The Tiva Canyon Member consists of a inain part-a 
compositionally zoned extensive ash-flow sheet-and an 
upper thick quartz latite. the tuff of Chocolate Mountain 
(Christiansen and Lipman. 1965; Bvers and others, 1976), 
which is herein included as part of the redefined Tiva 
Canyon Member. Outside the Claim Canyon cauldron 
segment (fig. 8). the main part of the Tiva Canyon. like the 
Topopah Spring Member. is compo-itionally zoned (fig.
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9): inside, the tuff of Chocolate Mountain overlies rhyolite 
of the lower main part of the Tiva Canyon above a thin 
transition zone characterized by crystal-rich quartz latitic 
pumice lenticles in a matrix of welded crystal-poor 
rhyolite.  

In its type section at Tiva Canyon (fig. 8), the member is 
107 m (350 (t) thick, and the maximum thickess. west of 
Beatty. is about 200 m (700 ft). The unit extends for about 
113 km (10 mi) along a broad arcuate belt outside the 
southern wall of the Claim Canyon cauldron segment.  
The distribution of the member is similar to that of the 
Topopah Spring Member, except that the Tiva Canyon 
extends not as far east and somewhat farther west-just 
barely into California. The Tiva Canyon was mapped by 
Cornwall and Kleinhampl (1964) as cooling unit 3 of their 
Bullfrog Hillscaldera. In Silent Canyon caldera. two lobes 
of the Tiva Canyon each about 105 m (350 ft) thick in 
separate areas were penetrated in five drill holes (fig. 8).  
Inside the Claim Canyon cauldron segment the lower 
main part of the Tiva Canyon and the upper part. the tuff 
of Chocolate Mountain. aggregate more than 900 m (3.000 
(t) in thickness (table 2). The total area covered by the Tiva 
Canyon outside the cauldron is probably in excess of 2.600 
km' (1,000 mi 2) if the member extends northwest under 
Sarcobatus Flat (fig. 8). Inside the Claim Canyon 
cauldron, possibly as much as 520 kmz (200 mi?) of tuff 
having a thickness averaging more than 0.8 km (0.5 mi). is 
now largely buried under younger rocks of the Timber 
Mountain-Oasis Valley caldera complex. The total 
volume of the Tiva Canyon Member, therefore, may be in 
excess of 1,000 km3 (250 mis).  

The Tiva Canyon Member is a compound cooling unit.  
predominantly gray to reddish-brown devitrified densely 
welded ash-flow tuff with minor light-brown and gray 
nonwelded to partially welded tuff at its base and top.  
Generally a few feet of genetically related light-gray ash
fall tuff occurs at the base of the unit. In the lowermost part 
the Tiva Canyon is crystal-poor sanidine- and 
hornblende-bearing high silica rhyolite tuff: it grades 
upward into a middle crystal-poor rhyolite w.th biotite, 
which iL in t:'rn overlain by an upper (caprock) crystal
rich quartu-latitic tuff Jfig. Q). These three distinct 
compositional zones are laterally persistent over much of 
the sheet outside the Claim Canyon cauldron segment 
and, therefore, provide an Antrasheet stratigraphy.  

The Tiva Canyon Member inside the cauldron segment 
is locally ilow-laminated and contains flow folds.  
Upward. it grades in to normal welded tuff. Th', secondary 
flowage may have occurred where steep preernplacement 
topography marked the site of the cauldron wall. Welded 
caprock vitrophyre of the member is very thin in fault 
slices and blccks where it overlies tuft breccia near the 
cauldron wgid. but localiy the caprock vitrophyre grades

downward into massive tuff breccia, possibly indicativeof 
vent bremia related to the Tiva Canyon. The w-lded 
rhyolitic lower part thickens from a wedge-edge to .early 
300 m (0.000 ft) downdip. 3.2 km (2 mi) away from the 
cauldron wall (fig. 8). A 15-m (50-it) stratigraphic 
transition zone between the lower flow-laminaird.  
phenocryst-poor rhyolite of the main pan of the l'si;i 
Canyon and the overlying tuft of Chocolate Mountainm , 
marked within the Claim Canyon cauldron segment hs.an 
increase of dark-gray phenocryst-rich collapsed pureu r 
lenticles of quartz latite. similar to those in the oerlh ,tg 
tuff of Chocolate Mountain. No xenoliths of the ituin 
rhyolitic part of the Tiva Canyon have yet been found in 
the tuft of Chocolate Mountain. although sparse xenoliths 
of the Yucca Mountain Member and older rocks are 
present. Bec-Ause of these gradational relations and the lack 
of Tiva Canyon xenoliths, the tuff of Chocolate Moun
tain must be the upper part of one compound cooling unit 
that include- the widespread main sheet of the Tiva 
Canyon.  

The tuff of Chocolate Mountain contains three com
positionally similar subunits that were mapped by 
Christiansen and Lipman (1965): near the cauldron walls 
the subunits are separated by beds of yellow tuff breccia 
that thin and pinch out within a few kilometres northward 
(figs. 12. 13; Byers and others, 1976). The lower subunit is 
slightly more than 300 m (1.000 ft) thick and is largely gray 
devitrified tuff with granophyric pumice. The middle and 
uppe- subunits are brown and purple c:vitrified tuff 
locally underlain by basal vitrophyres indicative of partial 
cooling breaks. I'etrographically, the tuff of Chocolate 
Mountain differs from the quartz latite caprock of the 
main part of the Tiva Canyon in containing abundant 
resorbed feldspar phenocrysts. a higher ratio of plagio
clase to total feldspar phenocrysts (fig. 9), and sparse rather 
than very sparse hornblende phenocrysts. Although there 
is an overlap in content of silica (fig. 9) and other consti
:uents (W. D. Quinlivan and P. W. Lipman. written 
commun., 1974) the petrographic differences indicate that 
the tuff of Chocoiate Mountain is slightly more mafic ,'han 
the main part of the Tiva Canyon outside the cauldron 
segment. At one locality within the cauldron segment.  
where a thick complete section is exposed in the south wall 
of Timber Mountain caldcra (adjacent to the dikes 
between sections B-B' and C-C', fig. 12). rhyolitic Tiva 
Canyon grades upward through about 15 m (50 ft) into 
typkc.,l extracauldron quartz latitic caprock of the Tiva 
Canyon. The transition upward to the typical ,tiff of 
Chocolate Mountain, however, is faulted -out.  

A tabular mass of fluidal flow-banded tuff of Chocolate 
Mountain 6 m (20 ft) thick dips moderately and is inter
calated with coarse tuff-breccia. Near the head of Claim 
Canyon (fig. 12). this mass shows chilling above and 
below and may be a dike.
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FcuGt" 12.-Gencra]iz'd geologic map of Claim Canwon cauldron segment and vicinity,. showing gfreaer ininmui of fauiting of tufs within 
cauldron .an outside. Gemnraliwd from geologic map of Timber Mountain caldera (Bjers and others. 1976).

TUFT IECC3AS IIfl'rHN CLAIM CANYON 
CAULDRON SiGMENT 

Tuff Ireccias intertongue with and overlie the tuff of 
Choolate Mountain (Christiansen and Lipman. 1966; 
Byers and others. 1976) but are nrt included with the 
Paintbrush Tuff. These breccias are more than 150 m (500 
ft) thick along the south wall of the Claim Canyon 
cauldron segment but wedge out within a mile or two

north of the wall. Only the larger outcrops are shown in 
figure 12 -see Byersandothcrs. 1976); the breccias shown in 
cross sections B-B" and C-C' in figure 13 are interpretecd 
partly as vent breccias near the south wall of thecauldron.  
Within about 150 m (500 ft)ol the cauldron wall. however.  
faulting and. locally. silicification have complicated inter
pretation of the origin of the breccia: there it is probably a 
landslide breccia consisting of rocks derived from the 
cauldron wall.

3 MILES
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34£ m.  

The breccia from an area about 150 m (5W0 ft) to 0.8 km 
(0.5 mi) from the cauldron wall contains. in order of 
decreasing abundance. Wr blocks of inu-acauldron 
Yucca Mountain and Pah Canyon Member, pyroxene
bearing sanidine-rich lava like that between the members.  
and sparse amounts of both members of Crater Flat Tuff.  
North of Crater Flat (fig. 12) this breccia locally includes a 
few giant blocks o/welded rhyoliticTiva Canyon about 30 
m (100 ft) thick and 90 m (300 ft) long. These blocks dip 
steeply and are intricately crackled. The nonwelded 

WOW - PON "IPA 12B 

-O

matrix of the breccia is also modally rhyolitic Tiva 
Canyon and. moreover, grades upward in a few places to 
unaltered moderately to steeply dipping densely welded 
Tiva Canyon quartz latite or tuff of Chocolate Mountain.  
The nonwelded matrix is not crackled or highly fractured 
and the densely weled quartz latite locally occurs as 
steeply dipping vitrophyre lenses with contacts grada
tional into the matrix. This pan of the tuff-breccia mva% •e 
an explosion breccia genetically related to eruptive '..ts 
of the Tiva Canyon Member. Lipman's (176) motk-4 ,,
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caldera collapse breccias in tuft associated with a caldera

forming eruption would also fit the above 

obserwatM-on-exctpt for the presence of intracauldron 

blocks.  
Within the 150-m wide zone diurbed by faultng along 

tLhe cauldron wall, a block of vertically dipping Topopah 

Spring Member was identified by thin.section examina

tion. The contact of this breccia with the cauldron wall is 

locally exposed in Claim Canyon; it dips about 60* 

cauldronward and could be interpreted as the sole of a 

landslide.  
In detail, the explosion tuff breccia differs from the 

breccias along the cauldron wall in that it is much less 

altered and is composed of about 50 percent blocks as 

much as 150 m (500 ft) long in a matrix of grayish-yellow 

tuff containing 0-20 percent angular clasts smaller than 

block size. More than 80 percent of the blocks are derived 

from Pah Canyon and Yucca Mountain Members. More

over. the blocks contain a light-gray devitrified facies of 

these members that is typical of these units inside the 

cauldron. This yellow tuft breccia is similar in appearance 

to that in rhyolite vent tuft breccia cones; moreover, the 

grayish-yellow frothy matrix of rhyolitic Tiva Canyon 

mineralogy locally grades into a dark-gray pumiceous 

scoria. We would interpret these yellow tuft breccias that 

contain intracauldron clasu as originally at or near vent 

sites, probably those that erupted the Tiva Canyon 

Member.  
Inward. about 2 km away from the cauldron wall (fig.  

12). the tuft breccia thins and mntertongues with the tuft of 

Chocolate Mountain and lies between the tufts of 

Chocolate Mountain and Pinyon Pass. More than 3 km (2 

mi) inward the tuft breccia tongues pinch out. These thin 

tongues of tuft breccia resemble the larger massive 

exposures to the south, except that the fragments are 

smaller and the tongues consist of a significant minor 

fraction of pre-Tiva Canyon rocks other than Pah Canyon 

and Yucca Mountain Members.  

TUET OF PINYON PASS 

The tuft of Pinyon Pass iscunfined to the Claim Canyon 

cauldron segnvnt and is here included as an informally 

named unit of the Paintbrush Tuff. The tuft is a multiple

flow simple cooling unit as much as 150 m (500 ft) thick, 

distinguished in the field by its generally moderate. rather 

than dense, welding, lack of vitrophvres, and strati

graphic position above the tuft of Chocolzte Mountain.  

The tuft of Pinyon Pass is mapped with the tuft of 

Chocolate Mountain in figure 12, but is shown separately 

in section C-C' (fig. 13). and on the geologic map t syers 

and others, 1976). The lower nonwelzed to partially 

welded rhyo!itic zone, as much as 90 m (300 ft) thick, is 

commonly brilliant pink or light red where partially 

welded. Where the unit is thickest, however, the upper

quartz latitic. most densely welded devitrified tuft is very 
much like the Chocolate Mountain in outcrop 

appearance- indeed, the flattened quartz latitic pumice 

lentils of the Pinyon Pass and Chocolate Mountain are 

identical in composition. The Pinyon Pass everywhere is 

concordant on the tuft of Chocolate Mountain or on tuft 

breccia that intertongues between the units. Very slight 

erosion of the upper part of the tuft of Chocolate Moun

tain before deposition of the tuft of Pinyon Pass is 

indicated locally by channeling and by absence of the non

welded top of the tuff of Chocolate Mountain.  

"The tuft of Pinyon Pass is a compositionally zoned 

compound cooling unit and petrographically resembles 

the main part of the Tiva Canyon Member outside the 

Claim Canyon cauldron segment. The lower rhyolitic 

subunit, however. c-ontains sparse dark. phenocryst-rich 

quartz latite lenticles. as much as 15 cm (6 in.) in length.  

typical of the underlying tuft of Chocolate Mountain.  

Hornblenrde is also very sparse or lacking (fig 9) in the 

lower rhyolitic ;ubunit of the tuft of Pinyon Pass. in 

contrast to the universal occurrence of hornblende and 

lack of bioute in the lower rhyolitic subunit of the Tiva 

Canyon Member. The middle unit isa high-silica rhyolite 

that contains a little hornblende and could be mistaken for 

either the lower or middle part of the Tiva Carnyon. The 

upper crystal-rich compositional zone is more silicic than 

the analogous part of the Tiva Canyon (fig. 9) but con.  

siderable overlap in phenocryst percentages makes dis

tinction by means of thin-section modes highly unce- ain.  

The stratigraphic position of the tuft of Pinyon Pas above 

the tuft of Chocolate Mountain is the best criterion for 

identification. Chemical analyses of the unit (fig. 9;. W. D.  

Quinlivan and P. W. Lipman. written commun.. 1974) 

corroborate the observed compositional zonation from 

rhyolite. upward to high-silica rhyolite, to low-silica 
rhyolite in the crystal-rich caprock.  

The close resemblance of the tuff of Pinyon Pass to that 

of the Tiva Canyon and *he presence of Chocolate 

Mountairn-type pumice lenticles in the lowermost part of 

the tuft of Pinyon Pass. despite slight local erosion of the 

underlying tuft of Chocolae Mountain. suggest that the 

tuft of Pinyon Pass was erupted within the Claim Canyon 

cauldron only a short time, perhaps within a few thousand 

years. after the Tiva Canyon Member was erupted. The 

lack of 3ny bedded tuft breccia other than the single tongue 

that thins away from the cauldron wall suggests that no 

rhyolitic lava volcanism intervened between the tuff of 

Pinyon Pass and the underlying tuft of Chocolate Moun

tain. The tuft of Pinyon Pass, therefore, probab!y predates 

post-Tiva Canyon rhyolite lavas in the north wall of 

Timber Mo, ntain caldera (fig. 8).  

pOST.TIV CANYON IJIYOUTI LAA.S 

Two rhyolite lavas related to but not part of the Paint-
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brush Ttff are exposed in the north wall of Timber 
Mountain caldera (fig. 8) above the Tiva Canyon Member.  

*Thes lava, amr simila, in physical appearamnc except that 
the lower flow has visibly more and large biotite flakes& 
Pevgraphically, they are easily ditinguished, for the 
upper rhyolite lava has spars. small quartz euhedra, 
whereas the more mafic lower rhyolite lava has none.  
These two flows were mapped separately in the Scrugham 
Peak quadrangle (Byers and Cummings. 1967).  

Outcrop thicknesses of the individual flows average 
about 10 m (500 ft), but within a few miles downdip 
under Pahute Mesa the quartz-beating flow attains 347 m 
(0.140 t) in a drill hole. The flows extend a few miles north 
and northeast under Pahute Mesa, where they have been 
penetrated in drill holes (fig. 8). Drill records indicate that 
approximately 64 kmz (25 mi) of the mesa is underlain by 
either one or both of the rhyolites. The thickening of these 
lava, under Pahute Mesa. as inferred for the earlier lavas 
intercalated with the Paintbrush, is doubtless related to 
the existence of the Silent Canyon caldera, into which 
thewe later lavas also flowed.  

The lower biotite-bearing lava exposures in the north 
wall of Timber Mountain caldera (fig. 8) are instructive 
relative to the source of the lava and the location of the 
Claim Canyon cauldron wall. The lava has fused under
lying bedded tuffs and locally the basal vitrophyre zone 
cuts across the bedded tuif. Relict bedding visible below 
the flow within this vitrophyre indicates that the vitro.  
phyre is a fused tuff. Tongues of vitrophyric agglutinated 
ash-fall tuff are also intercalated in the bedded tuff near the 
fused zone, suggesting a nearby source for these pyro
ciastics and the associated flow. Northerly flow azimuths 
(Cummings, 1964; David Cummings, written commun., 
1964) indicate the source to the south, probably just inside 
the present wall of Timber Mountain caldera. Petro
graphically, the lavas clearly are late effusives related to 
the Paintbrush Tuff (fig. 9). It is reasonable to assume that 
these flows were fed by radial fissures near the cauldron 
ring fault similar to feeders of the pre-Rainier Mesa lavas 
in the south wall of Timber Mountain caldera (fig. 12).  
thus providing additional corroborative evidence that the 
north wal; of -he Claim Canyon cauldron is probably 
buried within a few kilometres soith of the north wall of 
Timber Mountain caldera.  

Petrographically and chemically, the two post-Tiva 
Canyon lavas are generally similar (fig. 9). Chemical an
alyses (W. D. Quinlivan and P. W. Lipman. written com
mun.. 1974) reflect the minor petrographic differences 
between them. Probably of significance is the prosence of 
euhedral quartz, ranging from 0.1 to 0.5 mm, amounting 
to several phenocrysts per thin section in the upper quartz
bearing slow. The small euhedral Lharacter of these quartz 
phenocrysts and their presence in all thin sections 
-xamined indicates that the magma from which the 

.artz-bearing flow was extruded had just attained the

quartz-feldspar cotectic curve (Tuttle and Bowen, 1958), 
marking the change from the predominantly quartzufree 
volcanic rocks to overlying quartz-rich rocks ol the 
Timber Mountain Tuff and related lavas.  

CAULDION SUsZMNCZS z..ATXm TO XRUiOM N 
O0 ASH-FLOW Z UP MLVIVU 

The fact that nearly all units of the Paintbrush Tuff and 
intercalated, petrologically similar lavas thicken greatly 
(table 3) within the Claim Canyon cauldron segment 
suggests accumulation within a caldera. The notable 
exception is the Topopah Spring Member. the basal unit 
of the Paintbrush Tuff; from study of other calderas in the 
area. we presume that it is present at depth beneath the 
thick infilling units of the cauldron (fig. 12). The great 
thickness of the post.Topopaih Spring units within the 
Claim Canyon cauldron segment plus the areal 
distribution of the Topopah Spring Member (fig. 8) and 
also the prese..ce of the middle xenolithic zone and the 
bedded upper vitrophyre withi., a few kilometres of the 
rim of the Claim Canyon segment (compare with Lipma n.  
Christiansen, and O'Connor, 1966. fig. 18) indicate that 
the segment is an eroded portion of a cauldron whose 
earliest subsidence was probably associated with the 
eruption of the Topopah Spring Member. The northern 
boundary of this cauldron is probably not too far south of 
the present north wall of Timber Mountain caldera, for 
lavas related to the Paintbrush were poured northerly into 
Silent Canyon caldera (fig. 10) from vents at ,r just south 
of this wall.  

Additional suggestive evidence on the possible location 
of the north wail of Claim Canyon cauldron comes from a 
core taken at 1,402 m (4.600 i) in drill hole UEI8r. Debris 
flows associated with ccllapse of Timber Mountain 
caldera contain a few fragments of crystal-rich Topopah 
Spring caprock with granophyric pumice, typical of 
slowly cooled thick accumulatio,,s of ash-flow tuff within 
calderas. The occurrence of this granophyric Topopah 
Spring in the Timber Mountain caldera debris flows 
suggests that an intr3cauldron facies of the Topopah 
Spring Member was exposed within the present boundary 
of Timber Mountain caldera at the time of Timber 
Mountain caldera collapse. The northern limit of the 
collapse area associated with the eruption of the Topopah 
Spring Member, therefore, was probably north of drill 
hole UEI8r, but south of the present north wall of Timber 
Mountzin caldera (fig. 8).  

Catad.lysmic subsidence of the Claim Canyon caulP:on 
segment du-ing eruption of the Tiva Canyon Member is 
indicated by the thick accumulation of the main part and 
the tuff of C.ocolate Mountain of the Tiva Canyon within 
the cauldron. Within the Claim Canyon cauldron 
segment, the tuff of Chocolate Mountain intertongues 
with tuff breccias related to the Tiva Canyon (section 
C-C', fig. 13), possibly of vent breccia origin, for in
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many placcs they are modally like the Tiva Canyon and 
-locally grade into welded Tiva Canyon quam lathe oq tuff 

ol ChocoLate Mountain. These tu breccias are coarse and 
thick just inside the cauldron wall but are thin and become 
finer away from the wall of the Claim Canyon cauldron 
segment. They were possibly largely derived from near
wall vents that were active during the emplacement of the 

Tiva Canyon. Moreover. these breccias contain pm-Tiva 
Canyon blocks of intracauldron facies as young as the 
Yucca Mountain Member, which immediately underlies 
the Tiva Canyon Member and may be considered an early 
eruptive phase of the Tiva Canyon. In a very few places 
within a kilometre of the cauldron wall, giant crackled 
blocks of dense welded Tiva Canyon occur in the massive 
tuff breccia and may have been autobrecciated in place 
during emplacement and subsequent collapse. Alter
natively, these blocks may have been an early solidified 
phase of the Tiva Canyon that calved off the caldera rim 

r during late stages of eruption and collapse, similar to the 
origin of the caldera breccas of the western San Juan 
Mountair.•. Colorado (Lipman. 1976). Under either 

- hypothesis, however, the cauldron tuff breccias that are 
seen today just within the southern border of the Claim 

C0) Canyon segment are a product of volcanism related to the 

Tiva Canyon and not to the Topopah Spring Member.  

Indirect evidence also suggests that the Claim Canyon 
:auldron segment is a part of the collapse area related to 
"eruption of the Tiva Canyon. The main part of the Tiva 
Canyon within the segment locally contains fluidal flow 
folds like a rhyolite lava. suggesting flowage while a 
caldera wall slope was being formed during emplacement 

,- and compaction related to welding. Only within the 
cauldron segment have flow folds been observed within 

Sthe Tiva Canyon.  
The walls of the two caldera collapses associated with 

the eruptions of the Topopah Spring and Tiva Canyon 
Members are probably not far apart but are not readily 
identified because later structural movements in the 
vicinity of the cauldron wall have obscured evidence of 
earlier collapses. Evidence of the wall related to Topopah 
Spring collapse is probably preserved in the vicinity of 
Claim Canyon just outside the fault that repeats the 
thickened Pah Canyon and the rhyolite lava under it 
(section C-C',. fig. 12). Unfortunately, this part of the wall 
is covered by the alluvium flooring Claim Canyon.  
Unraveling the sequence of events along the czuldron wall 
probably can be accomplished only by detailed ;eologic 
mapping at a scale significantly larg-r than that (1:24.000) 
of the quadrangle maps (fig. 2).  

Specific collapses related to the eruptions of the Pah 
Canyon and Y',cca Mountain Members are also difficult to 
document. They and the intercalated lavas have a much 
greater thickness, fivefold to sixfold. iaside the cauldron 
than outside; the total thickness of the units between the

Topopah Spring and Tiva Canyon Members is 180 m (600 
It) on the cauldron rim (table 3) compared to about 1.000 m 
(3,500 It) within the cauldron segment. We would 
interpret from sections B-a' and C-C'lfig. 13) that the top 
of the Topopah Spring within the main part ol the 
cauldron segment would be at least 820 m (1,000 m minus 
180 m) below its top outside just after collapse related to 
the Yucca Mountain Member.  

The preceding line of argument becomes even more 
compelling when the difference in thicknesses of the Tiva 
Canyon, inside and outside the cauldron, namely about 
800 m (2.600 ft). is added to the 820 m (2.700 ft) net 
difference in thickness between the Topopah Spring and 
Tiva Canyon Members (table 3). That is, assuming no 
resurgence of the cauldron, the top of Topopah Spring 
must have been more than 1.600 m (about 4 mi) below its 
altitude on the rim of the Claim Canyon cauldron after the 
eruption of the Tiva Canyon Member. It is difficult to con
ceive cf this much ,'auldron subsidence relief on the 
Topopah Spring immediately after its -.ruption, because 
the unit has a relatively small volume (200 km') outside the 
cauldron. The Claim Canyon cauldron more likely 
preserves a record of episodic subsidence (fig. 1) 
associated with eruption of each of the members of the 
Paintbrush Tuff. Analogous to the caldera relief of the 
Topopah Spring Member of the Paintbrush Tuff, th-.  
Grouse Canyon Member of the Belted Range Tuff within 
the Silent Canyon caldera is today about 2 km below its 
elevation outside the caldera (Orkild and others., 968, 
1969). owing to later subsidence related to eruptions of 
many post-Grouse Canion units.  

In a related paper, Christiansen and others (1976) 
consider the regional structure and the overaUl pattern of 
distribution and thicknesses of members of the Paint
brush Tuff and suggest the Oasis Valley caldera segment.  
in contrast to the Claim Canyon cauldron segment, as the 
main area of collapse related to erup.ion of the Yucca 
Mountain and Tiva Canyon Members. The differences 
between the conclusions expressed by these authors (four 
of whom are also authors of the present report) and those 
expressed here are minor and involve mainly emphasis on 
possible contrasting source areas between the two lower 
and the two upper ash-flow tuff members of the 
Paintbrush Tuff.  

FO&SK MAGMATIC IUVRGENCE 
OF CLAIM CANYON CAULDRON 

The Claim Canyon cauldron segment. in contrast to 
nearly all other penecontemporaneous cauldron 
structures of the southwestern Nevada ash-flow field.  
today stands topographically high. like many central 
Nevada cauldron structures that have been elevated by 
both resurgence -nd ha.ir,-range faulting. The notable 
local exception is the Timber Mountain resurgent dome to 
be described later. The cauldron segment is not
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structurally high in the sense that older rocks are exposed 
within it; in fact, generally younger rocks of the 
Paintbrush Tuff are exposed within the cauldron 
segment, analogous to the resurgent doming of the 
Ammonia Tanks Member of the Timber Mountain Tuff 
within Timber Mountain caldera, The present authors 
will attempt to point out some geometric relations that in 
our opinion suggest that magmatic resurgence of the 
Claim Canyon cauldron occurred prior to emplacement of 
the Rainier Mesa Member and its petrologically related 
underlying lavas. an idea already outlined in an abstract 
(Byers and others. 1969). Christiansen and others (1976) 
present structural evidence that the present position of the 
Claim Canyon cauldron segment is not due to magmatic 
resurgence related to Claim Canyon cauldron.  

The geologic map shown on figure 12. which is 
generalized from the geologic map of Timber Mountain 
caldera (Byers and others. 1976). is included in the present 
report merely to show the great intensity and trend of 
faults within the cauldron segment, especially in that part 
where the tuffs of Chocolate Mountain and Pinyon Pass 
(K-Ar age, 12.5 m.y.) of late Paintbrush age are exposed.  
The Rainier Mesa Member (K-Ar age. 11.3 m.y.) and the 
underlying petrologically similar lava are affected mainly 
by basin-range faults that are approximately radial to the 
intensely faulted wall of the Claim Canyon cauldron 
segment; that is. the basin-range faults strike more north
easterly where the wall faults trend northwesterly at the 
west end of the segment. As pointed out by Christiansen, 
Lipman. Orkild. and Byers (1965. p. B46). movement on 
these radial basin-range type faults also occurred during 
broad doming of the Timber Mountain volcanic center, as 
well as during regional basin-range extension. Many of 
these radial faults can indeed be traced into the cauldron 
segment. but most terminate against the circumferential 
cauldron faults.  

Closely spaced circumferential faults and radial cross 
faults shown in figure 12 are localized within the cauldron 
segment and probably are representative of the much 
larger Claim Canyon cauldron, most of which is buried by 
the later collapses of Timber Mountain caldera and the 
Oasis Valley caldera segment. The strong intensity of this 
fault system confined withii, the cauldron segment is 
interpreted as a marginal fault pattern related to resurgent 
doming, and it bears close similavity to the fault pattern in 
the ring fracture zone at the periphery of Timber 
Mountain resurgent dome (Canr, 1964, fig. 2; Carr and 
Quinlivan. 1968, fig. 1; Byers and others. 1976). That this 
resurgence took place before the eruptions c." pre- Rainier 
Mesa lavas and the Raini*-r Member is shown by the near 
absence of circumferential faults in these later units (fig.  
12).  

Further strongly suggestive evidence that the Claim 
Canyon ciuldron res,,rged following eruption of the 
Paintbrush Tufl is the structurally high position of the

Pah Canyon Member and its reasonable former extension 
upward, prior to erosion (fig. 13). Also the main pat and 
the tuff of Chocolate Mountain of the Tiva Canyon are 
structurally higher within the cauldron than outside the 
cauldron or just inside the wall (section B-B'. fig. 13).  
Minor faults of very little displacement are not shown in 
the cross sections in order to emphasize the stratigraphy 
and structural position of the units. The present authors 
are also aware that these observed relations between the 
intracauldron and extracauldron rocks could also have 
come about, without magmati resurgence, by extensional 
basin-range faulting related to regional right-lateral trans
current mo'-,rment along the Walker Lane (Locke and 
others. 1940)-the cauldron segment remaining 
structurally high. while the radial extracauldron blocks 
subsided. We do not favor this alternative hypothesis as the 
local control, because the intense circumferential fault 
pattern within the cauldron segment indicates more move
ment than i.: the blocks outside and, moreover, is typical 
of an outer arcuate fault .,attern of a magmatically 
resurgent dome.  

TIMBER MOUNTAIN TUFF AND ROCKS RELATED 
TO TIMBER MOUNTAIN CALDERA 

ORIGINAL DEFINnON AND REZDUNITION OF 
"TIIEl MOUNTAV4 TUFT 

The Timber Mountain Tuff (Orkild. 1965, p. A46-A47) 
was originally defined to include the corr* ,osite sequence 
shown in the left column of figure 7. This sequence 
comprised the Rainier Mesa Member at the base 
successively overlain by the tuff of Cat Canyon, the tuff of 
Transvaal (tuff of Camp Transvaal of Lipman, 
Quinlivan. and others. 1966), and the Ammonia Tanks 
Member. Thin bedded tuff sequences at the base of the ash
flow members were included with the overlying member.  

The Timber Mountain TuL is here redefined to include 
all quartz-bearing ash-flow tuffs and thin ash-fall tufts 
erupted about 11 m.y. ago (Marvin and others, 1970) from 
the Timber Mountain caldera center-the type area 
(Orkild. 1965). The tuff includes in ascending order, the 
Rainier Mesa and Ammonia Tanks Members of the 
original definition and. as here redefined, the tuff of 
Buttonhook Wash (Carr and Quinlivan. 1966) and the tuff 
of Crooked Canyon (Byers and others, 1976). The known 
areal distribution of the two newly added informal units is 
conrined within the Timber Mountain-Oasis Valley 
calkera complex (fig. 7). Outside the complex. in all 
surface exposures, the Ammonia Tanks Member is the 
upper unit of the Timber MounL'in Tuff, as in the 
original definition (Orkild, 1965). The Arnmonia Tanks 
Member is redefined on the basis of field and petrographic 
studies to include the tuff of Cat Canyon and the tuff of 
TransvaaI (fig. 7. first column, Orkild, 1965; Carr and 
Quinlivan. 1966; Lipman, Quinlivan, and others, 1966)
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Fhese units are equivalent to part or all of the Ammonia 
Tanks, as mapped in many of the 71*-minute quadrangles 
of the Nevada Test Site region (fig. 2). Thin sequences o4 
bedded ash-fall tufis that are intercalated with the ash-flow 
units are included in the Timber Mountain Tuffand were 
generally included with the overlying ash-flow unit on 
quadrangle maps of the Nevada Test Site (fig. 2). A bedded 
ash-fall sequence above the Ammonia Tanks Member was 
penetrated in a few drill holes in Yucca Flat (fig. 7. column 
2). This bedded tuff. however, is less than 5 m (15 ft) thick 
and has not been recognized in surface exposures.  

Quartz phenocrysts as much as 3 mm long are common 
to abundant in both the ash-flow and associ.ted thin ash
fall tuffs. in contrast to the absence or near-absence of 
quartz in the underlying and ove.rlying stratigraphic 
units. An exception to this general statement is the upper
most several meters of the underlying bedded tuff. in 

-r- which quartz crystals increase in abundance and size 
upward to the Paintbrush-Timber Mountain contact.  

- Several lithologic units, closely associated with the 
..- Timber Mountain Tuff in genesis or in time, were not 

included in the original definition (Orkild, 1965) and are 
0 here likewise excluded-analogous to the exclusion of 

similar units from the Paintbrush Tuff. These units 
include debris flows that intertongue with the Rainier "Iesa Member. alkali-calcic rhvolite lavas, and tuff dikes 
ad othe, intrusives on Timber Mountain resurgent 

dome. The ash-flow tuff members and informal tuff units 
of the Timber Mountain Tuff and their relations tocoeval 

-- debris flows, lavas, and intrusive rocks, are discussed on 
followin•g pages.  

RAINIER MESA MEMIER 

The Rainier Mesa Member, the basal member of the 
STimber Mountain Tuff, was originally described by 

Hinrichs and Orkild (1961, p. D97) from excellent 
exposures at Rainier Mesa (fig. 14). These authors 
included the Rainier Mesa Member as the uppermost 
member of the Oak Spring Formation. Poole and 
McKeown (1962, p. C61). a year later, included the Raii.ier 
Mesa Member as the ,ppermost unitof their Piapi Canyon 
Formation of the Oak Spring Group. Still later, Orkild 
(1965, p. A49) defined Timber Mountain Tuff (fig. 7) and 
placed the Rainier Mesa Member at the base.  

An isopach map of the Rainier Mesa Member 
generalized from Byers and others (1968) is shown in figure 
H4. The Rainier Mtsa is more than 500 m (1,500 ft) thick, 
and the base is not exposed in the west wall of Timber 
Mountain caldera, where the unit is densely welded and is 
strongl) devitrified with granophyric texture in the 
rumice. The coarse textural features suggest that at least 

ther hundred metres may be present in the unexposed 
.,'er part in the wv-st wall. A thickness of 396 m (1,500 ft) 

was penetrated in a drill hole on Pahute Mesa. The total

volume of the Rainier Mesa Member. as calculated from 
the isopacn map. is in excess of 1.200 kms (300 mi)).  

The upper quaru latitic caprock of the Rainier Mesa 
Member was locally mapped along the wall of Timber 
Mountain caldera as the tuff of Falcon Canyon (Hinrichs 
and others. 1967; Orkild and others. 1969). This usage is 
not retained. This upper quartz latitic subunit is exposed 
within the caldera near the northeastern wall at test well 8 
(fig. 14) and also in the bottom of Beatty Wash where it 
cuts the southwestern wall ol the caldera. In both localities 
the quartz latite intertongues with debris flows (figs. 3 and 
7). The debris flows pinch out northward in the south
west caldera wall and are absent where 450+ m (1,500+ ft) of 
Rainier Mesa Member is exposed in the Transvaal Hills 
(fig. 14). Here the quartz latitic subunit of the Rainier 
Mesa is slightly thicker than elsewhere outside the caldera, 
but only about 15 m (50 ft) of quartz latitic caprock was 
penetrated by drill hole UEI8r. The upper quartz latitic 
subunit was emplaced during late stages of caldera 
collapse (Byers and others, 1969, p. 94-95), as exhibited by 
the intertonguing relations with the debris flows.  

The Rainier Mesa Member is a compositionally zoned 
compound cooling unit consisting of an extensive high
silica rhyolite tuff overlain with a partial cooling break by 
a considerably thinner quartz latitic tuff that is restricted 
to the vicinity of Timber Mountain caldera. The rhyolitic 
subunit, where exposed outside the caldera. is commonly 
pink nonwelded shard tuff at the hase grading upward 
into densely welded black vitrophyre Byers and c .ers, 
1968, p. 93). The vitrophyre grades upward into dense 
brown to pale-red devitrified tuff with common white 
flattened pumice lenticles, ranging from 2.5 to 10 cm (1 -4 
in.). In the west wall of Timber Mountain caldera (fig. 14), 
the devitrified zone is coarser than elsewhere and the 
pumice is granophyric. In general, the devitrified zone 
grades upward into a light-gray crystalline zone with 
spherulitic sanidine andcris~obalite in thepumice, typical 
of Smith's (1960b) vapor-phase zone. The vapor-phase 
zone of the high-silica rhyolite subunit commonly grades 
within a few feet into a vitrophyric or dark-brown crypto
crystalline quartz latite, which in turn grades upward into 
a second light-colored vapor phase zone, visible in only a 
few places because of erosion or colluvial cover. Dark 
quartz latitic pumice lenticles in the quartz latite are some
what larger than the white rhyolitic pumice in the 
underlying rhyolite. Where the Rainier Mesa Member is 
396 m (1.300 ft) thick in the drill hole in the west part of 
Silent Canyon caldera, the main cooling unit described 
above is underlain by a nonwelded phenocryst-pcor pink 
shard tuff about 150m (500 ft) thick. The phenocryst ratios 
are similar tu those of the lower rhyolitic part of the over
lying main cooling unit of the Rainier Mesa. These two 
tuffs may be sepaate cooling units, and the Rainier Mesa, 
like the overlying Ammonia T3nks Member, may be a 
composite sheet (Smith, 1960ua. p. 812)_

I

39
"!



10 TIDIER 

THICKNUSS OF RAINIER MESA 
MIMBlER 

I SO.30 

00450 m 

>O450 as PRE-RAINIER ME.SA RHYOLITZ 

LAVAS 

Rhyyolie laws of Wiy Wash 

Limit of Information other than 

0 Dni bas used fot coetmi - Num
. bet" howes dicused to text 

A Line o( pologic cros mectioa

3 1
0

MOUNTAIN-OASIS VALLEY CALDEILA COMPLEX. NEVADA

3-

5 10

I I
5 I0

is

Fmcat 14.-Gecralized isopach map of the Rainier Mesa Mm.rber of Timber Mountain Tuff and

The unique petropTaphy of the Rainier Mesa Member Timber Mountain Tuff(fig. 15). Analysesof 10high-silica 

distinguishes it from cooling units of the underlying rhyolite samples show an average of about 77 percent 

Paintbrush Tuff. as well as from overlying units of the silica, a percentage similar to that of the subunits of the



TIMBER MOUNTAIN TUFF AND ROCKS R[LAtTED TO TIMBER MOUNTAIN CALDEILA 41

~¶1d 0 

~ U~M*Y CANYON 

00 

0IO 000 

0 0 L 

00 

0V 0 ISO 

9 AV TWAVER 0A4OS.SLI 
VOCtICETf On 

VALL1Y as$ 

fjvt" -,., 

Co..  

- ~ta'sI 

diauibuuon~~~~~~~ 0Lptooial eaepeRiirMi aai e~g4 T9 c o hw nfgr 

Paintbrush~~~~~~~LII -kW(.D unia ndP .Umn otisurz ncnait cytlpo urzfe 
write cmrn C. 1 74. table011-SLVE 60Lpnn 96.Te ryltso h anbuhTf.Teqat aii 

Raiie Mea hyoit. hwe er, icrsal icOnd cpck onin amiur ofh bldnhad



TIMBER MOUNTAEN-OASIS VALLEY CALDERA COMPLEX. NEVADA

P4ENOCRYSTS AS PERCENTAGE 
OF TOTAL ROCK

Tuffs of < le ~ 7 

Creaked Canyon 
Loniir tuff IN 

r ts Iat•i tt 1144 i 

lBogtot-a.ca Wash 

': Rhyoli•e IS) imc"tv 

Amioa Qutz latite 131) I 
Tanks, 

Me. Amq Rhyolits, 1411 (rck• 1 high-si~la rhyot) -j 

Rainier Mesa Quartz latite 112) 
Memnber (eztracidar.) 

H~ighi-silica 
rhlotito 137) 

rHigh-Siica th~te 

Pro Rai -i• , T anks (5 

ryi Rhyoite lav of

L rhyolWas 131

0 10 20 30 40 so 
PERCEN

FILSIC P)4NIOCRYSTS AS P1RCENTAGE 
OF TOTAL P4IINOCRYSTS 

M Otarta Alkali leidsgaw 

SplaocIa,

i-

a = _ _

0 20 40 60 80 I 
IT

F'GuRt 15.-Modal and silica ranes, of uniu of Timber Mountain Tuff ;nd petoko|ally relaied bvas in order ci surantgraphic succession.  
j1962). Lipman (1966). and W. 0. Quinlivan

clinopyroxene-rich mafic scoria pumices with sub
ordinate quartz-rich rhyolitic pumice similar to that in the 
underlying rhyolite subunit (Byers and others. 1968. p. 95).  
The Rainier Mesa Member. like the Topooah Spring 
Member. differs from the overlying ash-flow units of the 
Timber Mountain Tuft in containing no sphene. The 
ratio of plagioclase to total fe!dspar phenocrysts is also 
higher in the Rainier Mesa high-silica rhyolite than in the 
rhyolites of overlying ash-tlow units of the Timber 
Mountain Tuft. This feldspar phenocryst variation is

similar to that in rhyolitic subunits of members of Paint
brush TuL (fig. 9). Sanidine phenocrysts in the high-silica 
rhyc!iic subunit of the Rainier Mesa° are relatively 
potassic and have cryptoperthite rims in contrast to micro
perthitic sodic sanidine and anorthoclase in the rhyolites 
of yo.unger cooling units of the Timber Mountain Tuff 
(O'Connor. 1963).  

The Rainier Mesa Member of the Timber Mountain 
Tuff is the same unit as cooling unit 4 of Cornwall and 
Kleinhampl (1964. p. Jl0) in the Bullfrog Hills (fig. 14).

STRATIGAPNIC UNIT "{SUgUNjT 
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The K-Ar age is 11.1 m.y. (Marvin and others, i970), and 
the thermal remanent magnetization is reverse (G. D.  
Bath, written commun., 1965).  

AMMONIA TANIKS MEMBER 

The Ammonia Tanks Member was defined by Orkild 
(1965) as the uppermost unit of the Timber Mountain 
Tuff; its type locality is at Ammonia Tanks (fig. !6).  
Bcc-ause of evidence to be presented in the following para
graphs. the Ammonia Tanks is here redefined to include

and lrom Coinwall (1962. table 2). Silica percnthages from Cornwall 

the tuff of Cat Canyon on Timber Mountain resurgent 
dome (Carr and Quinlivan. 1966)and the tuff of Transvaal 
(Orkild, 1963; tuff of Camp Transvaal of Lipman, 
Quinlivan. and others. 1966). (See fig. 7). An intracaldera 
section of the Ammonia Tanks is displayed at West Cat 
Canyon (fig. 16). where the Luff of Cat Canyon consists of a 
lower part of two mapped subunits, unit A and unit C 
(Lipman. Quinlivan. and others. 1966. section B-B'), 
which are more than 600 m (2.000 ft) thick and which are 
overlain by an upper part (unit E and unit F) about 300 m

43



4TIMBER MOUNTAIN-OASIS VALLeY CALDKLRA COMLEX, NE4VADA

THICKNESSES OF AMMONIA 
TANKS MEMBER - ISOPACHS 
DASHED WHERE APPROXI
MATELY LOCATED 

150-300m 

300-450 m 

450-600 m 

>600.  

• Pro-Ammonaa Tanks rbkofite lanvas 

- -Limit of iaomuaauom 

Inferred burned wall of caldera that 
formed with eruption of Ammonia 
Tanks Member 

U0', Drnll holes ured for conrrof - Num.  
bered holes dus.sed in text 

A A' GCe ologic ection

0 I 
0

S 10 
I I

r 1 5 10 15

FIGu-s I&-Geerlized isopach map of Ammonia 1.4,ks -emeber oi Timber M•oumnain Tuff. showing ,giat thickness within Timber Mun

shown in (1.000 ft) thick. An ex tracalidera section is in the Transvaa I constitute the lower part o0 the Ammonia Tanks Member Hil!s (fig. 16 ; see also fig. 23), where twornapped subunits (Byers and ohers. 1976. section B-8'). The upper part of of the uff of Camp Transvaal total about 15O m (500 ft) in the Ammonia Tanks at this section rests with slight thickness 'Lipman. Quinlivan, and others, 1966) and angular discordance but without a complete cooling break

I ,' '

44



TIMIER MOU'NTAIN TUFF AND ROCKS RMLATED TO TIMBER MOLtNTAIN CALDERA4

_ -4--

1 

14 

-r

) 

)

-- 0011

rain cak1eri. and associated lava flow.s that are peirologtcallv simrn.; to Ammonia Tanks high-Ialmca rhyoliws subunits. Geologic cross section 

fI ItWre 23.  

on the lower part of the Ammonia Tanks (Byers and includes the tuffs of Cat Canyon and Transvaal. The 
others. 1976. s'ction B-B'). Ammonia Tanks is more than 900 m (3.000 it) thick 

A revised isopach map of the Ammonia Tanks Member beneath the Timber Mountain resurgent dome and 
Jig. 16: compare with Bvers and others. 1968. fig. 5) slightly more than 450 m (1,500 ft) thick at Oasis
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Mountain just inside the wall of the Oasis Valley caldera 
segment. Elsewhere. the member is generally less than 150 
m (500 (t) thick. The total volume of the redefined 
Ammonia Tanks Member is about 900 km3 (230 
mii)--somewhat less than the volume of the Rainier Mesa 
Member, 

The following field and subsurface relations show that 
the Ammonia Tanks Member outside Timber Mountain 
caldera is the same cooling unit as the tuff of Cat Canyon 
on the Timber Mountain resurgent dome inside the 
caldera. The tuff of Buttonhook Wash overlies the 
Ammonia Tanks with complete cooling break both on the 
resurgent dome and on the west rim of Timber Mountain 
caldera. The stratigraphic succession penetrated in drill 
hole UEI8r (fig. 16) on the buried north flank of thedome 
includes from top to bottom: the tuff of Cat Canyon (now 
part of the Ammonia Tanks Member), rhyolite lava, debris 
flows, and the upper part of the Rainier Mesa Member.  
This succession is the same as in surface exposures outside 
the collapse area of the caldera associated with the 
eruption of the Ammonia Tanks (fig. 16). The Ammonia 
Tanks in the drill hole is directly correlative with the lower 
part of the tuff of Cat Canyon in surface exposures several 
kilometres ( a few miles) south on Timber Mountain 
dome. The contact between the Ammonia Tanks Member 
and the overlying tuff of Buttonhook Wash is marked by 
about 10 cm (several inches) of fine ash-fall tuff at 
exposures within and outside the caldera. The contact 
zone with the underlying rhyolite lava consists of about a 
metre (a few feet) of bedded ash-fall tuff, both inside and 
owutside the area of subsidence associated with the eruption 
of the Ammonia Tanks Member (fig. 16). Moreover, the 
rhyolhte lava is a high-silica rhyolite. petrologically 
similar to high-silica rhyolite of the Ammonia Tanks (fig.  
15). Where the rhyolite lava is missing, the Ammonia 
Tanks is separated from the Rainier Mesa Member by 
debris flows and bedded tuff inside the caldera and by not 
more than 20 m (70 ft) of thick-bedded tuff outside the 
caldera. The Ammonia Tanks Member, therefore, is 
t:ghtly bracketed inside and outside the cald-ra by the 
underlying units and by the overlying tuff Nf Buttonhook 
Wash.  

The Ammonia Tanks Member is cornpositioi--dly far 
more complex than the Rainier Mesa Member. The 
Ammonia Tanks is probably a consposite sheet as defined 
by Smith (1960a, p. 812-8 13), for a local complete cooling 
break in the extracaldera Ammonia Tinks on Pahute 
Mesa (Noble and others. i967) must be represented by one 
of several partial cooling breaks at the intracaildera section 
on Timber Mountain dome. The Ammonia Tanks 
Member is divided into upper and iower parts in order to 
show fault displacement on the geologic map of the 
Timber Mountain caldera art, (Byers and others, 1976).  
These two parts can be further subdivided on the basis of 
composition into quartz latite and (high-silica) rhyolite.

.s shown in figure 15. The tuff of Cat Canyon (now part of 
the Ammonia Tanks). originally included six map units 
on Timber Mountain resurgent dome (Carr and 
Quinlivan. 1966). In general, our lower quartz latite 
includes Carr and Quinlivan's units A and B. our lower 
rhyolite, their units C and D; our upper quartz latite. their 
unit E; and our upper rhyolite, their unit F; complex ,ntir
tonguing of these units on the dome, howe~er. ma.,kes 
direct correlation difficult in some localities. Chemi~al 
analyses of 25 intracaldera specimens and 23 specimens of 
extracaldera specimens were made availaile by W. D.  
Quinlivan and P. W. Lipman (written commun.. 1974).  

The four compositional subunits of the Ammonia 
Tanks Member (fig. 15) are not everywhere present outside 
the area ot Ammonia Tanks subsidence (fig. 16). and are 
not precisely correlative over the entire extent of the 
Ammonia Tanks. A few extra lenses of the upper quartz 
latite intertongue with the upper rhyolite on Timber 
Mountain dome (Can and Quinlivan, 1966: 1968, p. 101).  
In the Dead Horse Flat quadrangle (fig. 2) on eastern 
Pahute Mesa, Noble, Krushensky. McKay. and Ege (1967) 
found a complete cooling break between their lower part. a 
quartz latite, and their main part. consisting of rhyolite 
overlain by quartz latite. In the area of the extracaldera 
section on the west rim of Timber Mountain caldera, 
Lipman. Quinlivan, Canr, and Anderson (1966) mapped a 
100 angular unconformity between a lower rhyolitic part.  
which shows a compound cooling zonatic (their tuff of 
Camp Transvaal), and an upper part. which comists of 
rhyolite and quartz latite (their Ammonia Tanks 
Member). These two parts are seemingly fused together in 
many places but locally a few centizmetres of nonfused 
bedded tuff separates them (P. W. Lipman. oral commun., 
1969). On the east flank of Timber Mountain dome a 
gentle angular discordance with a partial cooling break 
occurs between a faulted quartz latite and an overlying 
unfaulted local high-silica rhyolite, both within the upper 
pzrt of the Ammonia Tanks (fig. 17).  

The lowest compositional subunit (fig. 15), where 
piesent, is a quartz latitic vitrophyre with sparse mafic 
lava xenoliths, especially in the western outcrop area of 
the Ammonia Tanks (fig. 16). This subunit extends 
eastward to Shoshone Mountain and eastern Pahute Mesa 
(fig. 16). In a few localities bordering the tu~f dike zone on 
the eastern flank of Timber Mountain dome. the presumed 
equivalent subunit is a moderate brown devitrified iulf 
with conspicuous biotite; the base is not exposed. The 
overlying subunit, the rhyoliteof the lower part (fig. 15), is 
typical!y a light-gray high-silica rhyolite wi:h sparse 
mafic lava xenoliths and wedge-shaped pherocrysts of 
spheric. On Timber Mountain dome this subunit is 
compositionally gradational through hundreds of fe-t 
downward through low-silica rhyolite into the under
lying quartz lacite.  

Peripheral to Timber Mouittain in the nor,h'•rn moat
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Fievat .-- Structural unconformity between uppermost high-silica rhyolite and underlying quaru latte of uplr pan of Ammonia Tinks 
Member. North wall of tributar.n to Brush,, Canyon on east flank of Timber Mountain resurgent dome. Timber Mountain calde- wall 
in far right background. Timber Mountain dome had begun to rise (left or west side of photograph) before uppermost urit involved 
in doming was extruded. probably through tull dike zone The upper (light) unit here has nerrl. a complete cooling break with the 
faulted dark welded quaru lautt tull below,. whereas a short distance to the west there is only a partial tooling break-

area of Timber Mountain caldera Ifig. 16). a thin extra
caldera rhyolite. less than 15 m (50 t) thick. is composed of 
a pink nonwelded basal zone grading up through a few 
feet of partly welded gray vitrophyre into an upper light
gras deitrified zone. This rhyolite reappears as the lower 
subunit of the local main part on eastern Pahute Mesa 
(Noble and others. 1967). Thin-section modes of this 
subunit. a high-silica rhyolite, are pooled with the lower 
rhyoltic subunii of Timber Mountain dome (fig. 15) 
because the two subunits have simizar stratigraphic 
positions within the Ammonia Tanks. This high-silica 
rhyolit- is overlain by an uppel' quart. latite ,as many as 
three quartz latites occur at this stratigraphic position on 
Timber Mountain dome) that can scarcely be dis
tinguished lithologica!ly or petrographically from the 
lower quartz latite of the Ammonia Tanks (fig. '").  
Locally between Ammonia Tanks and test well 8 (fig. 16) 
this uppe: quartz latite subunit becomes more mafic than 
elsewhere. having relatively large phenotci-sts, including 
clinopyroxene. as much as 2.5 mm. and biotite books, as 
much as 4 mm. whi-h are poikilitic with apatite and 
zircon.

The uppermost subunit, the upper rhyolite (fig. 15), is 
found only on the east flank of Timber Mountain dome 
ifig. 17). The rhyolite is largely white. devitrified. and has 
spherulitic pumice, characteristic of the -apor phase zone.  
It is petrographically identical to most of the high-silica 
rhyolite dikes of the tuff dike zone and contains brown 
xenoliths of the lower quartz latite subunit, which the 
dikes intrude.  

The average of several K.Ar ages determined on the 
Ammonia Tanks Member is 11.1 m.y. (Kistler. 1968: 
Mars in and others. 1970). The Ammonia Tanks Membei 
is equivalent to cooling unit 5 of Cornwall and 
Kleinhampl (1964. p. Jl0) in the Bullfrog Hills (fig. 16).  
Both the extracaldera and intracaldera facies of the 
Ammonia Tanks haie a normal thermal remanent 
magnetization (G. D. Bath. written commun.. 1965).  

TUIFT OF ZUTTONHOOK WASH 

The tuff of Buttonhook Wash of Carr and Quinlivan 
:066) is a thin compositionally zoned cooling unit above 
the Ammonia Tanks Member and is here included with 
the redefined Timber Mountain Tuff. The best exposures

"BEST AVAILABLE COPY"
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4!, lntnusives cu:ting resurgent dome 
Thickness of intracaldera tufts - Dashed .at Directon of dip in degrees 

.-V where approximately located 7o 

-4 .- ' Geologic cross section 

FiGuz IL--Combined th.cknesses d otufs o Buttonhook Wash and Crqoked Canyon and intrusive rocks n Timber Mountain 
resurgent doene. Tuff of Buuonhook Wa4, nas not been recogised in eastern Timber Mounina cake-ra and overlying 
tufts of Crooked Canyor have no4 been recognized in the Oasis Valley caldera segment. Geologic cross section shown 
in figure 2.

are in Buttonhook Wash and in West Cat Canyon, on the 
southwest flank of Timber Mountain dome (fig. 18).  

The disLr;:)ution of ,he tuff of Buttonhook Wash 
together with that of the overlying tuffs of Crooked

Canyon is shown in figure 18. Both tufts are largely 
confined to the western part of the Timber 
Mountain-Oasis Valley caldera complex. The tuff of 
Buttonhook Wash thins over Timber Mountain resurgent
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lome, mainly by pinchout oL iu quaru latite caprock (fig.  
t). The thickness of the tuf of Buttonhook Wash on the 

-item flank of the dome is about 60 m (200 1*; if the 

'ndip thickening is projected under the caldera moat.  
-•.� rull may thicken to more than 150 m (500 ft). The tuff 

Jf Buttonhook Wash is found locally above the Ammonia 
ranks Member in Oasis Valley and apparently just 
,uaside the Oasis Valley caldera segment in the eastern 
Bullfrog Hills. where the tuff may have flowed a short 
listance against an eroded wall. The tuff of Buttonhook 
.Nash is not presen; in the intracaldera drill hole UEISr 

fig. 18). nor in the eastern and tsorchern moat areas of 

rimber Mountain caldera.  

The tuff of Buttonhook Wash is separated from the 
inderlying Ammonia Tanks Member on Timber 
',fountain dome by about 10 cm of fine ash-fall tuff. and 
he lower part is glassy and nonwelded, indicating a brief 

,ut complete cooling break. On the west wall of Timber 

Acountain caldera, the tuft of Buttonhook Wash is also 
.eparated from the underlying Ammonia Tanks by about 
0 cm of ash-fall tuff. On Timber Mountain dome the tuff 

,f Buttonhook Wash is separated from the overlying tuffs 

4 Crooked Canyon by a very slight angular uncon

ormity that is probably related to resurgent doming of 
-imber Mountain. Less than 60 cm of bedded shard tuff 

.eparates the two units.  

The tuff of Buttonhook Wash consists of a lower light

cray moderately welded high-silica rhyolite and an upper 
"lish- to purplish-brown densely welded quartz latite 

is locally vitrophyric. The high-silica rhyolite is 
"----discinguishable from high-silica rhyolites of the 

\mmonia Tanks Member (fig. 15). The quartz latite 
aprock. however, is distinguished from Ammonia Tanks 
luaru latites by (1) plagioclase consistently in excess of 
Ikali feldspar phenocrysts (fig. 15), (2) clinopyroxene in 
xcess of biotite. and (3) all phenocrysts rarely exceeding 
.5 mm in contrast to phenocrysts as much as 4.0 mm long 
n the Ammonia Tanks. Sparse hornblende where the tuff 
s not oxidized also distinguishes the tuff of Buttonhook 
Wash fom the upper quartz latite of the Ammonia T'nks.  
These petrogriphic features of the quartz latite caprock 
nake the tuff of Buttonhook Wash an excellent strati
graphic marker.  

The high SiO2 content of the quartz latite, nearly 73 
:>ercent (fig. 15), is probably due to slight silicification of 
:he devitrified rock.  

One K-Ar age of 10.5 m.y., determined on sanidine by 
Kistler (1968, p. 254 ), is available from the tuff of Button
"look Wash. Kistler (1968) referred to the unit as "tuff of 

Cat Canyon. upper cooling unit." a logi"a1 designation at 

.hat time. This K-Ar age is believed , be slightly young 

e)cau.e of slight sericitization of the rock (Marvin and 

)thers, 1970. p. 2666). The slight thinaning of the tuff onto 

he Ammonia Tanks Member (average K-Ar age of 11.1

m.y.) over the resurgent dome suggesu that resurgent 
doming had already started before enrption of the tuff of 
Butionhook Wash. However. this slight angular dis.  

cordance is not believed to presesi a major time break.  
for slight angular discordances without a complete 
cooling break are present within the Ammonia Tanks 
Member on the east flank of the dome (fig. 17).  

TUFMS Of CROOKIED CANYON 

The tuffs of Crooked Canyon are here included as an 
uppermost intracaldera unit of the redefined Timber 

Mountain Tuff (fig. 7)as shownon themapoftheTimber 
Mountain caldera area (Byers and others. 1976). On the 
east flahk of Timber Mountain dome the unit was mapped 
as tuff of Buttonhook Wash by Carr and Quinlivan (1966) 
and by Byers. Rogers. Carr. and Luft (1966). The exposed 

nonwelded distal edges of two ash-flow tuffs constituting 
the tuffs of Crooked Canyon are each less than 8 m (25 ft) 
thick where they onlap the northeast flank of the dome 
(fig. 18) in Crooked Canyon. Dowr'lip in the subsurface 
off the northern flank of Timber Mountain, the tuffs 
thicken rapidly to more than 250 m (800 ft) toward the 
outer edge of the caldera and become partly welded; they.  
were penetrated in the interval from 335 to 593 m (1.100 to 

1.945 ft) in drill hole UEISr in the northern moat of the 
caldera (figs. 3.18). The total thickness of the upper tuff in 
the drill hole is about 180 m (600 ft); the lower tuff, 75 m 

(245 ft) thick, was not cored. The great increase in 
thickness, from the exposed flank of Timber N )uncain 
dome outward to drill hole UEI8r. indicates that the tufft 
of Crooked Canyon were emplaced after the resurgent 
central dome was well advanced.  

The cuffs of Crooked Canyon overlie the tuff of Button

hook Wash or the Ammonia Tanks Member with a minor 
angular unconformity (fig. 3) and overlie the tuff of 
Buttonhook Wash in the central graben of the Timber 
Mountain resurgent dome. The contact zone between the 
tuffs of Crooked Canyon and the underlying Ammonia 
Tanks Member or tuff of Buttonhook Wash consists of I m 
or less of uniformly finegrained ash-fa!l shard tuff; more
over, the contact zone between the two ash-flow tuffs of 

Crooked Canyon contains 10-60 cm of fine ash-fall tuff, in 
contrast to as much as 18 m of variegated thin-bedded fine 
to coarse ash-fall tuff separating the tuffs of Crooked 
Canyon from the overlying post-Timber Mountain 
cooling units of the caldera fill (Byers and others, 1976).  

No compositional zoning in either of the tuffs of 

Crooked Canyon is apparent. The lower tuff is a simple 

nonwelded to moderatelywelded cooling unit of unifons 
rhyolitic composition, almost everywhere devitrified and 

pinkish to purplish gray. except at the distal edges 
flanking Timber Mountain dome. It contains fewer and 
smaller phenocrysts. with slightly more mafic pheno
crysts than the high-silica rhyolite in the upper part of the 
Ammonia Tanks (fig. 15). Near the tuff dike zone. it
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contains distinctive brown xenmliths characteristic of the 
lower quartz laite of the Ammonia Tanks Member in the 
tuff dike zone. A few thin tuff dikes (fig. 18), identical in 
composion to the lower tuff, also contain these brown 
xenoliths, indicating the probable source Of the tuff (see 
footnote description in Byers and others. 1966).  

The upper tuff is orange brown, glassy. and nonwelded 
near its pinchout on the northeast flank of Timber 
Mountain dome and likewise contains brown xenoliths 
from the lower quartz latite of the Ammonia Tanks in the 
tuffdike zone, suggesting a possible source similar to that 
of the lower tuff. The upper tuff contains, in addition.  
diagnostic phenocryst-poor glass xenoliths and 
phenoayst-rich pumice lumps. In drill hole UEI8r. the 
upper tuff is partly welded and, except for the glass 
xenoliths and its stratigraphic position above the lower 
tuff and the Ammonia Tanks, is almost indistinguishable 
petrographically from similar parts of the Ammonia 
Tanks (fig. 15).  

The K-Ar age of the tufts of Crooked Canyon is 
biacketed by the 10.5-m.y. age of the tuff of Buttonhook 
Wash and by the K-Ar age of 9.5 m.y. on the overlying tuff 
of Cutoff Road (Lipman. Quinlivan, and others. 1966: tuff 
of the caldera fill of Kistler. 1968. p. 254). The 10.5-m.y. K
Ar age of the tuff of Buttonhook Wash, however, is 
probably slightly young because of alteration of the rock 
(Marvin and others. 1970. p. 2666). More likely the K-Ar 
age of the tufts of Crooked Canyon is close to II m.y.. as 
suggested by the stratigraphic relations: less than 60 cm of 

"~ ash-fall occurs between the tufts of Crooked Canyon and 
the underlying units of the Timber Mountain Tuff.  
whereas about 18 m (60 ft) of thin-bedded ash-fall tuff 
separates the overlying. 9.5-m.y., unit from the tufts of 
Crooked Canyon near their pinchout on the east flank of 
Timber Mountain dome. On the west side of the Oasis 
Valley caldera segment, about 300 m (1.000 ft) of volcanic 
rocks, comprising bedded tuff, three ash-flow tuff cooling 
units, and a lava flow, occurs within this same 
stratigraphic interval in caldera fill (fig. 23). Moreover, the 
cooling units within the 300-m caldera-fill interval are 
petrologically dissimilar from the underlyirig quartz
bearing ,uffs :f Crooked Canyon and other units of the 
Timber Mountain Tuff as herei:. defined. From this strati
graphic and petrologic evidence, the tufts of Crooked 
Canyon apparently are close in K-Ar age to the Ammonia 
Tanks Member, possibly about I I m.y.  

The petrologic and inferred close-time r.elations 
between the t'pper units of the Timber Mountain Tuff are 
consistent with the relatively small volume ol ,he tufts of 
Crooked Canyon. their lack of compositional zoning, 
their generally nonwelded to partly welded character, and 
their suatigraphic position as i",e youngest tufts of the 
"Timber mountain eruptive sequence. All these features 
indicate a marked decrease in the eruptive activity of the 
Timber Mountain magma chamber (fig. 3) following

voluminous eruptions of the Rainier Mesa and Ammonia 
Tanks Members and the onset of resurgent doming of 
Timber Mountain.  

DErJIUS LOWS 

The term "debris flows" as used here designates cliatic 
deposits emplaced by rapid flowage of coarse and fine 
detritus. Such deposits are exposed within Timber 
Mountain caldera near the eastern and northern walls ind 
within the Oasis Valley caldera segment in the Trans-,%jl 
Hills and znear the west wall just west of Oasis Mouniiin 
(figs. 14. 16). The unit overlies and locally intertongues 
with the uppermost part of the Rainier Mesa Member in 
the vicinity of test well 8 and in Beatty Wash where it 
crosses the southern end of the Transvaal Hills (fig. 14) but 
is not conr.idered part of the redefined Timber Mountain 
Tuff. The debris flows underlie the Ammonia Tanks 
Member and pre-Ammonia Tanks rhyolite lava in drill 
hole UEI8r (fig. 3). The unit has not been found outside 
Timbt Mountain caldera or the Oasis 'Valley caldera 
segment.  

The debris flows are best exposed on the east side of the 
Timber Mountain caldera south of test well 8 (fig. 16) 
where the unit consists mostly of blocks of welded tuff as 
much as 6 m (20 ft) long in a yellowisn-gray to grayish
orange tuffaceous matrix. The lower part of the deposit is 
nonsotted and nonstratified and apparently represents a 
single debris flow, but the highest part of the unit contains 
well-sorted and bedded lenses of rewor. I tuff which 
sepa.3te several thinner flows. These hinner flows 
contain more fine tuffaceous matrix with fewer angular 
cobbles than does the single flow, and the thinner flows 
may have been emplaced as successive mudflows. All rock 
types present in the caldera wall. including the lower 
rhyolitic subunit of the Rainier Mesa Member, are present 
in the coarse detritus. Densely welded tuff of the Paint
brush Tuff. Grouse Canyon Member of the Belted Range 
Tuff. and rhyolite of the lower part of the Rainier Mesa 
Member occur as blocks in the debris flows along the east 
wall of Timber Mountain caldera; fragments of rhyolite 
lavas predominate iaside the north wall where pre- and 
post-Tiva Canyon rhyolite lavas are exposed. In the 
southern part of the Transvaal Hills, Iragments of intra
cauldron Paintbrush Tuff are most abundant and indicate 
a source from the Claim Canyon cauldron segment. The 
debris flows are exposed in places inside the Oasis Valley 
caldera segment west and south of Oasis Mountain and 
contain an assemblage of blocks. similar to those of the 
debris flows inside Timber Mountain cldera.  

Debris flows related to caldera collapse were penetrated 
in drill hole UEI8r from a depth of 1.183 to 1,442 m (3.880 
to 4.730 ft). They are overlain by pre-Ammonia Tanks 
rhyolite lava and underlain by the Rainier Mesa Member.  
Blocks many feet across are contained in a tuffaccous 
matrix. Most of the debris is welded tuftf of the Paintbrush 
Tuff. but rhyolite lava intercalated with Paintbrush and
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blocks o• rhyolitc Rainier Mesa are also present. No rocks 

older than Paintbrush Tuff were identified.  
The stratigraphic position of the debris flows, their 

intertonguinlg relation with the uppermost Rainier Mesa 

quartz latitic tuff. the presence of rhyolitic blocks from the 

lower part of the Rainier Mesa. and finally the location of 

the exposed ends of the flows just within caldera walls all 

indicate that the bulk of the debris flows were generated 

catastrophically within a short period of time as a result of 

caldera collapse related to the eruption of the Rainier Mesa 

Member. The debris flows contain assorted discrete blocks 

of the lower rhyolitic subunit of the Rainier Mesa.  

indicating the presence of already solidified Rainier Mesa 

in the calden walL This relation further suggests that the 

Rainier Mesa Member is a composite ash-flow sheet in 

Smith's (1960a) terminology.  

LAVA.S FITROLOG AICLLY RELATED TO 

TIIMPI, MOUNTAIN TUFF 

-- PRE.RINIER MESA LAVAS 

Lava flows underlie the Rainier Mesa and Ammonia 

Tanks M.-mbers. The lava flow immediately under each 

. member is petrographically similar to the member which 

overlies it. The pre-Rainier Mesa lavas (fig. 14) are 

Sdivisible into two petrographic types: low-silica rhyolite 

lavas with sphene-the rhyolite of Windy Wash of 

Christiansen and Lipman (1965)-and high-silica 

' rhyolite lavas without sphene and with few mafic pheno

crysts, petrographically and chemically like the high

S', silica rhyolitic tuff of the Rainier Mesa Member (fig. 15).  

The stratigraphic relations between these two rhyolites are 

- not certain, but the fact that the high-silica rhyolite is 

petrogiaphically more similar to the overlying Rainier 

Mesa Member than to the rhyolite of Windy Wash suggests 
Sthat the high-silica lava postdates the rhyolite of Windy 

Wash. Moreover, the rhyolite of Windy Wash bears some 

• petrologic affinity to the underlying Tiva Canyon 
Member of the Paintbrush Tuft and to the post-Tiva 
Canyon rhyolite lavas. mainly in sphene content and in 

the composition of ,paque iron-titanium oxides 
(Lipman, 1971). The rhyolite lavas of Windy Wash 

commoinly have a dark basal vitrophyre overlain by a p-ile

red devitrified interior. Feeder dikes of these flows are 

exposed as radial dikes in the south wall of Timber Moun

tain caldera (Byers and others. 1976). and one dike can 

actually be traced into the flow on the rim of the caldera. A 

rhyolite lava identical in lithology and chemistry (W. D.  

Quinlivan and P. W. Lipman. written comraun.. 1974) to 

the rhyolite of Windy Wash was penetrated in two drill 

holes in Siknt Canyon caldera (fig. 14). This lava was 

called "quaru-rich lava of Scrugham Peak quadrangle" 

by Byers and Cummings (1967) and by Orkild. Sargent.  

and Snyder (1969: see composite diagram of their usage in 

fig. 7). The nearly identical thin-section modes of flows in 

these two areas on opposite sides o; Timber Mountain

caldera are shown in figure 19. The close similarity in 
composition of the lavas in these two areas wsugvss that 

the lavas were erupted at about the samer time from the 
same compip•tional layer in tht underlying magma 
chamber.  

The high-silica rhyolite lava ctopG out on the south.  
west side of the Timber Mountain-Oasis Valley cakera 

complex in the vicinity of Beauy (fig. 14). It hasa typical 
glassy envelope with a light-gray deviuified interior. The 
lava is rather sparsely porphyritic and contains about 

"equal numbers of quaru and sanidine phenocryus; the 

sanidine has cryptoperthite(?) reaction rims similar to
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those of sanidine phenocrysts in the Rainier Mesa 
Member.  

The pre.Rainier Mesa rhyolite lavas correlate in part 
with "rhyolite flows and intrusives" of Cornwall and 
Kkinhampl (1964, p. I ; pl. 4). A K.-A age determined on 
the high-silica rhyolite under the Rainier Mesa Member 
east of Beatty is 11.3 m.y. (Kistler. 1968. p. 255). the same 
age as the Rainier Mesa Member (Marvin and others, 1970, 
p. 2261).  

PRI-AMMONIA TANKS LAVAS IN TIMIBE MOUNTAIN 
CALDERA MOAT 

The pre-Ammonia Tanks lavas are exposed near the 
north and southwest walls of Timber Mountain caldera 
(fig. 16) beneath thin glassy exposures of the Ammonia 
Tanks Member. These outcrops are in the outer annular 
moat which subsided during the eruption of the Rainier 
Mesa Member but which was not affected by collapse 
related to the eruption of the Ammonia Tanks Member 
(fig. 16). The lavas in the northern moat area of Timber 
Mountain caldera were called "rhyolite lavas of Timber 
Mountain caldera moat" on the map of the Scrugham 
Peak quadrangle (Byers and Cummings, 1967; fig. 2). In 
additon to the surface exposures, a lava flow was 
penetrated in the interval from 1.082 to 1.183 m (3.530 to 
3.880 ft) in drill hole UEI8r (figs. 3. 16) between the 
Ammonia Tanks Member and the underlying debris flows 
which partly filled the collapse area related to eruption of 
the Rainier Mesa Member.  

The pre-Ammonia Tanks lavas are glassy in the lower 
parts and have subjacent locally fused bedded tuff. The 
interiors of the flows are purplish gray laminated to light 
gray microcrystalline with conspicuous quartz pheno
crysts. The upper parts are light gray. porous, glassy, and 
commonly breccia ted. typical of most rhyolite lavas. The 
lavas contain sphene and are petrochemically (W. D.  
Quinlivan and P. W. Lipman. written commun., 1974) 
generally similar to rhyolitic parts of the Ammonia Tanks 
but contain fewer phenocrysts. Thin-section modes (fig.  
15) of the northern lava are the same as those of the 
southern lava (fig. 16). indicating a close r.agmatic and 
temp-,ral relationship similar to that between the 
northern and southern bodies of the rhyolite of Windy 
Wash of pre-Rainier Mesa age (fig. 19; already described.  
The cycle consisting of eruption of lava followed by 
eruption of tuff petrologically similar to the lava appears 
to have been repeated.  

A core of the uppermost zeolitized b-ecciated part of pre
Ammonia Tanks rhyolite lava from drill hole UE18r 
contained about l percent phenocrysts, consisting of 
sparse quartz, sanidine, and I piienocryst of sphene. This 
nearly aphyric lava may hav,- been extruded at a slightly 
different time than the iavas exposed in the northern and 
southern moat areas of Timoer Mountain caldera, but the 
sample may not be truly representative.

The age of the pre-Ammonia Tanks rhyolite 1avas is 
bracketed by K-Ar ages of 1l.3 m.y., determined on the 
Rainier Mesa Member (Marvin and others. 1970). and 11.1 
m.y.. determined on specimens of the Ammonia Tanks 
Member of the Timber Mountain Tuff (Kistler, 1968). The 
thermal remanent magnetization is reverse like that f the 
underlying Rainier Mesa but unlike that of the orrlying 
Ammonia Tanks Member (G. D. Bath. written connmun., 
1965).  

INDTiUSIVg ROCKS AND RZLATION TO 
IL-SURGENT DOMING 

Intrusive rocks on Timber Mountain resurgent dome 
that are largely pcst-Ammonia Tanks comprise an outer 
tuff-dike zone. an inner microgran-ite-porphyry ring dike 
(Carr. 1964. !o. B17), and intrusive rhyolite mainly in the 
central part of the dome (fig. 18). These intrusive rocks are 
petrologically closely similar to either high-silica 
rhvolitic or quartz latitic subunits of the Timber 
Mountain Tuff; these sim~iarities, together with position 
and field relations of the intrusive rocks on Timber 
Mountain resurgent dome, imply a close genetic relation 
to the Timber Mountain Tuff. Presumably the tuffs, the 
related lavas. and the intrusive masses were derived from 
the same underlying magma that resurged and caused the 
doming of Timber Mountain.  

The tuff dike zone crops out on the outer eastern flank of 
the Timber Mountain dome and parallel ro it (fig. 18). The 
dikes dip steeply inward toward the -enter of Timbcr 
Mountain (fig. 20). They are mostly high-silica rhyolite in 
composition :nd range in thickness from 0 to 8 m (26 ft).  
They intrude a distinctive brown devitrified facies of lower 
quartz latiteof the Ammonia Tanks in an area about 150 m 
(500 ft) wide. Some dikes appear to be feeders to the 
uppermost high-silica rhyolite subunit of the Ammonia 
Tanks. for this subunit is not only petrographically 
identical with these dikes (,ig. 21), but also contains the 
same distinrtive brown xenoliths of the lower quartz latite 
subunit of the Ammonia Tanks. These dikes have a sharp 
contact with the Ammonia Tanks but show no evidence of 
chilling, indicating that the Ammonia Tanks was still hot 
at the time of intrusion.  

A few dikes are petrologically similar to the two tufts of 
Crooked Canyor,. which also contain xenoliths of 
Ammonia Tanks quartz latite. The slightly finer grain size 
of these dikes, at the contact indicates chilling and 
suggests that the dikes were intruded after the Ammonia 
T--nks had cooled somewhat. Although it is not possible to 
distinguish petrographically between dikes that may have 
been feeders for either the lower or upper tuff of the tuffs of 
Crcoked Canyon. the presence of xenoliths in the tufts 
indicates that their vent source was probably the tuff dike 
zone. No modal ranges of these dikes are shown in figure 
21. because the feldspar phenocrysts are too altered to 
allow distinguishing sanidine and plagioclase.

52
I



53
TIMBIR MOUNTAIN TUFY AND ROC•ZLS LLATWD TO T1MSIR MOUNTAIN CALDIDRA

FiGuit 20.-Rhyolitic tuft dike cuts basal quartz latite of Ammonia 

STanks Member and dips inward (westerly) along arcuage zone 

around the east flank of Timber Mountain dotne. Dikes were prob

ably firtee for uppermost high-silica rhyolite of Ammonia Tanks 
and tufts of Crooked Canyon. Flattened pumice (P. barely visible) 
and biotite foliation in quartz latue hom rock are parallel to walls 

of dike. Note fragments of dark quartz lauti tuff in dike and white 

_ - (recrystallized) nonflattened purrice in quarts latite ho"t rock. Ex.  

posure in Brushy Canyon (fig. 18).  

The microgranite porphyry ring dike consists of several 

alined discordant bodies (fig. 18) that intrude the lower 
part of the Ammonia Tanks Member. The dike is in an 
inner ring-fracture zone closer than the tuff dike zone to 
"the apex of the Timber Mountain dome. Here the 
Ammonia Tanks is extremely thick (fig. 16) and may have 
extended as much as 600 m (2,000 ft) above the highest level 
penetrated by the ring dike. The contacts of the various 
bodies are abrupt, and the porphyry shows no change in 
texture or mineralogy at the borden. The lack of chilled 
borders suggests that the Ammonia Tanks host rock was 
still hot when the dikes were emplaced. Several of the dikes 
and irregular bodies broaden downward, presumably to 
connect at depth. The ring-dike systtm is generally 
parallel to an arcuate fault zone, a short distance to the 
southeast. Both the arcuate fault zone and also the ring 
dike dip steeply southeast (fig. 1), away from the central 
part of Timber Mountain resurgent dome. The inti ..,ion 
of the porphyry dike probably accompanied the resurgent 
doming of Timber Mountain (Caff. 1964; Carr and 
Quinlivan. 1968. p. 103-104).  

The microgranite porphyry is near.y uniform in general 
appearance, textuic, and color. small bodies differ only

slightly in texture from the largest. It is medium- to light.  
gray nonfoliated fairly homogeneous porphyritic rmC, 
containing abcut 50 percent phenocrysts of abundant 
feldspar as much as I cm across, minor biotite, and clino.  
pyroxene (fig. 21) in a very finely granular groundmass.  
Quartz and sphene phenoaysts are absent. The large 
feldspar phenocrysts consist of small plagioclase cores less 
than 3 mm in size, rimmed by a thick jacket of alkali 
feldspar. The groundmass is largely quartz and alkali 
feldspar. 0.1 to 0.2 mm in size and partly as granophyric 
intergrowths. The microgranite porphyry is almost 
chemically identical with the more mafic quartz latitic 
upper part of the Ammonia Tanks that contains 66-68 
percent silica (W. D. Quinlivan and P. W. Lipman.  
written commun., 1974). The microgranite porphyry.  
however, had attained a more advanced stage of crystal
lization, as evidenced by (1) larger and slightly more 
abundant phenocrysts (fig. 21) and (2) more abundant 
alkali feldspar in th:" form of thick outer jackets enclosing 
plagioclase in the larger phenocryst:. Mafic quartz latites 
of the Ammonia Tanks and also the micogranite 
porphyry contain little if any quartz and sphene. The 
name "microgranite porphyry" was applied to these rocks 
prior to obtaining chemical analyses (W. D. Quinlivan 
and P. W. Lipman, written commun.. 1974).  

In addition to microgranite porphyry dikes. pipeiike 
and pluglike bodies of rhyolite. and probably quartz latite.  
intrude the upper part of the Ammonia Tanks Mer-, beron 
Timber Mountain dome. Contact zones are co. .imonly 
glassy and gradational through a horizontal zone of as 
much as 90 m (WG ft); considerable mixing and 
remobilization occurred between the glassy intrusives -nd 
the tuff subunits of the Ammonia Tanks. A few intrusives 
are coextensive with small ext.-usive domes that rest on.  
and show a complete cooling break from, the upper part of 
the Ammonia Tanks. Two petrologic types in different 
structural settings on the dome are included in the 
intrusive rhyolite. The rhyolite of Parachute Canyon (fig.  
18). probably a quartz latite. is on the north flank of the 
dome near the inner rirtg.fracture zone. which is not well 
exposed here. In contrast, the rhyoliie lavas of East Cat 
Canyon are composed of high-silica rhyolite. and were 
extruded from vents along faults of the central graben of 
the resurgent dome.  

The rhyolite of Parachute Canyon is a plug dome. as 
evidenced by vertical foliation near steep contacts. Vertical 
foliation is lacking in areas where the rhyolite reached the 
surface and flowed onto the upper part of the Ammonia 
Tanks Member. The interior of the body is light gray and 
porphyritic. and contains abundant small lithophysae.  
but it is encircled by a darker, finer grained border zone 
that is locally glassy, particularly on its northwest side 
where it apparently flowed onto the Ammonia Tanks. The 
border zone appears to consist of a few hundred metres of
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Fscuas 21.-Modal and silica ranges of inrusive rocks on Timber Mountain compared with ranges of high-silica rhyolite and quawu latite 
Member of Timber Mountain Tuff. Silica analyses from

Ammonia Tanks near the apex of the Timber Mountain 

resurgent dome (fig. 18). The pipes are localized along the 

"faulted margin of a northwest-trending central graben.  

described by Carr and Quinlivan (1968. p. 105). The 

central parts of the pipes are light gray and devitrified.  

whereas the border zones are generally glassy or finely 

spherulitic. In a few places a crystallized transitional 

- border zone as much as 15 m (50 it) wide contains 

alternating bands of rhyolite having different phenocryst 

contents and probably represents a zone of intermixed 

intrusive high-silica rhyolite and remobilized quartz latite 

wallrock of the Ammonia Tanks Member. The modal 

range of three specimens and the silica content of 76.8 

Percent approach the composition of a typical high-silica 

rhyolite of the Ammonia Tanks Member (fig. 21).  

The infeuted relations among the Ammonia Tanks 

Member in the Timber Moustain resurgent dome, the 

petrologically related intrusives. and an inferred under

lying compositionally zoned magma chamber are shown 

in figure 22. The two-layer compositional zoning of the 

upper part of a large magma chamber is based on models 

suggested ly Quinlivan and Lipman (1965). by Lipman.  

Christiansen. and O'Connor (1966), and L; Smith and 

Bai ey (1966). The inward-dipping tuff dikes formed from 

high-silica rhyolite magma near the apical part of the 

magma chamber and are somewhat analogous to cone 

sheets (Anderson. 1936). The rhyolite intrusives of East

mixed flow-banded rhyolite and probably fused mobilized 
quartz latite wallrock of the upper pan f the Ammonia 

Taaks Member. Parts of the intrusive mass are quartz rich, 

and others are quartz poor. thus indicating a pronounced 

internal compositional variation that may reflect 

composite intrusions.  
The porphyritic central part of rhyolite of Parachute 

Canyon. whose mode is shown in figure 21, is more likely a 

quartz latite. Phenocrysts of alkali feldspar, as much as 8 

mm across, enclose cores of subordinate plagioclase. with 

minor embayed quartz and biotite, all in a micro

crystalline groundmass. This central -part petro

graphically shows a striking textural and modal similarity 

to the micbogranize porphyry dike (fig. 21). except for 

smaller groundmass crystals and somewhat fewer pheno

crysts, and it probably represents a more chilled fine

grained upward extension of similar microgranite 

porphyry at depth. The quartz and sphene in the central 

part may represent mixture at one stage or another of 

chilled rhyolitic tuff of the Ammonia Tanks Memberor of 

similar magma composition. The Parachute Canyon vent 

is also located near the inner ring-fracture zon: on the 

flank of the Timber Mountain dome, a structural posi

tion similar to that of the porphyry ring dike on the south 
side (fig. 18).  
. Pipelike intrusives of high-silica rhyolite. one grading 

upward into a plug dome. cut the upper part of the

r
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Cat Can)on, localized along marginal faults of the central 
graben. also formed from the high-silica rhyolite in the 
upper pan of the magma chamber. The outward-dipping 
microplanite porphyry ring dike formed from quartz 
latitic magma, which averaged about 68 percent silica, and 
lay below the high-silica rhyolite interface.  

This idealized model of the magma chamber would 
probably be attained prior to and reestablished a short 
time after the voluminous extrusion of the Ammonia 
Tanks Member with its complex compositional grada
tions of high-silica rhyolite and quartz laute. Intermixing 
of these two compositions within the Ammonia Tanks 
Member inside the Timber Mountain caldera indicates 
disturbance of the interface (fig. 22) and probably the 
extrusion cf the Ammonia Tanks Member from many 
vents, as originally suggested by Quinlivan and Lipman 
(1965).  

CA.LDERA COLLAPSES RE.LATID TO 
ERUPTIONS OF LAD4R MMEA AND 

AMMONIA TANKS MEMIBEL 

Discussion of areas of collapse related to eruptions of the 
Rainier Mesa and Ammonia Tanks Members of the 
Timber Mountain Tuff has been deferred until all the 
petrologically related quartzose igneous rocks that are 
defined as belonging to the Timber Mountain caldera 
center have been described. Timber Mountain caldera, as 
shown in figure I and other illustrations of this report, was 
originally defined not on the basis of its extrusive products 
but as a volcano-topographic feature in the Williams 
(1941) sense. The perspective diagram (see frontispiece) 
illustrates the extent of a subcircular caldera wall 
enclosing a moatlike annular area surrounding the central 
dome. Only in the northwestern part, where Thirsty 
Canyon has been incised, is the caldera wall lacking.  
These topographic features, indicative of a caldera and 
central resurgent dome, were recognized by R. L. Smith as 
early as 1960, and the name Timber Mountain was applied 
to the caldera and resurgent dome after the topo
graphically prominent central mountain. There are.  
however, not one but two voluminous coextensive ash
flow sheets, j,:trologically similar and erupt-d within a 
few hundred thousand years of one another, that are dis
tributed peripherally to Timber Mountain caldera. Did 
Timber Mountain ca!dera as defined topographically 
result as a collapse feature related mainly to eruption of 
the Rainier Mesa Member, or is it a composite caldera 
resulting from two or more eruptions of Timber 
Mountain Tuff, or, still a third possibility did other 
adjace-nt areas subside, producing a volcano-tectonic 
d.-pression, during eruption of the member? These alter
nativs and their possible comr inations are considered 
next.  

The know,! areal extents of both the Rainier Mesa and 
Ammonia Tanks Members are closely similar, as a

comparison of figures 14 and 16 will show. The extra.  
caldera thickness of the Rainier Mesa Member. however. s 
locally two to three times thicker than the Ammonia 
Tanks in former topographic depressions such as Silent 
Canyon caldera; elsewhere the Rainier Mesa Member is 
generally 50-100 percent thicker than the Ammrinia 
Tanks (Byers and others, 1968. p. 91 and 93). Inasmuch at 
the intracaldera thickness of the Rainier Mesa Member i1 
not known, only a minimum volume of 1.200 kin' I100 
mi') of the Rainier Mesa Member can be inferred.  
compared with a more accurately known total volume of 
900 kms (230 mi') of the Ammonia Tanks. The inira.  
caldera thickness of the Rainier Mesa might well be twice 
that of the Ammonia Tanks, and the total volume of the 
Rainier Mesa Member might well be nearly twice that of 
the Ammonia Tanks. Obviously, the approach of 
comparing the extracaldera volumes of the members with 
the areas and volumes of collapse is fraught with many 
unknowns, i,.cluding the intracaldera thickness of the 
Rainier Mesa. A further cc.,nplicating factor is the 
possibility that an inner Ammonia Tanks ring-fracture 
zone may have also been loci for some collapse along an 
inner zone during eruption of the Rainier Mesa Member.  
As a first approach, however, it seems likely that the area of 
collapse related to the Rainier Mesa eruption would be 
somewhat larger than that related to the Ammor.ia Tank, 
eruption. Fortunately. more direct evidence bearing on 
this problem is available.  

Th-. area of collapse related to the e: .ption of the 
Ammonia Tanks Member is considered first. bccause 
thicknesses, facies. and other geologic relations are some
what better known than those parameters of the Rainier 
Mesa Member. The areas of collapse related to eruption of 
the Ammonia Tanks Me-mber are inferred mainly from 
sequences more than 300 m (1,000 ft) thick that are 
strongly devitrified and contain granophyric pumice.  
Inside Timber Mountain caldeia the main area of collapse 
is outlined in figure 16. Another probable area of 
Ammonia Tanks collapse is indicated in the Oasis Valley 
caldera segment by the 450-m-thick (1,500-ft) strongly 
devitrified Ammonia Tanks exposed on Oasis Mountain.  
The thick granophyric facies of the Ammonia Tanks 
Member on Timber Mountain resurgent dome was 
penetrated in drill hole UEI8r (fig. 5), but core from the 
drill hole lacks the upper part of the Ammonia Tanks, 
suggesting that the area occupied by Timber Mountain 
dome further collapsed within an innermost ring-fracture 
zone, inside the area of outer collapse enclosed by th' 300
m isopach (fig. 16). The area around the large mass of pre
Ammonia Tanks rhyolite lava (fig. 16) is obviously 
outside the caldera related to Ammonia Tanks collapse, 
although it is inside the prominent north wall of Timber 
Mountain caldera. Between this north wail and the 
inferred wall related to Ammonia Tanks collapse(fig. 16), 
the Ammonia Tanks Member is glassy, partly welded, and
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less than 50 m (2.00 it) thick-typical of the exuacaldera 
f1cies.  

Similar relations occur just inside the south wall of 
imbe, Mountain caldera along a narrow annular tone 

. Abhout 1.5 km wide in which a pre-Ammonia Tanks lave 
flow is ovewlain by thin glassy Ammonia Tanks (fig. 16).  

'his narrow zone, obviously, was not within the collap•e 
Are la mited to the Ammonia Tanks Member. but this tone 
I% within the caldera wall continuous with that related to 
dhe erupton of the Rainier Mesa Member.  

a- .'s Mountain h1hs. 16) occurs in a large westerly 
%Ah,,nt r "scallop" of the Oasis Valley caldera segment.  
Ihe mountain is composed of at least 450 m (1.500 ft) of 

,hrn devitrtfied ash-flow tuff of the Ammonia Tanks 
having very low porosity. The general attitude of the 
Ammronta Tanks as determined by the basal contact (fig.  
13) and by a prominent parting in the middle is 30W-35° 
-istward. but in the upper part stretched granophyric 
,umite dips 700-80-. The upper part probably slid 

,lhwndip, possibly ts a result of caldera collapse farther 
r-t in the caldera segment.  

The Ammonia Tanks thins to about 150 m (500 ft)over 
,MAhrrately westward-dipping Rainier Mesa in the 
Frsansvial Hills (fig. 23) on the east edge of the Oasis 
Valley caldera segment; a 100-1P angular discordance 
.Kcurs between the Ammonia Tanks and Rainier Mesa.  
IeAxally, an angular unconformity as much as 100 occurs 
6-riween the westerly dipping upper and lower parts of the 
Ammonia Tanks. The thinner upper part chilled to a 

trophyre and is locally "frozen" to the thicker more 
viturfied lower part. The local small angular 

"-'discordgaice and the implied partial cooling break indicate 
minor contemporaneous westward tilting during 
e-mplacement of the Ammonia Tanks Member.  

In summary, the area of collapse related to the eruption 
of the Ammonia Tanks was mainly peripheral to the 
Timber Mountain resurgent dome, because that is where 
the Ammonia Tanks is thickest and where the resurgence 
took place. High-silica rhyolite lavas that petrologically 
resemble parts of the Ammonia Tanks are present in the 
Timber Mountain caldera moat just outside the area A 
collapse. Thickt.-seo of more than 450 m (1.5W0 ft).  
steeply dipping stretched pumice at Oasis Mountain. and 
a local 101 angular unconformity within gently westward 
dipping Ammonia Tanks in the Transvaal Hills suggest 
that the floor of the Oasis Valley caldera segment partially 
subsided and tilted westward with the eruption of the 
.-immonia Tanks. This subsidence. howevcr, was 
considerably less than that penpheral to Timber 
Mountain dome.  

The approach to the problem of the area of Rainier 
Mesa subsidence is more indirect ard perhaps less 
convincing than in the case of the Ammonia Tanks.  
Several years ago D. C. Nobe (written commun.. 1966) 
suggested that the area of collapse related to the eruption

of the Rainier Mesa Member included not only Timber 
Mountain caldera. but also Oasis Valley calders segment 
and most of Sleeping Butte segment as well. There was 
little direct evidence to support his hypothesis at the time, 
but as geologic mapping and field checking became 
completed in the caldera segments west of Timber 
Mountain caldera. the hypothesis of a larger area of 
subsidence related to the Rainier Mesa erupton has 
become more attractive.  

There can be little doubt that the topographically 
defined Timber Mountain caldera was the main site of 
collapse caused by eruption of the Rainier Mesa Member.  
Under the description of debris flows, emphasis was 
placed on the unique intertong-ing relation of the debris 
with the uppermost part of the Rainier Mesa Member, and 
on the fact that the debris flows lap onto th" north and east 
walls of the topographically defined Timber Mountain 
caldera. The debris flows, moreover, contain blocks 
locally derived from -he adjacent caldera -wall. Clearly 
then, the debris flows, at least the basa! parts of them that 
intertongue with the uppermost Rainier Mesa. record the 
late stages of collapse related to the eruption of the Rainier 
Mesa (Byers and others, 1968). The onlapping relation of 
the debris flows to the caldera wall outlines the limits of 
structural movement related to extrusion of the Rainier 
Mesa. Although the Rainier Mesa and the debris flows ate 
buried by younger deposits elsewhere around the 
continuation of the caldera wall, the continuation rr the 
wall and onlaoping thin Ammonia Tanks at a few ' ,aces 
just inside the wall indicate that Timber Mountain 
caldera, as defined herein, was also the site of collapse 
associated with eruption of the Rainier Mesa Member as 
well as the Ammonia Tanks.  

The Transvaal Hills (fig. 14) form the exposed west wall 
of Timber Mountain caldera as topographically 
defined-yet here the Rainier Mesa Member is more than 
450 m (1,500 ft) thick, and the base is not :xposed. The unit 
has a gray granophyric texture, typical of thick ash-flow 
tuffs. Debris flows intertongue with the uppermost 
Rainier Mesa and overlie it in the same relation as within 
Timber Mountain caldera. Although the Rain)ier Mesa 
dips about 25* W., suggesting a dip outward away from the 
caldera wall. the debris flows exposed between the Rainier 
Mesa and the Ammonia Tanks thin and pinch out north
ward in the Transvaal Hills along a line about 5 km (3 mi) 
north of the south wall of the Oasis Valley caldera 
segment. Morover, the debris flows are exposed under the 
Ammonia Tanks for a few miles westward just inside the 
south wald of Oasis Valley caldera segment, analogous to 
the relations along the north and east walls of Timber.  
Mountain caldera.  

At Oasis Mountain (figs. 14. 16). in the westerly salient 
or "scallop" of the Oasis Valley caldera segment. the thick 
eastward-dipping Ammonia Tanks rests on at least 90 m 
(300 [t) of debris flows, whose base is not exposed (see fig
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23). The debris flows contain rhyolite blocks of the Rainier 
Mesa and Tiva Canyon Members similar in lithology to 
the same units exposed in the Bullfrog Hiuls to the west.  
Agaia. th..se relations are analogous to those inside 
Timber Mo'.mtain caldera, where blocks in the debris 
flows are derived from the adjacent wall. In fugure 23, we 
have interpreted the western limit of Rainier Mesa 
collapse to lie just west of Oasis Mountain. The deeper 
porn of the cauldron subsidence was probably a few miles 
farther east under Oasis Valley, as indicated by a strong 
gravity gradient (D. L Healey, written c"-nmun., 1969).  

Alternatively, the thick exposure of the Rainier Mesa 
sheet in the Transvaal Hills may not have accumulated in 
its own cauldron subsidence, but may have accumulated 
in an earlier Oasis Va!!ey segment of the Claim Canyon 
caukfrog: as suggested by Christiansen and others (1976).  
We recognize this probability, because the cs.jtline of the

buried Claim Canyon cauldron shown in figures 8 and 10 
includes the Tr;nsvaal Hills. However. the additional 
evidence, just cited, concerning the extent of the debris 
flows around the edges of Oasis Valley calder., segrent 
suggests partial collapse during the Rainier Mesa 
eruptions.  

Also suggesting that the west wall of the subsidence 
associated with the Rainier Mesa eruption may be west of 
d-.- Transvaal Hills are the two, Rainier Mesa-related, 
high-silica rhyolite lavas just east and north of autty (fig.  
14). Other lavas previously discussed, especially the pie
Ammonia Tanks lavas (fig. 16). are generally within a few 
kilometres of the cauldron subsidence associated with the 
petrologically related tuffs. The high-silica rhyolite petro.  
logically related to the Rainier Mesa Member (fig. 15) in 
the Bullfrog Hills (fig. 14) would be more than 15 km (9 
mi) away from a caldera wall located in the Transvaal
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Hills. It is far more likely, on the basis of comparison of 
the location of other rhyoli:e lavas to known related 
cauldron subuidences, that the Oasis Valley caldera 

-- ment collapsed during eruption of the Rainier Mesa.  
availability nearby of high-silica rhyolite magma 

-ý_.,icates that the volatile-rich magma near the top of 
magrr3 chamber probably underlay Oasis Valley.  

D. C. Noble (written commun., 1966) interpreted the 
,._ westward-dipping thick Rainier Mesa Member in the 

Transvaal Hills to be the tilted remnant of a central 
Sresurgent dome. According to the resurgent dome hypo

thesis, post-Rainier Mesa magmnatic pressure related to an 
underlying mobile body of batholithic proportions may 
have caused the uplift and westward tilt, possibly forming 
a central resurgent dome that foundered with the erup
tion of the Ammonia Tanks Member. Christiansen and 
others (1976), however, emphasize several observations 
that are detrimental to the hypothesis.  

In conclusion, we believe the evidence strongly suggests 
that westward tilting and partial subsidence of the Oasis 
Valley caldera segment may have occurred along with sub
sidence of the Timber Mountain caldera during eruptions 
of both the Rainier Mesa and Ammonia Tanks Members.  
These repeated composite subsidences would thereby 
outline a volcano-tectonic depression, as originally 
defined by van Bemmelen (1950, 193!). The Timber 
Mountain caldera and its adjoining Oasis Valley caldera 
segrent probably overlay the apical part of a magma 
chamber of batholithic magnitude.

YOUNGER INTRACALDERA ROCKS IN T1M•FXR 
MOUNTAIN AND OASIS VALLEY CALDERAS 

Following the climactic eruptions and resurgen,-e at the 
Timber M-'rntain center there was a brief pcriod of 
relative quiescence with local small lakes in the caldera 
moat. The earliest bedtded tuffs on the flank of the dome 
are sandy, well sorted, and cross-laminated. These features 
suggest that the ash-fall tuff was reworked by water and 
that little, if any. volcanic acti-ity took place. Moreover, 
the earliest mafic lavas are palagonitized. which suggests 
interaction with water. Locally as much as 30 m (100 ft) of 
sediments accumulated, in,:luding calcareous sandstone 
and siltstone in both Oasis Valley and Timber Mountain 
calderas. Upon renewal of volcanic activity, the composi
tdon of the first intracalder- tuffs and lavas had drastically 
changed from highly silicic rhyolites of the Timber 
Mountain Tuff. to Plagioclase-rich low-silica rhyolites, 
rhyodacite. and mafic lavas. The chemical character, 
however, of the post-Timber Mountain rocks remained 
alkali-calcic.  

UIYODACiTIC AND MAAFIC LAVAS 

The oldest post-Timber Mountain rocks to be extruded 
on the flank of the resurgent dome were intermediate t, 
mafic lavas and relatively restricted in volume. Two of the 
largest areas of these lavas are on the east and south flanks 
of Timber Mountain dome (fig. 24). The smaller lava flow 
on the southern flank is an olivine-bearing trachyandesite 
(latite of Lipman, Quinlivan. and others, 1966) which has
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YOUNGER INTRACALDERA ROCKS. TIMBER MOUNTAIN AND OASIS VALLEY CALDER.S

10-percent phenocrysts consisting of 90-percent plagio
-laste and 10-percent olivine, biotite, clinopyroxtne. and 
orthopyroxene. The larger lava flow on the east flank i 
mo exposed and has beeir more extensively sampled than 
the smaller flow. The larger lava flow is a phenorys-rich 
rhyodacite whose mode and silica content are shown 
graphically in figure 25. A complete chemical analysis of 
this rock was furnished by W. D. Quinlivan and P. W.  
Liprran (written commun., 1974).  

TUFrS OF FLZUUR-DF.LU RANCH 
AND RrLATLTED RHYOLrTF LAVAS 

The tufts of Fleur-de.lis Ranch are most completely 
exposed on the west side of Oasis Valley just west of the 
Fleur-de-lis Raicbi (fig. 24) where three petrographically 
similar ash-flow tuff cooling units include an inter
calated lava flow between tuff units 2 and 3. Tuff units I 
and 2 crop out only at this locality where the aggregate 
thickness of all three tuffs and the lava is about 300 m 
(1,000 ft). Tuff unit 3 and the underlying lava extend 
southward: Oasis Valley is a narrow gorge where it cuts 
through these units. The only other place where a similar 
tuff is exposed is beneath a lava plug dome in an old vent 
south of Beatty Wash (fig. 24). Here a partly fused tuff, 
possibly a vent-related hot ashfall. dips inward toward the 
center of the plug dome and encloses it.  

The lavas at both localities are modally closely similar 
S to the enclosing tuffs of Fleur-de-lis Ranch and also to the 

rhyolite lava at West Cat Canyon (figs. 24. 23). where the 
cuffs are absent. For convenience, all these lavas are 
designated the rhyolite lavas of West Cat Canyon.  

The t•ffs of Fleur-de-lis Ranch and the related rhyolite 
1avas of West Cat Canyon reston theoldest bedded tuff and 
sediments that fill Oasis Valley and Timber Mountain 
calderas and are overlain by the tuff of Cutoff Road, which 
is included with the tuffs of Fleur-de-lis Ranch in figure 
24. Both the tufts and the associated lavas are probably 
thicker and more extensive at depth under the Oasis Valley 
caldera segment. The tuffs have not been found flanking 
Timber Mountain dome, but the presence of the modally 
similar rhyolite lava at West Cat Canyon on the souchwcit 
flank of the domr- (fig 24) suggests the possibility oft con
cealed onlap (Byers and others, 1976, ser.. B-B').  

The similar modes of the tuffs and lavas are shown 
graphically in figure 25. Individual specimens vary some
what with respect to total phenocrysts, but the most 
common phenocrysts are plagioclase, biotite. and 
clinopyroxene-very similar to those of the dominant 
mafic pumice in the quartz latitic caprocks of the Paint.  
brush and Timber Mountain Tuffs. One specimen from 
we intercalated lava west of Fleur-de-lis Ranch north of 
Oasis Valley gorge contains hornblc.de and clino-

pyroxene; specimens collected south of the gorge contain 
only clinopyroxene. Possibly two separate lava flows at 
the same stratigraphic position were sampled. Chemical 
analyses of the uppermost tuff at Fleur-de-lis Ranch and 
the rhyolite lava at West Cat Canyon are from W. D.  
Quinlivan and P. W. Lipman (written commun., 1974).  
The high alkalis and silica and high normative quartz and 
alkali feldspars with low normative anorthite indicate 
rhyolitic compositions, in contrast to more quartz latitic 
compositions of crystal-rich caprocks of Paintbrush and 
Timber Mountain Tufts. The magnetic polarity of the 
upper tuff is normal (G. D. Bath, oral commun.. 1964).  

TaIJif O CUTroi ROAD AND RILATIED RUMOLUTI LAVAS 
The tuff of Cutoff Road and the rhyolite lavas of Beatty 

Wash, which are compositionally equivalent, are the 
youngest ash-flow tuff and related lava confined to the 
Timber Mountain and Oasis Valley calderas. The tuff 
occurs in the Timbe- Mountain caldera moat area and 
around the exposed edges of the O"is Valley caldera 
segment (fig. 24). The rhyolite lavas of Beatty Wash are 
exposed in Beatty Wash in the southern part of Timber 
Mountain caldera moat (fig. 24) and extend eastward 
under younger rhyolite lavas of Fortymile Canyon. A lava 
flow of the same modal petrography crops out in the 
bottom of Fortymile Canyon (fig. 24) beneath the rhyoli,e 
lavas of Fortymile Canyon but is included with these 
overlying rhyolite lavas on the geologic map of the 
Timber Mountain caldera area (Byers and others, .976).  
Another lava flow, about 150 m (500 ft) thick, was 
penetrated in drill hol UE18r in the northern caldera 
moat; its inferred extent is based partly on a negative aero
magnetic anomaly (G. D. Bath, written commun., 1968) 
and partly on structural interpretation of the moat area.  

The tuff of Cutoff Road does not exceed 60 m (200 ft) in 
thickness where exposed: commonly it is less than 30 m 
(100 ft) and nonwelded. except in Oasis Valley on the west 
side of the Oasis Valley caldera segment. Near the distal 
nonwelded edge on the east flank of Timber Mountain 
dome, a maximum thickness of 26 m (85 ft) is exposed 
where the tuff dips gently eastward under cover. The 
rhyolite lavas of Beatty Wash are 150m (500 ft) thick in the 
northern moat and greater than 60 m (200 It) thick in the 
southern moat. The .lavas are probably a significant 
fraction of the total, owing to the greatly reduced volume 
of tuff erupted from post-Timber Mountain Tuff vents of 
the Timber Mountain-Oasis Valley caldera complex.  

The tuff of Cutoff Road locally onlaps the rhyolite lava 
of Beatty Wash in Beatty Wash, but there is less than 3 m 
(10 ft) of coarse locally derived ash-fall tuff between the 
units. The tuff overlies the tuffs of Fleur-de-lis Ranch or its 
associated lavas, but the rhyolite lava of Beatty Wash has
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Ficuit 25.-Modal and silica ranges of younger. intracaldmr- vokanic rocks of Timber Mountain-Oasis Valley caldema complex.  
uncertain field relation. Rhyolite lava "'V" (Lipnan. Qunlivan. andohders. 3966) maV Coryvlame with rhyolite of Pinnacles 
cryu is absent. Silica analyses from W. D. Quinliv•an and P. W. Lipman (written comm..n.. 1974).

not been observed in direct siratigraphic contact with these 
units. The tuff of Cutoff Road and the rhyolite of Beatty 
Wash are inferred to be slightly younger than the tuffs of 
Fleur-de-lis Ranch and the rhyolite lavas of West Cat 
Canyon. as indicated partly by superposition of the tuff 
units and partly by inferred near-equivalence in time of 
petrographically similar tuff and rhyolite lava.  

The thmn-secdon modes of the tuff of Cutoff Road and of 
the rhyolite lavas of Beatty Wash are nearly identical, even 
in the relative abundance of sphene (fig. 25). The only 
slight difference is the presence of sparse quartz in a few of 
the tuff thin sections. Both rocks are rhyolites having 
identical silica content at 74.5 percent (fig. 25) and there
fore can be ccrrelated as one stratigraphic unit.  

A mean K-Ar age on the tuff of Cutoff Road L 1.5 m.y. as 
reported by Kistler (1968, table 1, "tuff of the caldera fill").  
The magnetic polarity for both the tuff and the rhyolite of 
Beatty Wash is reversed from the Earth's present field (G.  
D. Bath. written commun., 1968).  

RJYOLflE LAVAS Of FORTYMILE CANYON 

The last activity of the Timber Mountain center resulted 
in a sequence of rhyolitic lava flows, domes, and closely

associated air-fall pyroclastic rocks erupted from a zone 
along and just outside the south and west rims of the 
Timber Mountain cildera. The lavas flowed mainly 
southward across the outer flank of the caldera structure 
but also flowed into the caldera moat, and at one place 
lapped onto the Triniber Mountain resurgent dome (fig.  
24). 'T'hese rocks have been designated collectively the 
rhyolite lavas of Fortymile Canyon (Christiansen and 
Lipman. 1965; Orkild and O'Connor. 1970).  

The rhyolite lavas of Fortymile Canyon include eight 
known individual lava flows and domes (fig. 25), each 
associated with a sequence of pyroclastic rocks, mainly 
bedded tuffs. These flow units and their tuffs have been 
mapped individually on the 734-minute quadrangle maps 
(fig. 2; Christiansen and Lipman. 1965; Orkild and 
O'Cornor. 1970). No stratigraphic thickness is 
meaningful for the unit as a whole because of the limited 
areal extent and the large variations in thickness of indivi
dual flows. Flows are as thick as 300 m (1,000 ft) where they 
fill old Valleys. The pyroclastic rocks in most instances 
thin outward from the vent art-as, where piles of tuff and 
agglomesate associated with a single flow are as much as
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250 m (800 ft) thick. The rhyolite lavas of Fortymile 
M-Canyon contain about 20 kmi (5 mi') of erupted material.  

The content of silica nad quartz phenocrysts in the 

rhyolite lavas of Fortymile Canyon increases upward from 
q uaru-poor flows at the base to quartz-rich flows at the top 

(fig. 25). The quartz trend seems to repeat a similar trend in 

the Paintbrush-Timber Mountain Tuft sequence. The 

silica content of the lava3 increases gradually upward to 

high-silica rhyolite (fig. 25), also similar to the trend in the 

tuffs and rhyolites of Area 20 that fill the Silent Canyon 

caldera. The petrochemical trend of these lavas toward 

high quartz and silica continues the trend of the older 
postresurgence lavas and tuffs in the caldera moat.  

Rhyolite "V'" of Lipman. Quinlivan. Carr and Anderson 
(1966) is a high-silica rhyolite (figs. 24. 25) with thin

section modes almost identical to those of the rhyolite lava 

of Pinnacles Ridge (fig. 25), suggesting either approxi
mate contemporaneity or the tapping of high-silica 

rhyolite magma near the top of the magma chamber at 

differernt times.  
The rhyolite lavas of Fortymile Canyon are petro

chemically and structurally related to volcanism of the
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Timber Mountain center and are probably the last erup
tive products of that episode. Their age is bracketed by a K
Ar age date of 9.5 m.y. on the underlying tuff of Cutoff 
Road and by a K-Ar date of 7. m.y. an the overlying 
Thirsty Canyon Tuft (Kistler, 1968) froan the Black 
Mountain caldera center. The petrochemical trend of the 
rhyolite lavas both repeats the main eruptive sequence of 
the Timber Mountain-Oasis Valley caldera complex and 
continues the trend of the younger intracaldera rocks.  
thereby concluding the activity related to the Timber 
Mountain center about 9 m.y. ago.  

SUMMARY OF GEOLOGIC HISTORY 

ior to about 16 m.y. ago thc area of the Timber 
Mountain-Oasis Valley caldera complex was probably a 
terrane of basin-range-type block-faulted mountains of 
relatively low relief, separated by valleys partially filled 
with alluvium and tuff. The vents from which the tuff was 
erupted were outsi&* the _ma. The youngest of these old 
tufts, the cak-atkalic Fraction Tuff. is sligtitly more than 
16 m.y. old (all K-Ar dates from Kistler. 1968. or Marvin 
and others, 1970); it flowed into the ancestral valleys of the 
Timber Mountain-Oasis Valley area from vents to the 
north (Ekren and others. 1971).  

The earliest known volcanic activity in the Timber 
Mountain-Oasis Valley caldera complex was the eruption 
of predominantly hornblende-bearing calo-alkalic ash
flow and bedded tufts and subordinate rhyolite lav'.  
probably related to the Sleeping Butte caldera wh< -e 
northwest wall is exposed in northern Oasis Valley. Little 
is known of the extent of thil early caldera. and for that 
reason only the extracaldera extrusive products are shown 
in diagram I of figure 26. The principal extrusives from 
the Sleeping Butte caldera include the Redrock Valley and 
Crater Flat Tufts. These ash flows possibly constituted as 
much as 1400 kmi (350 mis) of tuff deposited around and 
within the Timber Mountain-Oasis Valley caldera 
complex. The Bullfrog Member of the Crater Flat Tuff is 
the most extensive, possibly extending into Death Valley 
to the west. The extracaldera ext,'nt of the overlying Prow 
Pass Member is on the south side of the complex. The 
Prow Pass Member is the only known tuff with ortho
pyroxene as the chief maric phenocryst. These eruptive 
events took place 16 to 14 million years ago.  

A major collapse within the Silent Canyon caldera 
(diagram 2. fig. 26) occurred 13.8 m.v. ago with the 
erption of the pi:ralkaline Grouse Canyon Member of the 
Belted Range Turf. The Silent Canyon caldera is not part 
of the Timber Mountain-Oasis Valley caldera complex.  
from which only calc-alkalic and alkali-calcic rocks are 
known. Following the early peralkaline eruptions. the 
Silent Canyon caldera was the source of calc-alkalic rocks, 
mainly the tufts and rhyolite lavas of Area 20 inside the 
caldera and the Stockade Wash Tuff outside the caldera.  
The Stockade Wash was formerly the lowermost member 
of the alkali-calcic Paintbrush Tuff but differs litho-



TIJ43EA MUONTAIN-OASIS VALLEY CALDEILA COMPLEX. NEVADA

N4ORTH

.4umao A~w"uwai te ~ WAN %*o4m~wn*ag. We g 

6 

flaw of makwe ,4 W9 A M4 ftA9ammwS 

11.3 .y..

5 
Iwo"d doa~ I oYconvond by o*zw~~oft o w.R~aiw %4"m 

4 
rPm.aw ww oo~v ftm CI~om Canir@m mbd'" a*t early 

of eortcdeomns 

12-12.S mty.  

3 
jEWtio.! oe Pajrnt~ns YTwf ue of p9tg to *th reaur~rvt 

9*A~dwbot vtw~ clown Cwvnym c"Is.10 

12.5-13 in.Y.  

2 
E~(ffui" of GoJnA Carmm.yof .mas~ *"*a"~mfei.'..hf 

slieat can"* comers. feiieod by wum-. ." --- h 
r1byidom of Ame 20 IWAWR msid.a saW by lvwf. Aof 
Slebkad Wesh Thuf OW2ds CldWAL .ed mid 

134m~y.  

truo4.eniatf vo-Geow. Cowl"~ %off$ and IW-S er foded g'.

Tmnbury mccom ProbbWe aisinol 4K SWm~ Euno 

14-16 ofty.

AWoptovifely d0 Ito (2S m.I)

64

SOUTHM



SUMMARY OF GIOLOGIC HISTORY

NORTH4

10 

rwot* ende lipeaw

TimmI sa~wwAite

Peuww 
mome

or m-eta mgwnis. Crviaabaftmw of worm 

Ma~yistc mmw.v e. len'woft Tkimb Mom"%-*~ domte a.com.  
pented Oy Oin$ Slift MfVUg4 rftVedll. and n, dskj 

to"' shown"f a1%4 ftieowe NOW 100010" of btvt of cruook" 
Canven 

11 wy.

NetwgeOia

EXPLANATION

Pmn calde-complex reck-Larply calders flU 

INTRACALDERA TUFFS AND LAVAS 
Rhyabie laves of Fortymlde Canyoss and feeder 

Tuft of Cuteff Road 

Rhyofta lavus of Baeurty Walk and West Cat 
ceto.adfeeder dik.

TIMBER MOUNfTAIN TUF? AND RELATED 
IGNEOUS ROCKS

Tnw 

Tow

Tuffs *( Crooked Capyea 

Wicrofaimt porphpty riftake. imagoa utiyotae.  
and tentd**e 

Taff of bu~twahook Walk and Ammons Tzabk 
womb"r 

Pro-Asmasoni Tanks itmyodie kuss and feeder dake 

Rmbet Mess Malaer amd amodatod dtbeu news 
a"I hrc 

Pre-Rum~mo Mom. iy~e bta, Sm an feederelkike

ROCX.S OF CLAIM CANYON CAULDRON 
Pahatbrao Tuff "nd relted thyobe Iav. and 

heftdat dike 
ROCXS. OF SILENT CANYONl CAWDERA 

Stockade Walk Taff and tuffs and thyaodwa of 
~j J Area 20 

Ts. Stockade Wash Twiff oaxtrnalder) 
Tra. tuMt and thyolite *(Ama 20 (~laramaldersa 

SGivuen Camyoe Membur of Belled Range Taft 

PRE-CROUSE CANYON ROLCKS 

Crater Flat Taft 

Pie-Belted Rang ef l avas and wolnciaalclad 
wketary rocka-lnateraland with Craew 
aiM u Redrock Valley Taffs 

A&dsi.;k Valley Tuff 

jj j Pre-Turnarv trot'

Fscultx 26 41da a-d aboveci-Sequenct of inrnrpretive diagrmm through Timber Msountain cakiera. illiurating volcanic histc.y of 
the Timber Mountain-Oasis ValleY catlder comnPlx.

65



TIMBER MOUNTAIN-OASLS VALLEY CALDERA COMPLEX. NEVADA

kgically and petrographically from members of the Paint
brush Tuff, as now defined, and is more closely related in 
its petrography to the intracaldera tuffs and rhyolites of 
Area 20. The xenolithic inclusions of intracaldera Grouse 
Canyon and the areal distribution of the Stockade Wash 
indicate a source within the Silent Canyon caldera. The 
total erupted volume of the Stockadt Wash was about 
20-40 km 1 (5-10 mis). Recurrent minor subsidences 
probably occurred within Silent Canyon caldera as the 
thick sequence of tuffs and rhyolites of Area 20 
accumulated inside the caldera, with the result that the 
underlying Crater Flat Tuff was eventually downdropped 
more than 2 km (diagram 2. fig. 26).  

The members of the Paintbrush Tuff and petro
logically related alkali-calcic lavas were erupted from the 
Claim Canyon cauldron (diagram 3, fig 26) resulting in a 
caldera of unknown extent. Only a small segment of the 
Claim Canyon cauldron is now expoed, but the gereral 
size and location of the collapse structure can be inferred, 
from distribution of tuffs and lavas north and south of 
Timber Mountain caldera, to be about 25 km (15 mi) in 
diameter and to be centered several kilometres west of the 
present summit of Timber Mountain. The oldest member 
of the Paintbrush Tuff. the Topopah Spring. was erupted 
about 13 m.y. ago with a total volume of about 250 km3 (60 
mil). Recurrent subsidence within the cauldron followed 
eruption of the Topopah Spring Member of the Paint
brush Tuff, and probably a minor collapse followed the 
eruption of the Pah Canyon and Yucca Mountain 
Members. Within the caidera they accumulated to several 
times their thickness outside the caldera. The Tiva 
Canyon Member, representing the climactic eruption in 
the evolution of the Claim Canyon cauldron, flowed out 
about 12.5 m.y. ago mainly to the west of the Claim 
Canyon cauldron. The tuff of Chocolate Mountain. which 
is about 1,000 m (3.300 it) thick, was erupted as a late 
quartz latitic phase of the Tiva Canyon and was confined 
within the Claim Canyon cauldron, suggesting that 
collapse was occurring during its eruption, although 
Christiansen and others (1976) infer a collapse to the west 
of the site of Oasis Valley. Tuff bri-ccia. similar petro
graphically to the Tiva Canyon, was generated at vents 
along or near the wall of the Claim Canyon cauldron 
segment. The volume of the Tiva Canyon, including the 
intracauldron tuff of Choxolate Mountain, may have 
totaled as much as 1,000 kms (250 mis). The youngest 
separate cooling unit of the Paintbrush. the tuff of Pinyon 
Pass, tollowed very !oon after the Tiva Canyon was 
confined to the newly formed caldera.  

After eruption of the ash-flow sheets of the Paintbrush 
Tuff and after the formation !,t the caidera. intricate 
faulting occurred within the Paintbrush cauldron, similar 
to that on Timber Mountain. The fault pattern is inter
preted by the present authors (see also Christiansen and

others. 1976) as owing to magmatic resurgence with uplift 
of the cauldron block from its former subsided position 
(diagram 4, fig. 26). The entire Paintbrush cauldron later 
participated in a broad magmatic doming preliminary to 
the culminating stages of volcanism-the erupt ion of ash
flow sheets of the Timber Mountain Tuff. Quartz.bearing 
pre-Rainier Mesa rhyolite lavas were extrud.d from 
fractures probably related to this broad dommii ldi.tgram 
5. fig. 26). Gas-charged silicic rhyoltitin dgma 
accumulated at the top of the domical chamber. Jnd tuffs 
were assimilated from the roof as crystallization prix reded 
lower in the chamber.  

The Timber Mountain Tuff chapter of the (aldera 
complex began 11.3 m.y. ago with eruption of the 
vol,.ninous Rainier Mesa Member from the central part of 
the broad dome that had formed over the magma (ham ber.  
The domed roof over the magma chamber ruptured 
sufficiently to cause a considerable reduction of pressure 
ar,4 to trigger vesiculation which greatly increased the 
volume of the gas-charged magma escaping through 
fissures. As the eruption proceeded, collapse of the roof 
occurred, and the Rainier Mesa accumulated to a greater 
thickness inside the subsidence area than outside (diagram 
6. fig. 26). As the caldera deepened with continuing 
eruption a more crystal-rich, but less gas-charged, quart, 
latitic magma was tapped, whose eruptions were ldrgely 
confined within the caldera. Poorly sorted debris flows 
containing large blocks of welded tuf' nd lava slid off the 
newly formed oversteepened rplde;a walls and inter
tongued with the upper quartz latitic part of the Rainier 
Mesa Member. A total volume of about 1.200 km' (300 mi') 
of tuff had been extruded by this time. and a large volcano
tectonic depression formed, including the Timber 
Mountain caldera and probably the adjacent Oasis Valley 
caldera segment. There is little evidence to indicate 
whether or not there was central resurgent doming of the 
Rainier Mesa Member within this depression, except for 
the westward-tilted block in the Transvaal Hills west of 
Timber Mountain caldera.  

During the brief interval between the eruptions of the 
Rainier Mesa Member and Ammonia Tanks Members of 
the Timber Mountain Ttiff (11.3-11.1 m.y.), pre
Ammonia Tanks rhyolite lavas were extruded within the 

.caldera that had resulted from the Rainier Mesa eruptions 
(diagram 7, fig. 26).  

The Ammonia Tanks Member of the Timber Mountain 
ruff was erupted 11.1 my. ago. Nearly h.-'f its total 
volume of 900 km' (230 rni3) probably accumulated witnin 
a concomitantly subsiding caldera. as evidenced by the fact 
that no debris flows or breccias are known to intertongue 
with the tuff. This episode of cauldron subsidence of 
Timber Mountain caldera occurred within an area some.  
what smaller than the Rainier Mesa collapse area 
(diagram 7. fig. 26) and was centered farther south, with
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,e result that a crescent-shaped northern moat block did 
paticipute in the Ammonia Tanks subsidence. The 

•_.~monia Tanks erupio ns reflect compositional trends 
tth time that were more complex than earlier ash-flow 
.if eruptions. In the ash flows of the Ammonia Tanks 
ýat were spread outside the caldera the trends progress 
pward from quartz latite to rhyolite and back to quartz 
,ite. This general sequence outside the Ammonia Tanks 
,l1apse area was represented within the collapse area by a 
,uch greater thickness of complex intertonguing rhyolite 
Jd quartz laute, suggesting multiple source vents and 
,ncomitant eruption and collapse.  
Central resurgent doming of the Ammonia Tanks 

nmediately occurred during the emplacement of the late 
,tracaldera units 3f the Timber Mountain Tuff. The 
S)ming may even have begun before the final ash-flows of 
le Ammonia Tanks had been extruded. The tuff of 
uttonhook Wash was erupted very shortly after the 
mmonia Tanks and was confined within the Timber 
fountain-Oasis Valley caldera complex. During or just 
-fore this eruption about II m.y. ago. magmatic 
•surgence continued and resulted in slight moderate 
)ming of the Ammonia Tanks and intrusions of ring 
ikes. rhyolite plugs. tuff dikes, and possibly cone sheets 
ito the dome (diagram 8. fig. 26). Doming continued and 
ie weakly welded tuffs of Crooked Canyon of the Timber 
fountain Tuff were erupted into the newly formed 

"lber Mountain caldera moat at a late stage of the 
ing. A northwest-trending apical graben formed at 

-crest of the resurgent dome owing to stretching of the 
.)ned mass.  
The culminating chapter in the volcanic history of the 
imber Mountain-Oasis Valle, caldera complex was now 
ver: subsequent eruptions were small and confined to the 
ildera moat (diagram 9, fig. 26). The tuffs of Fleur-de-lis 
anch and Cutoff Road and related lavas were erupted II 
, 9.5 m.y. ago and were confined within the Timber 
tountain-Oasis Valley caldera complex. They probably 
ad source vents to the west of Timber Mountain caldera 
S the Oasis Valley caldera segment. Local caldera 
-dlapses probably occurred within the segmeist 
ccompanying tL.se t-uptions, accounting for the low 
-lief of the segment and the caldera fill that postdates the 
iff of Cutoff Road. Finally, the rhyolite lavas of Forty
-ile Canyon accumulated on the rim and in the moat of 
rimber Mountain caldera and concluded the volcanic 
.istory of the complex.  

The geologic history subsequent to the last .olcanic 
•ctivity of the Timber Mountain-Oasis Valley cald'-r 
omplex includes the partial filling of the caldera moat 
,'ith marfi lava., ash-flow tuffs and lavas from the 
,eighboring Black Mountain center, and he deposition of 
an gravels (diagram 10, fig. 26). The Timber Mountain 
aldera walls and the resurgent dome were somewhat 

lified by erosion.
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SESSION 114. ENGINEERING GEOLOGY

The purpose of this study is to determine which 
-oechnique proviles t..e most quantitative and easily 
reoroouced data. image analysis tecnniques were utilized to 
?roduce a digitized, two dimensional maximum area plane of 
projection of the aggregates. The geometric parameters and 
Fourier transforms then were calculated from the projections 
by computer techniques, while printouts of projection planes 
were used to manually record fractal dimensions. Each 
technique is limited by the imaging system's maonification 
ability. Geometric parameters and Fourier analysis are 
$urther limited by the fractal nature of the grain 
perimeter. Recent work indicates that fractal dimensions 
yield quantitative descriptions, surpassino results of both 
geometric parameter and Fourier analysis techniques in terms 
Z- error and useful application. This illustrates the 
promising nature of applied fractal dimension studies to the 
cnaracterization of concrete materials. Fundin iis beinq 
provided by the Florida Department of Transportation.  

11:15 a.m. Eckhoff, William R.  

DOWNIHOLE SHEAR-WAVE VELOCITY STUDIES IN THE 
UNCONSOLIDATED SEDIMENTS IN EVANSVILLE- INDIANA 

ECKHOFF. William R., SAMUELSON. Alan C.. Geology Dept.. Ball 
State University. Muncie, IN 47306: EGGERT. Donald L. Indiana 
Geological Survey, Bloomington. IN 47402 

Extenstve downhole shear-wave velocity studies of mid-western Quaternary 
unconsolidated sedtments have been undertaken to evaluate setsmtc hazards in 
southwestern Indiana. As part of the study. 21 bore holes in Evansville were drilled 
to obtain data using a 12 channel siunal enhanced setsmtc recorder with a three 
component downhole geophone. All holes drilled have cuttinis and natural gamma 
ray logs; some noles have split spoon samples and standard oenetratton test data.  

Generally. the data indicates two different eOcosittonal environments vwtthin 
the Evansville area. The soutnern half of the city as underlain by preaommnantly 
sand and gravel fluvial deposits that range ti thickness from 21 to to 41 to. These 
sttes have an average shear-wave velocity of 244 ths. The northern and western 
section of Evansville are underlain by lacusmnne deposits with thicknesses of 7 m 
to 22 m and an average shear-wave velocity of 202 m/s. An east-west trending, mite 
wide transition zone between these two envronments is predominantly sand and 
gravel with interbedded overbank or lacustrine deposits. This zone ranges from 22 
m to 38 to m thickness and has an average shear-wave velocity of 244 mis.  

Shear-wave velocity measurements were made downhole on a 2-5 m interval 
from surface to hole bottom. Shear-wave velocities are generally slowest in the near 
surface 2-3 to depth at each site averaging 142 m/s. Not including this shallow zone.  
the individual sand and gravel downhole measurement tntervals have shear-wave 
velocities averaging 297 m/s and generally increases with depth. The silt and clay 
overbank and lacustrine intervals have an average shear-wave velocity of 236 nis.  
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Booth 1 Coo, Jeffrey A.  
PHOTOGRAMMErRIC ANALYSIS OF MODERN HIILSLOPE EROSION AT YUCCA 
MOUNTAIN, NEVADA 

COE. Jeffrey. A. WHITNEY. John, W., US Geological Survey. Denver. CO, 80225; 
GLANCY. Patrim, A. US Geological Survey, Carson City, NV, 89701 

Debris flow proces•e• are a primary mechanism for modern hillulope erosion at Yucca Mountain.  
Nevada. Modem debris flows are rare evenis, as is evidenced by the preservation of middle 
Pleisiocene ciluvium and the lack of erosional scars on htllslopes. This study characterizes debris 
flows that occurred on July 21 or 22. 1984, on the south hillsiope of Jake Ridge. about i km east of 
ihe cest of Yucca Mountain. The hillope gradient ranges from 50 decrees at the top to 3 degrees at 
the base: the hillslope is underlain by Tertiary ash-flow tuff and is mantled by less than 2 m ot 
varmduhed boulderv colluvium. Because aerial stereo photographs were available of Jake Ridge from 
before the 19t4 flows, photogrammetc techmqauea were used io quantify the volume of debris 
eroded off the sdope, as well as to map the redistribution of the eroded sediment.  

The Jake Ridge flows were initiated by c convective summer storm. Precipitation gauges 5.4 and 
75 km southwest of Jake Ridge recorded 64 and 69 mm on July 21, and 22 and lbt mm on July 22.  
respectively. Mea.ured rainfall rates ranged up to 73 mm/hour on the 21st and 15 mrm/hour on the 
22nd. Erosion seventy at Jake Ridge compared to that near the precpitation gauges implies that 
greater and more severe rainfall probably occurred at Jake Ridge. Water and debris stripped part of 
the upper hillslope of coiluvium. widened and deepened cxniting channels, and created new channels 
on the lower hilislope. Mom erosion probably occurred as the combined result of channel scour and 
sod slips. Debris flowed toward a tributary of Forenmile Wash: a large intermittent stream about 0.6 
km from the top of the hill. The photogrammetni study area was 48390 m2 and included the entire

siLslone. Digital elevation modes IDEMs) with 2 in snatial resolution. measured from ore-tlow and 
,ostE-Iow aerial stereo onototrapns uisute an analytical stereo plotter. were scid to estimate tie 
voiume and distributtion o debris affected by the flow. Volumes were catculated by subtrautng the 
pre-Riow elevation from the post-Ifow elevation at each DEM grid node. muitiplymin the elevation 
jifference ov the area ot each node, and summine the cunes. Volumetric calculationu snow tnat 
about 3650 m3 of colluvium were eroded from the hkisllone. Maximum nepin of erosion was about 
1. m. Of the 3650 m3 eroded, about 10 % was deposited on the sonc ;as eve.es and smrall lobes. 35 
'I was deposited near the base ot the slopm. 40 Vo was dentito s i the rltilolarv to lorttile Wash.  
and less than 15 % entered Forirnile Wash. These results sa•rest a model for hillslope erosion 
durme dry inteeriuayal clmates: larce. but mntrequent storms cause tocahized hillslope stripping that 
results in trioularv/cttanner agarUatlon.  

Booth 2 Gillespie, Marcus 

THE NATURE OF CHANNEL PLANFORM CHANGE: BRAZOS RIVER. TEXAS 
GILLESPIE. Marcus. and GIARDINO. John R.. Geograpy DepL. lenas A&M University.  
Collece Staton. TX 77843-3147.  

Although meandering rivers have been studied extensively. most research has focused on freely 
meandering rivers in homogenous alluvial environments. 8ecausc these types o0 rivers consitute a 
small percentage of all rivers. research is needed to assess tne nature of planform change on rivers 
Ilowing in moM comolex alluvial environments.  

This study describes the nature of elanornm change that has occurred in three conuguouss alluvuil 
reachts of the Brazos River. Texas. from the 1930s to 1988. The rmaches encompassed 260 kim and more 
Man 125 bends. ann were selected based on confluences with two tributartes. Maps of the channel were 
produced by digitiztng the channel centerline from aerial otiorgrapl-s and rectifying the images on a 
GIS. The nature of bend planformn change was described in trms ot 14 morphologtcal variables 
representing bens shape. and olier variables characterizing the tiuviat environment. A migratory 
activoiV index t MAI) was developed which ptrovides an obtiectLve means of assessing changes in channel 
iabilith.  

7he MAI indicated that the rivers rate ot migrauon lis decreased substanttally since 1939. This 
saneg in ocnavior results trots diminished discharges and sediment loads brought about by flow 

regulauon and is consistent with previous findings on me etfects of flow regulation on channel 
activity. However. the other results were conuary to those found in studies of freely migrating rivrs.  
Bend plantorm siue was controlled not by dascharge. but by oh presence or absence ot resisiant roCK and 
sediment lavers interspersed among the alluvial sediments in a small number of bends. Although 
planform controls on migration rates were found, the interaction ot variables resulted in poor 

o2rrelatuons with mtgration. Of greatest stigntficance was that 37% of the bends on the river 
experienced negative mi•rauton, i.e.. migrauon toward the baseline connecting the inflection points 
which define a bend. This phenomenon, which is not a form of meander cutoff, has not been describedt 
before and its significance lies in the fact that it precludes the development of predictive models of 
migiauon and planform evolution. This a because its occurrnce makes it imposthle to predict the 
direcuon of channel migraton. Also of significance is the fact that its occurrence contnadiltm itracd 
theoretical models of fluid flow and erosmon in channel bends which have been developed to desicbe 
conditions in freely mtgrating riven. Given that most rivers am not freely migrating. die sbove tesilts 
pose limitaons to the applicability of models based on studies of freely migratng rivers.

Booth 3 Pederson. Darryll T.  

MODEL FOR SAND HILLS DEVELOPMENT: GEOMETRY. SEDIMENT 
SUPPLY AND DEPOSITION, RIVER SYSTEMS ArID CLIMATIC 
IMPLICATIONS 

PEDERSON, Darryll T., WAYNE, William J., Geol. Dept.  
UNL, Lincoln, NE, 68588, and DAVIS, Ralph K.  
Dept. of Earth Sci., USD, Vermillion, SD 57069 

A model of sand hills development was formulated using 
processes occurring along the Dismal, Middle Loup and 
Platte rivers. A widespread alluvial fan blanketed by 
loess and sand dunes with interspersed lacustrine 
deposits is the product. The great arc of the sediment
supplying river indicates direction of wind transport.  

The key is a Platte-like river with flows near 
threshold capacity for transport of sediment from the 
river's source through the area during wetter climatic 
periods. During dryer periods stream channels fill with 
sediment pulses transported from mountain headwaters 
during snowmelt flood flows. The flood flows cause 
vertical reworking and sorting of the sediment. With 
waning flood flows many stream channels dry up leaving 
sediments vulnerable to wind erosion and transport. With 
time stream channels become blocked by aggradation of 
sediment and dune formation divertino snowmelt floods to 
new paths in the forming dune field or around the margin 
of the new dune field. This process continues until 
increased flows with wetter climates are once again able 
to transport sediment through the area and erode a new 
river valley. Rivers rising :n sand hills are 
groundwater fed, uniform in flow, and change only in 
response to climatic changes. They do not have the 
energy to rework the extensive gravel deposits of the 
Platte-like rivers and their net effect is to rework 
sediment above the coarser alluvium and transport the 
finer sediment out of the sand hills.
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Use of packrat middens to determine rates of cliff retreat 
in the eastern Grand Canyon, Arizona 

Kenneth L. Cole 
.,Laboratory o0 Paleoenvironmental Studies. Department of Geosciences. University of Arizona. Tucson. Arizona 85721 

Larry Mayer* 
U.S. Geological Survey. Menlo Park. California 94025

ABSTRACT 
Packrat midden data can be used to calculate rates of cliff 

retreat by relating midden age to the distance between cliff face 
and midden. Regression analysis using 14 radiocarbon-dated 
packrat deposits from the Mississippian Redwall Limestone in the 
eastern Grand Canyon suggests that the Redwall has been retreat
ing at an average rate of 0.45 m/ 103 14C yr. This rate of cliff 
retreat, which is comparable to other cliff-retreat rates reported 
from arid environments, implies that the Colorado River cut 
through the Redwall Limestone in the vicinity of Horseshoe Mesa 
about 3.7 m.y. B.P.
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GRAND CANYON

5 Chuor Valley (Poston Butte) Map 
A West side, Novinger Butte Location 

* East side,Novinger Butte 
* Babylon Cove 
* Scorpion Cave ARIZONA 
• Cove of the Domes 
V Luko Cove 

INurs 1 Location map of study area. Cave localitis are marked by

INTRODUCTION 
Packrat middens are debris piles left by packrats (NeAofma 

sp. ). that contain fragments of local vegetation assemblages: thus.  
their study is important for paleoclimatologic research. In this 
report we attempt to explain the spatial distribution of packrat 
middens in caves and how the spatial distribution of these middens 
is related to rates of cliff retreat in the eastern Grand Canyon.  

Packrat middens can be indurated by a coating of viscous 
packrat urine. Under dry conditions, the urine crystallizes, form
ing "amberat." The entire deposit may adhere to rock shelves and 
walls and survive more than 50,000 yr when protected from rain 
and high humidity.  

Middens left by packrats inside rock crevices, in caves, and 
under cliff overhangs are commonly protected from destruction 
until the midden is exposed to weathering by cliff retreat. A mid
den of Pleistocene age can be preserved only if the midden is suffi
ciently far back in the crevice or cave or if the rate of cliff retreat is 
sufficiently slow that the midden is not exposed even after 10,000 
yr or more of cliff retreat. Similarly, for a midden to be preserved 
under a cliff overhang, spalling of joint blocks or erosion of over
hangs must be sufficiently slow or sufficiently infrequent to allow 
preservation of the midden. This reasoning is analogous to that 
employed in, for example, interpreting lichenometric data on the 
age of talus piles (Beschel, 1961).  

Cole (1982) dated 53 packrat middens by the radiocarbon 
method and found Pleistocene middens in only two formations in 
the eastern Grand Canyon: the Cambrian Tapeats Sandstone and 
the Mississippian Redwall Limestone. The apparent absence of 
Pleistocene middens in upper Paleozoic formations (the Supai 
Group, the Coconino Sandstone. the Kaibab Limestone. and the 
Toroweap Formation) above the Redwall Limestone may suggest 
that their rates of cliff retreat are rapid enough to prevent the 
preservation of Pleistocene deposits in these noncavernous sub
strates. The abundance of Pleistocene deposits on ledges in the 
Tapeats Sandstone suggests that this substrate is retreating more 
slowly than are formations above the Redwall.  

In this study we restrict our attention to the Pleistocene mid
dens in small to medium caves (entrance less than 5 m diameter) 
formed in the Horseshoe Mesa Member of the Redwall Limestone 
in the eastern Grand Canyon (Fig. 1).  

CLIFF RETREAT AND SURVIVAL 
OF PACKRAT MIDDENS 

To estimate the rate of cliff retreat one must know the posi
tion of a datum relative to the cliff face at some time in the past.  
We think packrat middens are a suitable datum because they can 

*Present address: Miami University. Oxford. Ohio 4505b
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be dated and their past positions estimated. Our argument centers 

on how the position of packrat middens relative to a cliff face 

nges with time and how such changes are related to cliff 

eat. To understand how the position of packrat middens can 

"•--eestimated. we first examine the spatial distribution of modern 

pac.at debris piles in caves.  

Active packrat debris piles tend to be most common within 5 

m of the cave entrance at a cliff face, and packrat activity extends 

farther back into the cave with diminishing frequency. Some pack

rat fecal pellets and plant debris are found as far back as 15 m into 

the cave. Presumably, most modern debris piles are unseen in 

small crevices and crawlways near the cave entrance--places safe 

from predators. Figure 2 illustrates a hypothetical frequency dis

tribution of modern middens as a function of increasing distance 

from the cliff face. The relation between the position of packrat 

middens in a cave and the distance from the cave entrance is prob

abilistic, there is a high probability of a midden near the cave 

entrance and a declining probability of a midden farther back in 

the cave.  
As the cave retreats. middens near the cave entrance will be 

destroyed. and younger middens will be deposited. The two proc

esses of midden deposition and midden destruction through cliff 

retreat constantly change the age and spatial distribution of the 

middens in the cave. To unravel the effects of cliff retreat and 

midden deposition on the age composition and spatial distribution 

of middens in a cave, we assume that the frequency distribution of 

middens with distance from exposure at the cliff face takes some 

particular values, although the exact frequency distribution may 

vary somewhat from cave to cave and is unknown. Using a hypo

*hetical frequency distribution, we shall illustrate how the spatial 

stribution of middens changes over time and how such changes 

•,tre related to the rate of cliff retreat. For our purposes. we use a 

0.4 m 103 vr rate of cliff retreat.  

Figure 3 illustrates the spatial distribution of middens at dif

ferent time intervals: each step shows the spatial distribution of 

middens at a given time. We assume that middens were deposited 

most commonly near the cliff face in the past because that is where 

active packrat debris piles are most abundant. The only other var

iable is cliff retreat. As shown in Figure 3b. the envelope of the 

distance-versus-age data points is diagnostic of cliff retreat, the 

slope of the envelope line gives the rate of cliff retreat.

PLEISTOCENE MIDDENS IN 
THE REDWALL LIMESTONE 

Direct application of our working hypothesis on midden dis

tribution is not possible because we do not yet know how such 

variables as cave shape and size affect midden distribution. Fur

thermore. we would have to date all the middens in a cave-a 

procedure that would be extremely costly. Instead, we have 

sampled what appeared to be the oldest middens in each of several 

caves in the Redwall Limestone. Cursory examination of the plant 

fossils in a midden and of midden texture permits discrimination 

between Pleistocene and Holocene middens (Cole, 1981). Thus, we 

have probably sampled the middens situated near or at the enve

lope line in Figure 3.

Z5 lIOyr8BP m iddens 

to

201lOyrSP middens 

15x eI0y Pl middeStf 

toIx IOyr aP middens 4

6-

25 110X yr P

20 R leyr 8p

4-

2

I-

6- iS15 10Oayr OP

4-

U 

th 

z 
0 
a 
i

6-

4-

I-

10110 yr .P 

tre~ a ti ngQ 

-'tlft

OISTANCE INTO CAVE (meters)

4 6 8 10 
DISTANCE INTO CAVE (Meters)

Figure 3. a: Packrat midden distribution 
over time in hypotheti
cal cave using arbi
trary 0.4 m/10 3 yr 

rate of cliff retreat.  
b: Resulting relation 

based on final 
distributions in a.

12 14

Figure 2. Ideal frequency distribution showing modem midden fre

quency with increasing distance from cliff face tor hypothetical cave.

GEOLOGY. NOVEMBER 1982

LU 

X

•: 20

2
I.



According to our reasoning, modern packrat dens may exist 

15 m away from exposure in small to medium caves, whereas the 

limit of progressively older deposits should be nearer exposure at 

• the cave entrance. Older middens that were deposited near the 

cave entrance have presumably been destroyed, and only those 

older middens that were deposited farther back in the cave are left.  

At least one other stud\ (Phillips. 1977, p. 39) reported a cave in 

which the oldest deposits are nearest the entrance.  

To see whether our line of reasoning yields plausible results.  

we have used regression analysis to estimate a relation between 

distance from the cave entrance and age of a midden: i : ¾ •31 \-
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Figure 4. Regression line and its 95% confidence interval for 14 Pleis
tocene middens from Redwall ULmestone.  

TABLE 1. RATES OF CLIFF RETREAT IN ARID AREAS 

Rate of 
Cliff Retreat 

Area (m/10' vr) Reference 

Grand Canyon 0.18-0.72 

Mogollon Rim, Arizona 0.4-0.8 Mayer (1979) 

Salt River. Arizona 0.4 P.E. Damon and others 

(unpub. datai 

'Jhite River, Arizona 0.4 P.E. Damon and others.  

(unpub. data) 

Virgin River, Utah 0.3 P.E. Damon and others 

(unpub. data) 

Colorado 0.2 Young (1974) 

Colorade 0.6 Youne (1974) 

S~inai Peninsula 0.1-2.0 Yair and Gerson (197.1)

where Y is the distance between a dated midden and the cave 

entrance (exposure), X is the age (in 1
4 C vr) of the oldest midden 

for a given distance from the entrance. go is the expected maxi
mum distance from exposure for modern middens. and /31 is the 
rate of cliff retreat im 10t vr).  

We have estimated the envelope line by applying linear 

regression to the data from 14 Pleistocene middens collected from 
small to medium caves in the Horseshoe Mesa Member of the 
Redwall Limestone. -he least-squares estimates of the regression 

coefficients i Fig. 4) differ significantly from zero at better than the 

0.01 level of significance. The maximum expected distance from 

exposure for modern middens is 10.8 m. The estimate of the rate 

of cliff retreat for the Redwail Limestone is 0.45 m 103 1
4 C yr.  

The range in our estimates of the rate of cliff retreat, at the 951." 

confidence level, is from 0.18 to 0.72 m 10W vr: these values are 

comparable to other estimates of cliff retreat in arid (sensu lato) 

areas (see Table I).  

If our estimate for the rate of cliff retreat, which is a 13,000-yr 

average rate, applies for longer intervals, then our data imply that 

the Colorado River cut through the Redwall Limestone near 

Horseshoe Mesa between 9.3 and 2.3 m.v. B.P.. if we use 0.18 and 

0.72 m 10- yr. respectively, and probably 3.7 mv. B.P. on the 

basis of a 0.45 m 10' yr rate of cliff retreat. These estimates are 

consistent with previous age estimates for the Grand Canyon 

(McKee and others. 1967: Lucchitta. 1979).  
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