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ABSTRACT

The wranium-~trend dating method has been used to estimate the ages of
alluvium, colluvium, altered volcanic ash, and eolian deposits in the Nevada
Test Site area. For dating of deposits of 5,000 to 800,000 years age, the
open-systes technique consists of determining & linear trend froo analyses of
four to ten channel samples collected at different depths in a depositional
unit, or in the s0il profile formed fn a depositional unit. The
concentrations of *!0y, 3sey 2307y ang 232Th are accurately determined for.
each sample where analyses are made on subsamples of the less-than-2 mm-size
fraction. Isotopic concentrations are determined by alpha spectrometry
utilizing radiofisotope dilution techniques. The analyt{cal results are
plotted as ratics of (2*Sy-238Tp)/238y verans (2Py-23%y)/338y,  Ideally these
data points yleld 2 linear array in which the slope of the line of beat rit
changes predictably for increasingly older deposits. The rate of change of
slope is determined by the half-perfod of uranium flux, F(0). An empirical
model compensates for differing values of F(0) in response to climate ang
other local and regional envirormental factors.

Analyses of deposits of known ages are required to calidratle the
empirical model; calibrations were provided by correlations with deposits
dated by the radiocarbon and K-Ar methods. Deposits used for calibration are
alluviun of mid-Holocene age (5 Ka) tn Colorado, loess of Late Wisconsin age
(12 Xa) in Minnesota, glacial till and loess of Bull Lake age {150 Ka) near
West Yellowstone, Montana, till of Bull Lake age (150 Ka) near Pinedale,
Wyoming, and zeolitized volcanic ash from Lake Tecopa, California (Tuff A, 600
Ka, and Tuff B, 740 Ka). Tuff A and Tuff B are the distal facles of the Lava
Creek ash and the Bishop ash, respectively. At best, the uranium-trend ages
have an estimated accuracy of about 310 percent for depositional units dbetween
60,000 and 600,000 years old; however, the uncertainty in the slope is
strongly dependent on the qQuality of the linear trend regarding scatter of
data points and the length of the line defined by the points.

Analyses of 36 sample suites are included in this report; U-trend dates
were determined on 31 of these suites establishing the age ranges for
deposition of four major stratigraphic uni{ts at the Nevada Test Site. Median
ages for these deposits indicate ages of 40 ¢t 15 Ka for Q2a Sediments, 170 3
b0 Xa for Q2b Sediments, 270 * 50 Ka for the younger Q2c stratigraphic unit
and %40 2 60 Xa for the older Q2c unit. Q2s stratigraphic units range fn age
from about 200 to 500 Xa. Uranfum-trend ages of laminar carbonate deposits
indicate the time of strong calecium carbonate development rather than the time
of deposition of their older host sedfments.

INTRODUCTION

Uranium-series disequilidbrium dating methods described by Ku and others
(1979) used conventional closed system 2?°Th/?’*U ratios for dating pedogenie
carbonates which form rinds on alluvial gravel. These ages provide reasonable
estimates of the minimum age of the alluvium. For conventional wranium-series
dating (Ku, 1976), a closed system exists throughout the history of a deposit
only if there has been no postdepositional migration of 2°%y or of its
daughter products (2?“y ang 23%Tp),  However, open-system conditions impose no
restrictions on postdepositional migration of these radioisotopes within and
between deposits. Results of other studies of uranium-~-series disequilibria
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fndicate that uranius comsonly exhibits an open=aystem dehavior (lvanovich and
Marwon, 1982).

in open-systea variation of wanium-series dating called wranime-irend
Ras been tested estensively overs the pastL decade. A preliminary model for
wrani'm-trend dating vas cescribed by Rosmolt (1980) with sasples collected
trom & variely of Queternary ¢aposits including sllavium, eolisn sadinents,
glacial depoaits, and a-olitised volcarie ash, A revised model for wranium-
trend systesatics 8 described by Rosholt (1985). The empirical model
requires tine colibration based on snslyses of Unuova sae deposila; resulils of
these calitrations are included Ia Rosholt and others (1985), An abbreviated
Cisruastion of the aschanisms of urani'as sigration in surficial deposits §s
trcladed In this report.

For uranlas~trend dating, the distridution of associated araniumcseries
aeaders in the geochcmlcsl eavironment during and after sedimentation sust
have been controlled by open-syales behevior. Sediments and gecchemics)
precipitates Interact with saterisls carried In water Lhit woves Lrough Lheae
deposits. This viter usually contalns at least paall sacunts of wanl'm, and
&5 this raniam cecays, It produces s Lratl of radlcactive dsughler products
that are readily acsorbed on solld matris saterial. 1f the tral) of the
daaghter products, **U and 'U°Mh, 10 distributed LIrough the deposits 1a 8
predictadble patiern, then 3 wodel for ursnl'm=trend dating can be developed.
The large nusber of geochealcal variables in an Open systes precludes Lhe
cefinition of & rigorous mathesstical model for wrenium ajgration. Instesd,
an esplrical sodel 18 used LO Osfine Lhe paraastoers thet can reasonadbly
explaln the patterns of lsotople aistribition. 7This sodel requires
independent timd calibration with known-age deposits and careful svalustion of
the stratigraphic relationships of the daposits to be dated.

In the geologic envirorment, Fanium occurs enlefly In two diffwrent
phasess (1) a8 2 realatate or [lised phase (301143 are oominant) whare waniue
15 structurally lacorporated in satriz sinersls, (2) a sobile phase (vater 13
couinant) which includes the wanium Flua thet wigrates Lhroush & Geposit.
Inis sobile~phase uraniua 13 responsidle for am 1sotople fractionation process
in the 79%U=027Tn series (Saugnter saplacesent) that ensbles Lhe uranjum-trend
dating technique 1o work, Another fractionstion process s Lhe prefereatisl
leaching of **°U fros the fised phase. HMeny Of Uhe depdelis analyzed ia this
study are alightly eoist and typically not wet or ssturated. Neverthelass,
urani a wigretion occurs, perhips sedsonally, sither in solution or on
colloids that slovly move Lirough vold apaces beatween sineral grains, la orid
and sestarid envirorments, such of the moblle-phise wanls resides on the
surface of dry sineral grajns soet of the tise, and only & waall asount of the
tioe It Is 10 solation or 1n sapension moving Livough & deposit. Aa s
deposit wndergoes tateratratal slterativn, some \wanius 1sotopes are reloased
from the flxed phase and enter Lhe moblle phase: Lhis process resylis in
anctrer form of $actope fractivnation (2°°U displacement).

inalyses of Lhe isotopic abndances of ***U, '*°U, 101n, and **'Th in 8
single sasple ¢0 not estadlish s medningful tise-related pattern of
distriDation 1A an Open-aystem envirorment. Hovever, snalyses of several
sasples, each of which had alightly different physical properties and s)igntly
aifferent chesical compositions, say provide a3 useful patte~a ia the
distribution of these isotopes, Analyses of 6 to § sampies per unit, from 8
relatively Jarge nusber of slluvial, colluvial, glacial, and eolian deposits
nas shown that time-related patterns exist.

~
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The parpose of Lhis lavestigation 13 10 determine Lhe Felladliliity o
enpirical rediosstric dating technique {wantus-trerd), extending froa & fev
vhousand Lo aore Lhan one-hall aillion years, t3 ald ia the gedlogic stwdy of
surficisl Geposits. Thls wanlum-Lrend dating nethdd has besn applied Lo the
Nevads Test Sile reglon where 8 8ajor offort 18 uncervay Lo defire ond date
1ate Conozole stravtigrapnie deposits wnder the V.5, bepirtaent of Laergy
Nevoda Nuclear Waste Storage lavestigations project. Numerdss Lrenches
excovaled $a the surficial eeposits of the sres have provides eacellect sites
for ssepling the eeposita (Swadley and Noover, 158); Suadiey ard elhers,
1988), Stratigraphic units delined by Hoover and othara, (1981) vere
eollected for this Javestigation,

"LWPIALCAL MIDEL

Tne very Jong-lived **°U fsotope (halfl Life of 8.5 a 10° years) upon
radicactive gecay, produced long-livesd dasghter products, 000y andg **%In.
Because Lhe half=11fe of **°VU La 208 Ko, LAis 1s0tope has & poleatisl as 2
geochenical Lracer Ia ceposita thal are &3 old as 300 Ka. The half-isfe ¢f
00gp 43 15 Koy b of 1ts caugnter-parent rejation to U, 1t 45 & Ney

_ 1aotope used 1 nearly al) uwrsniua-series dating axdels (Ku, 1978), Im

systen aquilibrium of the pareat sslerial 18 distwrbed during trazaport, and
the sttetnment of a Aev, readjuated, spstem equilibrium starts 18 Lhe sedinent
st the tine of seposition. Thus, for swilcial depisita, the starting polat
for the wanlus-trend clock 1s the ialtistion of sdvement OF waler Lhrdigh the
sadinent rather Lhaa Initiation of soll developsent, 3ithough Both of these
processss may SLart At 6aasntislly ihe saas time. .

The sapirical model Incorporsiss & coaponent cilled urani'o Clus, F(O).
The physicsl significance of F(O) 13 aot well understood; it is related to the
effective coneentration of wraaium noving Lhrough & depasit, which 1n turs is
s function of cliaste, testure of sediment, énd the andunt of wanius in the
sobile pnase. 1 the model, Lhe effect of this fluzs on jaotopic variations
secresses expuneatiaily with time. The following is an oversinplified sxaaple
of \he uranius flus §a slluvium, AL the Line of sepusition, large vol mes of
vater pass Lhrough the sllavium, Nowever, once Lhe surface beconed
geosarpnically stable, the sediment cospects sad 80113 subsequently develops;
uring these phases, Lie volime of vster Lhol Passes throigh the slluvium 8
significantly less. Bokh the guantity of water padsing throigh and affecting
» deposit, sné The cunceniration of wanius I8 LA3 waler are eimpirents of
the flus; ita sagnltude 18 8 function of Lhe GOLceALralion of wrani & I8 the
aodile phase relative L0 the conceatration of wenlum 1a the Flaed phase.

Secause of Lhe Jarge auaber Of varisdles In » systex that 15 cumpletely
open With respect L0 aigration of wialm, & rigorous ssthenatics) sodel Yosed
on s1sple eqssiions for radiosciive gravih and secay of daighier producls
cannol be conatructed. Jastesd, sa sapirical nodel 13 based on results
obialred from seweral siluvial, celluvial, glacial. and edllan Gepasits of
different ages. The model requlres calibration of Bth the wanium-trend
slope 8nd th» uranium=flus factor, F(O), based or snalytical results fram
depoaity of krnown age.




Tne i130tople eo-ﬁnlllon of several ‘nupl‘u from the sane depdisit,
expressed In activity units, 19 required for solution of the model. The
wanjum=trend value fron vhicn ages are calculated 13 the slope of the line
representing : c

a?dy - 238y,

. [ 100 I ™) :
To accoamodate messured 130topic data, the varistions sre normslised to
210y and the uwranium=-trend model can e written in the folloving form,
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where (1) Ig 12 the decay constant of F(0)eln 2/(nalf period of Flo)), (2) 3y
13 the decay constant of **°U, and (3) 1y 18 the Cecay constant of sooyy,
These are equations thet define the npl;len sadel snd the nusericsl
constants §n the coefficients preceding the exzponentisl terms were deternmined
by computer L0 provide & #odel with the best fits for Geposita of known age.
The slternative ursntum-trend slope represented by the equation

af ¥y - "'!y’"n

1
P, Ty

13 used to 'oin for the age. An example of this uwranium-trend plot I3 shown
in Figure } where 8 York £it (Ludwig, 1979) I3 used to obtain the least
squares regression line. :

An agéitional psrameter In the uranium-trend plot 13 Lhe intercept of the
slope line on the X-sxis, I;, represented by the equitions

yeomx e
Xy = =b/a

where = i3 the seasured slope of the line, b 13 the Intercept on the Y-azls,
and 8, 13 Lhe interecept on the X-azis. The value of %y 13 used Lo obtain
tise calitration far the uranim=-trend sodel.

A oifferent type of plot Is used to detersine If a1} the sasples Included
1h the uranium~trend slope oescribe & reasonadls linear array on a thorium
plot. This plot serves a9 & ussful criterion Lo detersine 1f all of the
ssmples are likely tO De from the same depositional wnit and if any samples
contain a sigrificant smount of forsign msterisl.

The th.rium piot of the 1a5topic dats can be constructed vhen the

Teoy300T) patios of the saaples are plotted on the X=3zlp versus Lhe
10O Tp/100T Fatios plotted on the Y-axis as shown in Figss 2.

L]
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The half period of FLO) sne 1Ls decay constent, b,, sre strictly
espirical values Lhot sllow selection of the proper sapinential coefficient
18 the eqsstion for the wonium=trend nodel, For depdeits of wibnown sge, &
pethod Is required to Setersine the proper value of 1, Lo be used in the
sqation; Lhis value 18 delermined from & calitratlion curve Dased OR 1y values
obdLained for units of known age. For this calibdration, the values of 5, are’
plotted agalnat the half periods of F(O) a8 ohown on the log-log gropn Ia
Figwe 3. Tne calidration curve 18 #efined by the proper Ao values that yield
the known sges for calitestion wits using Lhe model equation. The 3, values
for seposits OF knownage are used for eslibeation. These valiues sre plotied
3gsinat the nall perfods of F(0) equivalent Lo their 1, values. The soltion
of the sspirical equation, using sny given half period of F(0) ylelds a.fon-
1ike array of wrani-m=trend slopes representing verious ages. These slopes
rotates counterclockvise from the First O se0ond quadront of the waniumtrend
plota. For seposits wnose snalyses are 1acluded in this paper, Lhe F(0) velue
1o Getersined from the cslibrotion graph (Fig. 3) ueing the 3, vaslve measwred
on the wrantwm=trend pilot of the dats fer esen depinitions] wit.

Fowr prissry points tased on different redioseiric dating technlques vere
used for time calidrationss (1) & radiocerdon age OF 12 Ka (Frye, 19T)) was
used for loess of Late Visconsin age in Minnesota, (2) »a edeidisa hyeration
sge of 150 Ka (Plerce, 1979) vas waed for deposits of Bull Lake age Aesr Vest
Yellowetone, Montana, and In porthuestern Wyoslng, (3) & K-Ar age of 0.6 Ma
wes used for calibretion of the Lava Creek ash bed, which correletes with the
se011tised ssh 1n Tuff A, Lake Tecope, Califorals (Izety and others, 1970},
snd (8) & K=Ar sge of 0.73 Ma wes used For S1shap ssh bed (Dslryeple snd
others, 1969) vhich correletes with Tulf B at Lane Tocops.

GEOLOGIC SETTING

The Nevads Teat Site s I the southern part of the Greal Basin, oa ores
enoracterized by northetrending linesr mountaln ronges that are flanued by
extensive alluvisl Cans and separsted by broad slluvial besine. The
geographic ares Including the location of easpling sites for uranlum=trend
eating is shown 1n Figurs 4. The clisste 13 arid and vegetarLion is lisited to
aparse desert plants. Quaternary surfiolal deposits in the XIS reglon
prisarily include slluvial deposits of cosrse saterial, fluvial deposite of
sand derived from eolion paterisl, sollan sheets and dnes, ang dedris
flows. Surficial unite present 18 Lhe reglon are summarized by Swadley and¢
others (1988, Fig. 3). .

Late Cenozole Stratigraphy

The lete Tertiary and Quaternary deposits of the study ares consist of
allavium, eolian sands, colluvium, iske sediments, and volcanie ¢eposits.
These range In sge Prom prester then J m.y. old for scme of the lake gediments
te 1ess than 100wt 150 years ¢1€ for the youngest alluvisl unit (Moover ond
others, 1951), MNoover sné others (1981) cescribed the stratigraphy of these
Geposits and defined cheracteristics Dy which they can be sapped and
correlated across the reglon on the baslis of age, 1Jihology, and eeporitionsl
enviromeent, The folloving briel descriptions of the msp unita are dased
aainly on thelr work, The depusits are grouped herein into four major
unitss (1) date Pliocene and Pleistocene, (2) Pliocene(?) and early
Pleistocene, (3) middle and late Pleistocene, and (8) Kolocene.




Ltate Pliocene and ’lilno«nc ch 31ty

T oldest surficial Gepasits tnvestigated are predoainantly of late
Pliscent ags anéd conslst of lacustrine sedisents. These lacustrine deposits
are salnly unconsoljdated Lo noderately indurated aarl and silt that lJocally
contain beds of limestone, sand, ang fins-prained volcanic ash. They were
deposited in Lake Ansrgoss, which occupled such of what 18 now Lhe Asargoss
Desert valley (Fig. ¥) during the 1ste Pliocens; reanants of the lake prodedly
peraisted into the esrly Quaternary.

The age of Lhe Jacuatrine esposits 18 nut precisely hnwwn; erver, on
ash bed nesr \he Biddle of the unil yieloed redicmetric ages of sbowt 3} Ma
(f1ssten-treck sethod, C, &, Needer, V. 3. Covlogleal Jwvey, vritten cumaun.,
1980) ane 3.0 na (K=Ar method on Blotite; %, L. Nay, University of Califorals,
Serkaley, wrilten comsm., 1919). A second ash Dad Aear the Lop Of the wit
vas dated st 2.1 3 0.8 Ma by the FI ton-Lrack method (C. ¥, Nasser, wrillen
coasm., 1982). A alightly younger age i3 suggeated for Lhe upper part of Lhe

.Geposits by sasaoth remsins that are conaidered to be Jess thea 21 (C. A,

Repenning, U. S. Geologlcal Survey, writton comsun., 1982): these cepoalls are
teyond the range of wanlum-trend dating. -

Pliocene(?) snd Early Pleistocene Deposits

These deposita consist of alluvim that mainly i3 early Pletstocene but
In some aress aidy be 3s old as latest Pliocene. Unit QTa, generally older
than about 0.78 Na, 18 Jargely coorse detrls flows, but talus, colluviwe (Qlc)
and pediment gravel (Qfg) sre present in soae areas. The Qla deposits are
conmonly eroced and dissected, and norsally exhidit strong caleic solls, which
locally result ia low permssdility. -

The approxisate age of wnit QTa is lisited by the ages of enclosing
ita; there are no dated saterials within the wait. QTs wnconforeadly

- yverlles lacustrine Osposits st seversl localities 10 Lhe area (Swadley,

1983), indicating the QTs Geposits locally are 1ass then 2 Ha. Unit Qta is
sveriain by unit Q2¢, that locally contalas lenses of volcanic ash corrslated
with the Bishop ash by Bzett (1982) on the dasls of thelr similar chesistry.
Radicedtric dates for sasples fros the Bishop ash tndicste that 1t 1s O.T8 He
old (lzett, 1942). Tne lower part of unit Q2¢ §s considered spproximstely
0.7% Na 016 on the besls of Lhe correlation with the Bishop ash. & period of
eroslon and westhering occurred following the seposition of QTa but prior to
deposition of Q2e (Moover and others, 1981), sugsesting Lhat QTa deposits say
be 3abstantislly older then the 0.7% Na old limit laplied by its stratigraphie
position below Q2e deposits contalning the Bishop aah. Basalt ash deposils 18
feactures withiz vait QTa ezposed Ik tvo fault trenches (n sastern Crater Tlat
sre inferred Lo be approzinately 1.2 Ma {Swadley and others, 1938), possibly
restrictiag further Lhe upper 1iait for the age of unit QTa. One QTa éeposil
was sampled, andlyzed, and found Lo be beyond the range of Lhe Y~trend sethod.

Miadle and Late Plelstocene maaui

Migdle and late Plelstocene deposits (unit Q2) consist of fan slluvi'm,
flauvial and esolian sands, and volcanic ash, Thise deposits have been
subdiviced 1ato five mappadle units on the basis of relative sge and
Lithology: three alluvial units, Q2¢, Q20, and Q2a (in orasr of decreasing
sge); e0lian dunes and 3and sheets, Q2¢, and fluvial sand sheets, Q2s. The
1ithologles, stratigraphic relations, and 8ol development of Lhese units are
Gescribed in more detall by Noover and others (1981, p. 15).

-~
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Unit oée eouhu of.n'avul fon ﬁmlu ond s me oebris fiows, The
Geposits typically are wiconsolidated, poorly Lo well-sorted, mh“u'lou
well=bedded, SNgIlar Lo rounded gravel vith sand and silt In the matris.
1nterneds of ality sand sre locslly cosmda. Allavial fans of Qe yenerslly
:::pul:u oA wit 0:: on the afddle and upper valley slopes; Qdc alse

4rs a8 Lerrace oeposiie 1A Jarger streas valleys. L
were sade oa fluvial deposites of wmit QZe. ' 16nt s¢e saterainstions

Lolian deposits of uait Q2e occur a3 dunes snd sand sheels 1A and
a0)acent Lo the Assrgoss Desert valley. Bamps of fine, vell-soried sand &3
nuch 88 50 & thlah Flank sany of the hilla bordering Lhe Anargoss Desert on
::n M;ﬂhi“lln:;‘ﬂ-‘:“:- I:-II; intorbedded with the liwer purt of U'v aud 13

ourly vlder 8 Uob. o Ulw Gepusil sualysed for
the range of the U-trend nelhod. ' ) for 4hin abudy vas bepond

The 1aferred age of 0.10 Ko 03¢ for lenses of volcanic sk in )
part of unlt Qe elscussed sbove 15 consldered L spprosinate lo“:”u:‘:;u
for bolh wilts G2e and Qie. Joungsr Q2c gravelm locally overlie and somtain
revorked cinders from the Big Dune Basalt senter 11 ka aortivest of Latirop
Wells (Fig. V', uhieh has Jlalded K=Ar dates ranging from 230,000 Lo 300,000
years old (Variman and oiders, 1382}, iadiceting the spproziaate aga for Lhe
younger part of Q2c depositioan. .

Fluvial sand sheets of it Q2s occyr along major streans and éralnages
Gownatreaa from dunes. The aheets consist of weter-lald fine Lo eadim
sravelly sand or stress-revorked vinddloud ssnd, and coanonly reat os G2s
fans. Tivee Q23 Gepasits vere éaled IR LAIS abudy. .

Unit G20 §3 sisilar Lo Q2c Im depoaitionsl enviromment and Jithology. It
OCCUrs a3 Lerrace $aposits that ore inset 18 Q2¢ and wderlies Jowsr slope
fans, These Q20 fans commoaly merge upslope with Q2o fen deposits. Sis
sultes of seaples frem uait Q20 vere dated 1a Lhis study,

The youngest fluvial part of Q2, nit Q2s, consists of dedris flow
deposiis Lhat are Jarze enough Lo e Bapped oL okly three 1ocslities In this
study area. Q2a 15 poerly sorted, vatonsol idated sand= Lo clay-size saterlsl
that contalns scme gravel. Kiae age delersinstions were made 08 the flavial
‘part of unlt Qe. ’

Overlying anit Q2s (and older mits) 13 a Lhin il of eolian silt waich
probably 1s desert 1oess. This walt i3 not present in Kolocene depoeits (uait
Q1) tn the study ares, tadicating & prodadle age of pre liclecene, bit post Qs
(1ste Plelstocens). Two sasple suited were collecied and snslysed In thls
aaterial; only one Usirend sge estinste vas oblained from Lhess sulles.

Molocene Depoaits

Unit Q1. Holocene 1n age, i8 principslly cosrse fluvial saterial mnd
loca) cebris Clows In and slong present @ralnages. It has Jittle or ae soll
Gevelopment and, salaly oa the bisls of Lopography, say be elvised locally
Into 83 many a3 thres ualts (Qls, B, and ¢). In addition, Q1. coatains Jocal
eolian ceposits (Qle) ang sand shaets (Q18). No Ustrend agrs were stlempled
on Q1 deposits because of the Jargs percentage error lisitations fnherent in
the nethod for deposits as young 89 Holocens.
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CXPERIMENTAL PROCEDLRES

Saaple Collection, Preparstion, and Chemical Proced-res

Yo obtaln & wranium-trend date, several channel samples, DOV 1 kg sach,
sre collected From & verticsl aection Of ssch depositions) unit., The reqiired
number of samples for a relisdle trend plot depends on the varlation in ratios
of waniun and thorium that define the trend line. The alnisum nuaber of
samples needed 18 NOL known until snalyses are comploted; therefore,
subdividing the unit 1nto & larger nuader of samples wauelly will increase the
11kelinood 0° batter Sefining the wanium-trend line. A slniaum of three
esmples 13 required, but It I3 desiradle to have S to 8 saeples in a glven
ssmpling unit to determine 3 reliatle slope, 1t is not alvays posatdle teo
detersine, In the flald, the exsct doundary betwveen depositional wnits. To
help alleviate this problem, collection of & larger nuaber of smples is
reqiired to deterring the downdary betvesn smae depositional mits. For
s0ils, ssmpling by horizon or sJbhorizon usually 1s sppropriste. Differences
1n aineralogy and particle size of the sediment 2130 are good fleld criteria
for selecting samples that are ikely L0 have & sultadle spread of valies to
provide s vell~0efined 1inesr trend. It 1o preferatle L0 ssmple & channel
throagh deposits esposed in a trench wall or a relatively fresh, vell=esposed,
owerop. Exssples of asmpled sections are shown In the sketch of collection
sites in Yuccs Mountain Trench 38 (Fig. 3).

Depositional wnits at the Nevads Test Site commonly tontaln peddles and
larger fraguents and 3 ssbseaple of 1ess-thsn-2 mm 3ize 13 retained for
analysie, palverized Lo Jess-Lhon-0.2 aa alze, hosogenited, and processed. in
deposits whers the laotoplc composition is sisilar in eich smple, adéitionat
data can be obtained by analyzing that part of the wpulverized aubeanple that
ts less-than-0.3 mm size. BDoth <2 am and <0.3 em size fractions were snalymed
for samples from 31z localities st the NTS (TSVI®S, SCFY, 3(F2, CF2, ¥N2 and
3. ' :

Chemical procedures used for separating uranium and thorius for alpha
Spectrosetry Beasurenents are those descrided by Rosholt (1985). Spikes of
898 and *'OTR are vsed in the radiolsotope~dilution technique Lo deternine
the concentrationrs of ursnium and thoriun. For defining wanium-trend slopes,
a wanlm seperate 18 counted four different tinmes 1n the alphs spectrometer
and 8 thorium separate §3 counted Livee different tises, The procedure of
Oeternining the 1sotopie adundences of ***Th, **°U, and *'°U s described by
Rosholt (1980), . .

DISCUSSION OF RESILTS

Uranjum-trend snalyses for 28 sample sections at or near the Nevads Test
Site, some of vhich include deposits of more than one age, sre included In
Lhis report. Site Jocations sre shovn on Figwre 4, and descriptions of the 37
depositions] units analyzed sre 1isted in Tavle i, Tadle 2 contains &
generalized description of each ssapled unit, Including selected soil data and
}1thologic characteristics, depths delov the surface, and urani'm and thori'm
content for each ssmple. Ursnium and thorius concentrations are accursts to
vithin 12 percent of the reported value. Five sample sequences (SFF, Q2L,
SCF1, SCF2, and SCF3) were not datadle using the wanium-trend model, Two of
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the undatadle units are ealion sond and Lhe ressining three are fluvial

sand. The 1s0topie ratlos required For Lhe plots ore Jisted Ia Table 3. 4182
Included vith the Jsoropie rotios are error values (2 standare sevistion)
required fer cosputer calculation of the slope sad wncertainty of the slope of
the Linsar regresaton 1ine. An sodirtoral sigaificent figure for these ot
(Tadle )) is retatned for the slope calculation T avold premsture aritmeetic
rounding. Ursaiwm-trend and thorius plots For esch deposit Jiated im Tadle 2
are shown in Figwes 6-)0,

Some ¢ats vere not included §a the cslculations of uranium=-tread age., &
few of Lhe unita saspled and snalysed oL Lhe beginanlng of Lhis Savestigation
Incladed nesr-surface materials ot depths of less than 8 ca. Datas for these
near-aurface samples have been excluded from the calculation of the linesr
regresaion Jine because of the 1ihel1n0od Of eontamination by dust and other
foreign msterial that §s significently younger than the main deposit. IR some
other cases, samples were eacluded from the uranlum=trend )ine 1f, on Lhe
thorfum plet, they did not it the linesr array defined Dy the other sasples
from the ¢epoait. One resson Lhet & sseple may depart from Jinesrity 15 that
It 1a composed In part or entirely of saterial from an older or younger
Geposit,. This probies wavally 1o encountered only with the upper or lover
saspled part of & seposit. Another reason for the abave discrspencies 1 thet
the porosily snd persesdility cherscteristics of layers within the
depositions] unit may be sufficiently ¢ifferent 30 Lthat very eifferent
effective wanius flunes pay have eccuwrred In the sane deposit. for Instence,
the effective flun rate 19 ¢ifferent for sn opan=vork gravel §n which the
obile<phase «wrenfum has & SRt residence time Coupared L0 Lhat for 2 clayey
Jayer tiwough wAtch (lulos msove more slowly. Assimilation of wonlum I8
deposit dwring a late stage of alteration con cause snomaloue variatiors Ia
the (sotopic system, Such as Lhe Incorporation of waniferows opsl. CTaavples
of ssples exciuded from ursnlum-trend slope csloulations includes Thise from
the vpper horSzons in FIPG, S1, R¥Y=J, 39, CF1, M), and YMI4; those with
snonalovs wanium conteot §n TSY-301L and THIAB-2; and sample SCFA-S that
contains a mizture of two different depositional ficies in the section. On
the basia of the Fit of dats 0 the thorius plot, It sppears possidle td
1dentify sssples In the profile thet 6o not belong LO the same stratipraphic
Wit or that have aineralogic or grain-aized components that are not
compsratie to the whole of the unit,

The wani-m-trend node) parsmeters for 3) dated wnits fram KTS are shoun
in Tadle % - These parsmeters Include the values for X-intercept, half perlod
of FI0), wanlum=trend slope, an¢ sge for sach wnit. The uncertalny for esch
age deternination Listed 15 one Stondard devistion, and includes sostier aa
delined by Ludulig (1979), A wit mmder for sdch dated duposit s Included I8
Tadle 8 and shown on the calitration curve (Fig. 3). )

Specific results for each geographic area (Tadle 1) generally osre
described delov In order of Increasing age (Q2s, Q2v, Q2c, QTa). The five
saaples 1n unit SFF, collected from & alilty, vesicular A horizon In & trench
on the edge of Prenctman Flat tend to fore a circular array rather thin 8
linear relatfonship on the U-trend plot (Fig. 6); no U-trend age could be
colculated for these sanmplea. A sisflar solian sediment with wnderlying CCa
horizon vas recollected; 10 sasples in section FFPG gave a U-trend age of 0
Ka vith large error of 3 30 Ka. The Lop saaple (FFPC~1) was not included in
the U-trend sloge (Fig. 7) because of possible Infiitration of seterisl from
the surface. The uppermost sasple of 6 sasples of the uwnderlying alliviua ia
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the Q20 deposit (S1) also was not iIncluded in the U=trend line became of
probable infiltration of esaterial fros the overlying deposita. VUalt $t
yielded 3 Lrend Jine with llalted range (rig. 8) and gives an age of 8 3 60
Es. MHovaver, an eatenaive redaapling of the alluvius in the trench at
Fronchaan Flat (reprusented by waits F2 and £3) gave nore ¢eflned U-trend 3¢
(Figs. 9 and V0) of 200 3 80 K3 and 190 ¢ 70 Ka for the upper and lower parts
of unit Q2v, respectively.

Units with three different U-trend ages were Lcentifled in Rock Valley
wrench RY1 (Ander and others, 1988, Fig. B). The upper Q26 units of slope
wash (A1 A-D, Fig. V1) and & darled B horizon (AVY J-0, Fig. 12) give ages (n
the 20-50 Ka rarnge. The 'mderlving Q20 wnit, represented by the calcarscus 0
how $20n (AVY P-U, Fig. 13;, nas 8 U-Lrend age of 180 s S0 Ka: Tne Jowest
ports of the two AVY sections consist of the Qe unity thess depoaits gave
siullar ages of 30 2 80 Ka (AVY £-1, Fig. 11) and 270 2 30 Ka (AVI V-2, Fig.
13). .

" Tne upper Q22 units sampled ia Rock Valley trench RAV2 gave U~trend ages
of 38 1 10 Ka (TSV-307, Fig. 1V) and 36 ¢ 20 Ka (AV2-U, Fig. 15); thess unita
are equivalent $0 Lhe upper wnits in the neardy Aock Yalley trench AVY, The
lower gravel aslluviwe of the Q2c unlt ta the R¥2 section, which was sampled at
a grester Gepth than the A¥) sections, yields an age of 390 ¢ 100 Ka (Av2-L,
Fig. 15).

initially, only four sasples were collected for dating a reddish-brovn
sol) In a sand sheet enposed 1n & trench nesr the Jackass Flats Engine Test
Stang (515, Fig. 8); these sanples vere Insufficient to detoruine & U-trend
sge (Fig. 16). Nine sasples free @ channel through & thicker part of the
argillic @ hortzon 1n the Qs shwet Sand was resanpleds & U-trend slope (Fig.
17) gives an age of 160 Ka vith a relstively large srror of 90 Ks, Thls poor
U-trend valus should be closer to the upper limit of adout 250 Ks.

Eight sanples of alluvium (59) were collected from a 1.6 s=thick ualt n
the upper part of Lhe Jackass Divide Lrench (30, Pig. V). The wanlm and
thorjum tsotople ratice of the upper two sanples resenble that of ssaples from
Geposits of unit Q2a in other trenches, thersfore the valued for Lhese two
sanples vere excluded fros Lhe U-trend slope of the wderlying Q2¢ unit. The
lower 31X sasples ylalded aa age of 270 1 %0 Xa (Fig. 18); the upper two
_sasples 8180 have & vide dlvergence frea the regreaslon 1iae on Lhe thorium
Plot Of the lower & samples. A 1.2 m-thick ualt of olaer alluvius vas
collected from the lower part of Jackass Divide Lrench, Iae § sasples in Wl
wnit provide vell defined U-trend and thorls plots (Fig. V3) that indicate an

_age of 830 g 80 Ka. This age corresponds Lo those detersined for older

deposits of umt Q2e.

A series of 8 samples (SCF1) of pedbly fluvial grivel In wnit QM vas
collected ia the west trench in South Crater Flat. Both the less=Lhan-2-um
anG less=than-0.3 am size fractliors vere anslyted $n each saaple: however, no
U-trend age coulé be ealculated from elther sst of plots (Fig. 20}, Another
series of 5 saaples (SCF)) vas recollected from Lhe trench, Bt 8 U-trend age
could not be calculated for the less-than-2 mm size (raction (Fig. 2V). A 0.8
s-thick sequence of 9 sasples 1a fluvial sand and pebble gravel (SCF2) wae
collected ia unit Q2¢ exposed In the west trench st South Crater Flat, These
sasples did not provide a U-trend age because of the excessive scatter of the
points for dOth the less-than-2 as and the Jess-than=0.) aw alze fractions In
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_wnderlylag the argillic B horison vers collaciad from the treachs both Jese~

2l samples (Fig. 22). CEignt sasples from 2 1.2 a~thicu section (5CFA) of
unit Q2e vas recollected froa Lhe trench. Tha upper A sasples of sandy
aedinent cefined a ¢ifferent trend 1ine than the lover 3 satples of pebbly
sliuviue; the intermadiate sanple (SCFA-5) appaars Lo be & sistwre of both
wite (fig. 23). Uranjum-trend ages for Lhe upper and Jouer parts are W0 and
80 Ka, respectively. Thess values provide aa estinated aversge age of M0 3
60 Ka for Lhis G2¢ Goposit, . ,

A group of 6 sasples consisting maialy of colcium carbonate (ISV 356) was
collected (ran trench ) §a Crater Flat. Both the lasacthan-2-aa and less*
than=0.} an were snalyied for edch avbsample. Each sise fraction ylelded
aintlar 3ges VILR an sverage ag¢ of 8B ¢ 20 Ko 28 oblslned from the Ustrend
piots shwwa ta Figire 28, Thesa resalts suggeat algnificent colelux cartute
scousulation snd K-horizoa sevelopeent ovar the past S0 Ka; U-trend ages I
this tisd of enriched esrdonate msterial reflect the tine of sirorg caleiwm
carbonste sevelopasal 18 older sediasnts.

Cight sasples (CF1) of the upper alluvim (Q2a) were collected from
trench ) 1a Crater Flat. 0Oa the thoris plot (Fige 25), sample CFI=2 diverges
from the regresdion 11ne sefined by the remelnlng sanples, therefore 1L vas
excluded from the U-tread slops Lhat gives aa estinated age of A0 2 10 Ka. &
25 cm tMck barled argillie B horison s walt Gl 8150 vas collected in this
trench (CF6) whleh ylelded  U-trend plod of 5 senples (Fig. 26) vith aa
spprosiaate age of 190 3 50 Ka. Saven sasples (CF2) of slluvism In wait Qe

then=2 am and less=than0.) am size tractions gave alallar U-trend plota (Fig.
27) and on age of 210 ¢ 30 Koo .

The IN2 section 1a Jucca Mountain Treach 2 consiats of & sanples frum &
LhIn buried B horlaon foraed in alluvius (DY) aad b sanples from the
widerlylag calcareous gravelly slluvim (YH2L). Plots for Lhe Jesa-than-2-ws
and the 1e3s-than=0.3 us size fractions For Lhess deposits are shoun ia Figare
28, The U-trend age of the upper (G22) unit in 87 s 14 Ko and Lhat of the
lower (Q2b) unis 18 185 2 25 Ka.

The INt) section cullected from Jucos Hountaln Trench 13 contained
ceposits of two different agda; on upper Q2a wnis (b samples), sad & lower G2¢
Wit (6 sasples). The upper sanple 1A ebon Wil was ot incladed I Lhe V-
teend plot because BOLM sasples contalned adslstires of aaterial from the
overlying deposit (Fig. 23). The fraciicns finer than 2 wa and [iner then 0.)
a8 were snalysed for sach sanple 1 the secilion. Ages of 35 Ks and 46 ko for
these fractions, Peshectively, provive an sge of sdout 80 3 10 Ka for ™
upptr ualt (Q2e); ond ages of 220 K2 and 250 Ka caspectively, provide an age
sstisate of 280 o 50 Ka for the lower Wit {Q2e).

Tus superposed B horizons are exposed IR Lhe pper 90 o= of Yucca
ountals Trench 18 (Fig. 5). A 30 ca-thick cheansl (IN14B) conassting of the
lover B horizon oaly vas saapled from Lhe Aorth wall of the trench. Sasple
NILE-2 had & Migher waalus contenl Lhaa Lhe other sasples i thls walt,
which reflecis recent addition of wanium; Lhls sasple 18 nol campetidle with
the other sasples In the Wit and It ves esscluded fros the U-trend line. The
og¢ caleulated from the remalning § saaples rejresenting wait Q2a (Fig. 30) 1s
33 2 10 K2, A 60 om-thick section (IN10U) contatalng both Lhe upper ané lover
3 horizons formed §n Q20 ssnd was collected from the south well a the trench
(Fig. 5). The upper saaple (YH18=1) §a not 1ncladed Ia the Ustrend slope
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(Fig. 31) because It contains materia) from the overlying sedisent. The age
obtained from the remataing 8 samples 13 90 3 50 Xa; however, this age I3
considered Lo De insccurste because the section tncludes tvo B horizons that
may be formed in deposite of Sifferent ages. A sore rellsdle UsLrend age for
the lover J sasples In the lover B horizon of unil Q2a 13 5.9 20 Ka. A V.Y
s~Lhick section ves collected in the lower Q2¢ alluviwm in the Yucca Mountain
Trench 18 (Fig. %), Thres types of Q2e deposils sre oxposed [n the trenchs
(1) & layer of lasinar corvonste in the upper 0.6 n (TIM, 10-18), (2) o
calcareous=sandy sedisent 1n the micdle 0.3% a (YMIAL, 15°17), and {3
caleitescomarted gravel In Lhe Jover 0.15 m (YMIAL, 18-22). The U-trend dates
for these samples (Fig. 31) suggest that the carbonats scewmajation started in
the s18¢ie part of tRis sactior about 270 3 90 Xs 4g0. Ine wderlying ssndy
snd gravelly slluvium of unit Q2¢ has ages of 820 2 50 Ka snd 880 2 90 Xa,
respectively. - . o

A 1.2 a-thick channel in alluvial unit Q20 (CPQ) was collected from \he
Oharlie Brovn Quarry northeast of Shoshone, Callfornia. The results of the
analyses of 8 sasples are shown in Figure 32, which gave U=trend age of 160 ¢
2% Ka. It wnconforsadly overlies the Tuff A ash bed found In neardy Lake
Tecopa (Sneperd snd Gude, 1968) vhich hes been correlated with the 600 Ka Lave
Cresk ash (lzett, 1982). '

The THA wnit consists of volcanic ash which has deen partially altered to
clay that vas saspled at an outcrop ot Falrbsnks Nills, Wevads (Fig. 8). A
sinimum age of 600 Xa vas caleulated from the poorly delined U-trend plot
shown In Figure 33. ’ :

Eignt sanples wers collected from an 80 ca-thick channel in & Lrench oA
the Cleana Pedinent (Fig. 8). The cartonste-censnted slluviuve i3 equivelent
Lo unit QTa but Its age 13 beyond the 1imits of the deting yechaiqie. The U=
trend age calculated from the from the sessured slope (Fig. 3¥) ylelds &
sinimua age of 800 Xa. .

SUMURY

Urani'm=trend dsting I3 & useful sethod of determining the approxisste
age of Qusternsry Geposits in Lhe Nevada Test Site arss. The sethod I3 the
sost accurate in the range of 60,000 to 600,000 yesrs. Sasples that have 8
wide spread of dsta points snd minimum scatier about the wanius-trend slope
st best say be accurate within ¢ 30 percent, Relative errors are 1arge neer
the lover and upper 1imits of the age range of the sethod. Age resolution for
oeposits less than 20,000 years old have errors eqM] Lo or greater than the
reported age. WIth respact to the sariawm ig¢ 1isit of deposits (greater than
600,000 years), the error ususlly is grester than 20 percent, thus the lisit
on the posaible saziaum ape decomes ncertsin for ages graater than 700,000
years. Dating of deposits from the Nevada Tost Site and 1n New Mexico (J. N.
Rosholt, wnpiblished data) indicate thet age resolution 18 better for
calcareous deposits than for noncalesreous deposits such &3 cartonate-free
111 and loess, Poorly sorted alluvial deposits of sized sineralogy wsuslly
yield a better apread of the dats points on the uranlwm-trend plot than @0
eolisn 38nd OF Other quartz=rich send deposits that have 1ittle or no sof)
oevelopaent.

A tatulation of 31 ursniva-Lrend sges detersined on alluvia) and fluvial
units st NTS are included In Tadle S sodified from Swadley g others
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(1988). The results are 11ated according to stratigraphic units defined by
Noover snd others (1981), A sasple suite (FFPC) containing & loess deposit
dated at approximately 30 Xa. The age range 1A Lhe readining G2a @eposits of
slope vash sand ang Flavial gravel 18 3V ¢ 10 to %3 3 20 Ka. & poor age of
ssaple suite St I3 replaces by results (ram recollected asaples in Frenchaon
Fist (72 end F3); thus, the age range of Q20 Geposits 18 consisered Lo be 1%
s 29 to 200 1 80 Ka, Two groups of Q¢ Geposits Mve been fownd. the yeunger
Q2c stratigraphic wnilt renges from 200 ¢ 50 Ko In the Tucca Nountala ares Lo
310 2 40 Xs ot Rock Valley. The elder Q2c atratigraphic wnit, sespled 18 Rock '
Yalley, Jackass Divide, and Sowth Crater flat, has & range of 190 s 100 to M0
s 60 ks, Q23 duposits cated from 160 ¢ 90 te ¥30 ¢ 90 Kai however, M
younger sge 13 3 less rellable valus with & large error plot and it 3haile be
considered as closer L0 & 250 Ka value, The laminsr certonete (THIML)
reflects the tise of atrong calcium cardonsie development, DO 210 2 90 Ka,
rather than the older age of the host fluviel ssnd in Trench 18,

A histogrea shoving )0 U-trend age dstersinstions from alluvial wits &
NTS sre ahoun In Pigare 35. Resulls of the First asspling of Frenchasa [ 1)
slluvium (51) sre excluded from the Datogran, Medlan ages for these dsepoaits
Indicate the Tollewing times of videspresd cepoeitions:s b0t 80 g t5 ks for
Q2a sedisents, 170 s %0 Ko for Q70 sediments, 270 3 50 and 880 ¢ 60 Ka for
yownger and older Q20 deposits. Thess results ore resscnsdly consistent with
other age detersinstions, stratigrephic conatraints, and with estisstes based
on geosorphic evidence. In this geographic sres, acst of the 1ate to miedle
Plelstocene sediments appear L0 have bewn deposited In these tine frames,
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Table 1. Locstlions, diatances feam enid Of trerch wall,
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Tatde 3. Isutsie 142005 of watawr ard thuaaa teinnd o0 0
Isctoplc ratlos of warium and thorjus requited for U-trend plots setivity hatios
Activity Ratios v pbed’} BRegp  (Fiey.diecy)  (atey.dbey)
vosy 1reyy 1veyny (0 Senple 1] tn LLLs 1 ’
™ bhdd L) v trey F) ueit (Fig. 10) :
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Table 3. lsotopic ratios of wraniva and thorium required for U-trend plots, {cont*d.)
activity Ratios
u Recy .o.; --——'n.c._.’- -.u___-..-ﬁv
M'ﬁ-. ﬂ, c.lc -..4’ -.-? L] (1] ] .c
307 unit (Fig. 18)
301-A 2.00 1.033 1.395 «51820.027 .12230.020 - .39510.059 ¢ ,03330.03)
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3o1-C 2.00 1,036 1.8 AT W02 L629s L0V - 3183 ,055 ¢ .0%6¢ .03}
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. RV2 section (Fig. 13
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RV2-1) 2.1 1,072 96 .08 L8262 .02) ¢ 0543 .0M0 ¢ 072t .0
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"V2-15 2.70 V.08 958 8673 .0MS LB3tg .02) ¢ 0823 .00 ¢ 0883 .05
n2-16 2.3 1,053 956 T80 039 L1122 .020 ¢ ,OMNg ,O0%0 ¢ ,05)2 .03%
Q2 wnit (Fig. 16)
Q2¢E-1 1.90 978 1.283 4652 .02 L5968 .00 - ,283p .05 < 022y .O31
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Q2¢-3 1.6 .982 1.253 4719 025 L6008 017 - .23 .053 - .018: .03
Qe-8 2. 972 1.2 5671 029 L6308 018 - 1123 .07 - ,028; .00
Q28 wnit (Fig. I7)
1.7 .981 1.25% +Aa8%s ,02% 6072 017 L2583 053 = .109s .ONN
N 979 $.270 J468g 020 ,5983 .017 - ,270: 050 « 0213 .00
1.69 .99% .20 L0882 025 5973 01T - .231g 092 - 0052 .032
1.68 1,013 1,198 501 026 .6002 017 -~ 1982 .050 ¢ ,013s .032
.12 988 a7 J493g 026 ,6003 017 - ,2172 051 - .0163 O}
1.68 997 1.207 .501g 026 .60%¢ 017 L2073 .05 - .00} .ON2
t.90 L9628 1,189 520 027 6233 .0V7 L1893 050 - 0162 03I
L9 99 1.1712 5212 .027 610 017 L1723 .08 = 0063 .O32
2.1) .992 1.126 L5072 020 L6169 017 1263 087 ~ ,008: ,032
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Yable 3. lsotopic ratios of wanjun and thor fun required (& Ustrerd plots, {com'd.)
Activity Ratios
v ey
saaple (1. dvey
$9 unit (Fig. 'O
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89-F 2.1 1,088 661g 030 LO06s OIB o
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J0 wnit (Fig. V9)
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tavle 3. Isotoric ratios of wrarium and thorium required for U-trers plots

able 3. lastopie ratios of warium and thotiwm required for U-trerd gplots

' Activity Ratios

v rieqp : (31 (oosy-200y) Activity Ratios
' Sample e ey srepp gy v e 1. Ly
sSanple (3] -:c ] L] ..-d-—
™2s section (Fig. 28)
™I section (Fig. 29)
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Figure 1. Urantum-trend plot of CF2 alluvium in Crater Fiat Trench 3. A1l samples plotted in terms
of activity ratios.
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Figure 2. Thorium plot of CF2 alluvium tn Crater Flat Trench 3. Al sarples plotted in
terms ¢f activity ratfos.
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e Miocene southwestern Nevada

volcanic field: Revised stratigraphic framework, AT/ Ar
- geochronology, and implications for magmatism and extension

DAVID A. SAWYER U.S. Geological Survey, M.S. 913, Denver, Colorado 80225
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M. A. LANPHERE
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D. E. BROXTON
MARK R. HUDSON

ABSTRACT

The middle Miocene southwestern Ne-
vada volcanic field (SWNVF) isa classic ex-
ample of a silicic multicaldera volcanic field
in the Great Basin. More than six major

calderas formed between >15 and 7.5 Ma.-

The central SWNVF caldera cluster consists
of the overlapping Silent Canyon caldera
complex, the Claim Canyon caldera, and the
Timber Mountain caldera complex, active
from 14 to 11.5 Ma and centered on topo-
graphic Timber Mountain. Locations of
calderas older than the Claim Canyon
caldera source of the Tiva Canyon Tuff are
pncertain except where verified by drilling.
Younger peralkaline calderas (Black Moun-
tain and Stonewall Mountain) formed
porthwest of the central SWNVF caldera
cluster. We summarize major revisions of
the SWNVF stratigraphy that provide for
correlation of lava flows and small-volume
tuffs with the widespread outflow sheets of
the SWNVF. ’

New laser fusion “’Ar/*’Ar isotopic ages
are used to refine and revise the timing of
eruptive activity in the SWNVF. The use of
high-sensitivity mass spectrometry allowed

analysis of submilligram-sized samples .

with analytical uncertainties of ~0.3% (10),
permitting resolution of age differences as
small as 0.07 Ma. These results confirm the
revised stratigraphic succession and docu-
ment a pattern of episodic volcanism in the
SWNVF. Major caldera episodes (Belted
Range, Crater Flat, Paintbrush, Timber
Mountain, and Thirsty Canyon Groups)

* erupted widespread ash-flow sheets within -

- 100-300 k.y. time spans, and pre- and post-
caldera lavas erupted within 100-300 ky. of
the associated ash flows. Peak volcanism in

} USS. Geological Survey, M.S. 937, 345 Middlefield Road, Men

} EEs-1, M.5. D462 Los Alamos Natonal Laborator
U.S. Geological Survey, M.S. 913, Denver, Colorado 80225

the SWNVF occurred during eruption of the
Paintbrush and Timber Mountain Groups,
when over 4500 km® of metaluminous
magma was erupted in two episodes within
135 m.y., separated by a 750 ky. magmatic
gap. Peralkaline and metaluminous mag-
matism in the SWNVF overlapped in time
and space. The peralkaline Tub Spring and
Grouse Canyon Tuffs erupted early, and the
peralkaline Thirsty Canyon Group tuffs and
Stonewall Flat Tuff erupted late in the his-
tory of the SWNVF, flanking the central,
‘volumetrically dominant peak of metalumi-
nous volcanism. Magma chemistry transi-
tional between peralkaline and metalumi-
nous magmas is indicated by petrographic
and chemical data, particularly in the
overlapping Grouse Canyon and Area 20
calderas of the Silent Canyon caldera
complex.

Volcanism in the SWNVF coincided with
the Miocene peak of extensional deforma-
tion in adjoining parts of the Great Basin.
Although regional extension was concurrent
with volcanism, it was at a minimum in the
central area of the SWNVF, where synvol-
canic faulting was dominated by intra-
caldera deformation. Significant stratal tilt-
ing and paleomagnetically determined
dextral shear aflected the southwestern
margin of the SWNVF between the Paint-
brush and Timber Mountain caldéra epi-
sodes. Larger magnitude detachment fault-
ing in the Bullfrog Hills, southwest of the
central SWNVF caldera cluster, followed
the climactic Timber Mountain caldera ep-
isode. Postvolcanic normal faulting was

‘substantial to the north, east, and south of

the central SWNVF caldera cluster, but the
central area of peak volcanic activity re-
mained refatively unextended in postvolcan-

Geologica! Socicty of America Bulletin, v. 106, p. 1304-1318, 6 figs., 3 tables, October 1994.
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jc time. Volcanism and extension in the
SWNVF area were broadly concurrent, but
in detail they were episodic in time and not
coincident in space.

INTRODUCTION

The southwestern Nevada volcanic field
(SWNVF) is an outstanding example of a
multicaldera silicic volcanic field. The
SWNVF has been the focus of intensive sci-
entific study over the past 35 yr, largely as 2
result of underground nuclear testing at the
Nevada Test Site (NTS) and nuclear-waste
repository studies at Yucca Mountain. It is
well exposed due to Basin and Range fault-
ing and dissection in an arid environment,
and it is well known geometrically due to
hundreds of deep drill holes (>600 m
depth). The history of geologic investiga-
tions of the volcanic field was recently sum-
marized by Byers and others (1989). Geo-
chronology of the volcanic rocks of the field
was first determined by K-Ar methods (Kist-
ler, 1968). We report initial results of a new
generation of isotopic ages determined by
the laser-fusion “°ArP°Ar method (Dal-
rymple and Dufficld, 1988) for the principal
SWNVF stratigraphic units, and we use
these results to confirm significant revisions
in the stratigraphic framework of the
SWNVF and precisely define episodes of
major eruptive activity. Source calderas for
the major ash-flow sheets are described for
calderas that are well known on the basis of
outcrop or drill-hole data. Finally, we sum-
marize the implications of the high-preci-
sion ages for the magmatic evolution of the
SWNVF, and the temporal and spatial dis-
tribution of extensional deformation rela-
tive to SWNVF magmatism.

MOL.19950206.0001
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»
. TABLE 1. SUMMARY OF MAJOR STRATIGRAPHIC UNITS OF THE SOUTHWESTERN NEVADA VOLCANIC FIELD - ’
Assemblage Current name Age Estimated O Volaanic center
symbol (Ma) erupted magma {previous usage)
volumes -
T Stonewall Fist Tuff 125 Stoncwall Mountain volcanie center
Civet Cat Canyos Member 40
Spearhead Member 33 — s
™ Thirsty Canyon Group i Black M in cald
Gold Flat Tuff 20 G‘:"M H:"Memba
Trall Tull 50 Trall Ridge Member
Pahute Mcea Tuff X 100 Pabute Mesa Member
Rocket Wash Tuff 94, :% ’ Rocket Wash Member
T Fortymile Ca assemblage ' Diverse vent arexs
Beatty Wa;y;nonum‘ 110 Rhyolite of Ba? Wash
Ton Timber Mountain an Timber Mountain Tulf Timbes M in Calders Comp
Ammonia Tanks Tulf 148 900 Ammonia Tanks member Ammonia Tanks caldera
Rainier Mesa Tulf g-.: Iﬁ: Rainier Mesa Member Rainier Mesa caldera
T Rhyolite of the Loop . . .
’ o ar i e e Cutn Caon
Tiva em! o calders
‘Yucca Mountain 2 , Yucca Mountain Member Chaim Canyon caldera?
r‘hopopah MM 123 ug ?.omh SptiMe Mcmber g :
T i ncertain
Calico Hills jon® 129 160 Tulls mgn lavas y Calico Hills,
Area .
Crater
" o3 1323 650 Bunﬁ:::lemb:('ud U
Bulifrog Tuff ncertain
Stockade (Wash Tufl) Area 20 calderat .
Tram Tulf 17 Tram Prospecior Pass caldera complex?
™ Beltcd Range Oruu;n 350 Belted Ranps Tuff
Dead Horse Fiat Fm.* 133 120 Tuff and lava of Dead Horse - C
Tul 137 210 of Saucer Mess +
bedded member Canyon Member Grouse Canyos caldena® -
Comendite of Split Ridge 13.85 Tunnel bed §
© 2 Rhyolite of Split Ridge
Tr Lithic Ridge Tuf 140 250 Uncerain
Lava of Tram Ridge 140 0 Quartz latise lava and unit C tuf
Te Tunnel Formation® 50 Tunnet beds 3 and 4
Tw ’ Tub Spring Tull 149 130 Tub Spring Member Uncertain
To Tuf of Yuccs Flat 15.1 S0 Uncertain
Redrock Valley Tuff 1523 360 Uncertain

MNoenuyh“Old‘wlmindingathuamwphundnnged. .

*Newly defined with formal stratigraphic name.

’mmmmm%a&mm&mmlhmm-&md&nmplu

REVISED SWNVF STRATIGRAPHIC
FRAMEWORK

Many units of the SWNVF were system-
atically described by Byers and others
(1976a), who discussed in detail only the vol-
canic rocks they interpreted to be related to
the Timber Mountain—-Oasis Valley caldera
complex. Older metaluminous stratigraphic
units were described in' Carr and others
(1986), but no comprehensive stratigraphic
discussion of the older and younger peral-
kaline units of the SWNVF and their rela-
tion to the metaluminous units has been

- published. The revised stratigraphy of the

SWNVF summarized in Table 1 is based on
our new petrologic and geochronologic
studies.

The stratigraphic changes (Table 1), first, .

raise formally defined formations of previ-

ous usage (Belted Range, Crater Flat,

Paintbrush, Timber Mountain, and Thirsty
Canyon) to group rank. Petrographically,
geochemically, and temporally related lava

flows and nonwelded tuffs are associated
with their regional welded ash-low tuff
sheets. Second, these well-defined, region-
ally correlative ash-flow sheets (members of
the former formations) are raised to forma-
tion rank and given the rank term 7uff. For-
mation rank units are the Tub Spring (now
separated from the Belted Range Group),
Grouse Canyon, Tram, Bullfrog, Prow Pass,
Topopah Spring, Pah Canyon, Yucca
Mountain, Tiva Canyon, Rainier Mesa, Am-
monia Tanks, Rocket Wash, Pahute Mesa,
Trail Ridge, and Gold Flat Tuffs. Civet Cat
Canyon and Spearhead Members of the
Stonewall Flat Tuff, Wahmonie Formation,
Lithic Ridge Tuff, tuff of Yucca Flat, and
Redrock Valley Tuff retain the same rank as

assigned in the earlier literature (Byers and

others, 1976a; Noble and others, 1984; Carr
and- others, 1986). Newly defined formal
stratigraphic units are the Beatty Wash For-

mation, Calico Hills Formation, Dead 5

Horse Flat Formation, and Tunnel Forma-
tion. The stratigraphic units of the SWNVF

are described next in older to younger se-
quence and related to their respective vol-
canic centers (Table 1).

Major ash-flow sheets of the SWNVF
erupted predominantly from calderas (Ta-
ble 1); lava flows and minor pyroclastic de-
posits erupted from numerous smaller
vents. General consensus exists about the
location and approximate geometry of the
Silent Canyon caldera complex, the Claim
Canyon caldera, the Timber Mountain
caldera complex, and the Black Mountain

.caldera (Fig. 1). Sources for units older

than the Tiva Canyon Tuff are completely

.buried and are documented only where re-

vealed by extensive drilling, as for the Si-
lent Canyon caldera complex in the sub-
surface of Pahute Mesa (Orkild and
others, 1969; Ferguson and others, 1994).
Caldera sources for Topopah Spring,

‘Tram, Lithic Ridge, Tub Spring, and

Redrock Valley Tuffs remain poorly
known, though various source areas have
been postulated (Byers and others, 1976a;

Geological Society of America Bulletin, October 1994 1305
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-have largely formed in re-

‘sis Mountain; TH, Transvaal
‘Hills; T™, Timber Mountain. (I}

4

SAWYER AND OTHERS

116°00'W

Figure 1. Location of
calderas of the southwestern
Nevada volcanic field
(SWNVF) and index map to ge-
ographic features. Known
calderas of the SWNVF are the
Timber Mountain-Claim Can-
yon-Silent Canyon caldera
complexes and the Black
Mountain caldera. The Timber
Mountain caldera complex was
the source of the Rainier Mesa
Tuff and the Ammonia Tanks
Tuff. The Tiva Canyon Tuff was
erupted from the Claim Can-
yon caldera. The Silent Canyon
caldera complex consists of an
carlier Grouse Canyon caldera
and a younger Area 20 caldera,
source of the Bullfrog Tuff. The
Trail Ridge Tufl was probably
erupted during the final col-’
lapse of the Black Mountain

caldera, but the caldera may

sponse to the eruption of the
Pahute Mesa Tuff. Geographic
Jocalities mentioned in the text
are abbreviated as follows: CM,
Chocolate Mountain; OM, Oa-

esseesee (giered calders maghs

wrereomacb
15km

om
-

/77 Z

Chnstlansen and othcrs, 1977 Carr and

_othcrs, 1986).
_ The oldest well-characterized metalumi-
" nous ash-flow sheets in the SWNVF are the

Redrock Valley Tuff and the tuff of Yucca
Flat (Byers and others, 1976a; Carr and oth-

" ers, 1986). The oldest peralkaline units in

the SWNVF include the Tub Spring Tuff,

previously the Tub Spring Member of the

~ Belted Range Tuff (Sargent and others,

' 1964). We remove this unit from the Belted
Range Group because it is 1.2 my. older

than the Grouse Canyon Tuff and because
as much as 200 m of predominantly meta-
luminous bedded and nonwelded tuffs of the

_ Tunnel Formation scparate the Tub Spring

and the Grouse Canyon Tuffs at Rainier
Mesa. Petrologic and geochemical criteria

1306

indicate that the Grouse Canyon and Tub
Spring pcralkalmc ash-flow sheets arc not
comagmatic (Sawyer and Sargent, 1989)

The source of the Tub Spring Tuff is un--

known, and intracaldera Tub Spring has not
been penetrated in Pahute Mesa, although a
few drill holes penetrate the stratigraphic
level of the Tub Spring.

The Tunnel Formation, as deﬁncd here, is
divided into two informal subunits, beds 3
and 4, that are widely used in the Rainier
Mesa area and are equivalent to tunnel beds
3 and 4 of the Oak Spring and Indian Trail
Formations as used by Gibbons and others
(1963) and Hansen and others (1963) The
name is derived from the extensive series of
tunnels used for underground nuclear test-
ing on the east side of Rainier Mesa. The

formation base overlics the top of the Tub
Spring Tuff, and the top underlics the base
of the bedded member of the Grouse Can-
yon Tuff on the east side of Rainicr Mesa
(bed 5 of Gibbons and others, 1963). The
Tunnel Formation consists of a diverse se-
quence of bedded and nonwelded tuffs, pre-
dominantly rhyolitic in composition. Drill
hole UE-12n14 (Fig. 1), from a depth of
351-508 m, is a reference section for the
Tunncl Formation; the type section extends
about 1500 m east-northeast from
UE-12n14, across the east face of Rainier
Mesa. Tephras in the upper part of the Tun-
nel Formation at Rainier Mesa probably
correlate with rhyolitic to dacitic eruptive
and intrusive units described below as lava
of Tram Ridge. Lithic Ridge Tuff (Carr and

Geological Society of America Bullctih, October 1994
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others, 1986) stratigraphically overlies the
Tunnel Formation in the Shoshone Moun-
tain area (Fig. 1). The lava of Tram Ridge is
a sequence of lava flows and related tuff and
intrusive rocks that is present beneath Lithic
Ridge Tuff at Tram Ridge (Fig. 1) and as
dikes around Crater Flat (quartz latite of
Carr and others, 1986). The lava and tuffs
correlate with the biotite-hornblende rhyo-

. lite west of Split Ridge (Byers and others,

1976b) and unit C tuff in the subsurface of
Yucca Mountain (Warren and others,
1984).

The Silent Canyon caldera complex in-
cludes the oldest calderas in the SWNVF
that are confidently identified. It is com-
pletely buried by younger deposits but co-
incides with a major gravity low (Healey,
1968; Kane and others, 1981; Healcy and
others, 1987). Existence of this geophysically
defined caldera complex has been verified
by more than 70 deep (>600 m depth) dritl
holes in Pahute Mesa (Ferguson and others,
1994). The composite topographic wall of
the Silent Canyon caldera complex is ex-
pressed at the surface by inward dips of
younger Timber Mountain tuffs that were
plastered on the walls of the older caldera
complex (Orkild and others, 1969; Byers
and others, 1976b). The Silent Canyon
caldera complex formed by two separate
caldera collapses (Sawyer and Sargent,
1989): an initial collapse of the northeastern
caldera of the complex related to eruption
of the Grouse Canyon Tuff, and a younger
collapse of the Area 20 caldera caused by
eruption of the Bullfrog Tuff (Fig. 1).

The Grouse Canyon caldera was the.

source of the peralkaline Grouse Canyon
Tuff. Comendite of Split Ridge, previously
called the rhiyolite of Split Ridge (Orkild and
others, 1969; Sawyer and Sargent, 1989), isa
petrologically related precursor fava to the
Grouse Canyon Tuff. The bedded peratka-
fine tuff beneath the welded part of the
Grouse Canyon Tuff is the bedded member
of the Grouse Canyon Tuff, replacing tunnel
bed 5 of previous usage (Table 1). Following

. Grouse Canyon eruption, the northeast Si-
lent Canyon caldera complex was filled and

overflowed by postcollapse lava flows. This
sequence of peralkaline lava flows and re-
lated tuffs, previously termed the lava and
tuff of Dead Horse Flat (Orkild and others,
1969), are now assigned a formal stratigraph-

~ ic rank as the Dead Horse Flat Formation,

named for an open meadow in the Dead
Horse Flat topographic quadrangle. The

 type section is drill hole UE-19¢ (depth 725-

2249 m, Ferguson and others, in press) in

'Geological Society of America Bulletin, October 1994

Pahute Mesa (Fig. 1), where the formation
overlies the Grouse Canyon Tuff and under-
lies the Bullfrog Tuff. The Dead Horse Flat
Formation includes the extracaldera lavas
exposed north of Pahute Mesa that overlic
the Grouse Canyon Tuff that were termed
volcanics of Saucer Mesa by Sawyer and
Sargent (1989). '

The Builfrog Tuff is the ash-flow sheet as-
sociated with the younger Area 20 caldera
(Fig. 1) of the Silent Canyon caldera com-
plex (Sawyer and Sargent, 1989); the intra-
caldera facies was termed the lithic-rich ash-
flow tuff by Orkild and others (1969) and is
interleaved with thick megabreccia lenses.
The intracaldera Bullfrog is more than 600
m thick in three drill holes, including
UE-20f (1859-2522 m depth; Ferguson and
others, 1994). Boundaries of the Area 20
caldera (Minor and others, 1993) are fixed
by drill holes cast and north of drill hole
UE-20f, but evidence for the caldera south
and west of UE-20f and UE-18r (Fig. 1) is
concealed by younger units and not deline-
ated by drilling southwest of the NTS
boundary. Gravity data (Kane and others,
1981) suggest that the Arca 20 caldera ex-
tends south under the Timber Mountain
caldera complex. The distribution of thick
Calico Hills lavas and tephras south of Tim-
ber Mountain and at Yucca Mountain is ev-
idence of petrochemically related post-
Area 20 caldera volcanism and supports the
interpretation of Area 20 caldera collapse
extending at least partly beneath Timber
Mountain (Warren, 1983). The Stockade
Wash Tuff (Byers and others, 1976a) is pet-
rographically similar to both the outflow fa-
cies of the Bullfrog Tuff at Yucca Mountain
and the intracaldera Bullfrog Tuff on Pahute
Mesa. The Stockade Wash Tuff and the
Bullfrog Tuff at Yucca Mountain may be
separate outflow lobes of a composite ash-
flow sheet that represent slightly different
parts of the compositional zonation in a
single magma chamber. The palcomag-

“petic signatures of these two geograph-

ically discrete ash-flow tuffs are identical
and distinct from a typical Miocene direc-
tion (Hudson and others, 1994), consistent
with eruption at the same time. For these
reasons, we correlate the Stockade Wash
Tuff with the Bullfrog Tuff, an important

_unit in the Yucca Mountain area (Warren,

1983; Broxton and others, 1989; Scott,
1990). A caldera source for the Bullfrog

Tuif in Crater Flat (Carr and others, 1986)
- has been contested (Scott, 1990) and is in-

consistent with evidence for an Area 20
caldera source.

Caldera sources for other units of the
Crater Flat Group are less well known. The
northern half of the proposed Prospector
Pass caldera complex (near Tram Ridge,
Fig. 1) is reasonably supported by field and
geophysical evidence (Snyder and Carr,
1984) and may have been the source of the
Tram Tuff (Carr and others, 1986). The
Prow Pass Tuff does not have an identificd
source, and it may be small enough (Carr
and others, 1986) not to have erupted from
a caldera. o '

The Wahmonie Formation (Poole and
others, 1965) is a sequence of andesite and
dacite lava flows and related volcaniclastic
sedimentary rocks and tephras that erupted
from the Wahmonie volcano (Fig. 1) south-
cast of the Timber Mountain caldera com-
plex (Frizzell and Shulters, 1990; Broxton
and others, 1989). Biotite-rich mafic tephras
that erupted from the Wahmonie volcano
form a widespread, distinctive marker be-
tween Crater Flat Group tuffs and Calico
Hills Formation tuff. This marker is com-
mon in Yucca Flat and Rainier Mesa, is ex-
posed west of Yucca Flat and east of Yucca
Mountain (Broxton and others, 1993), but is
absent to the northwest in Pahute Mesa
(Ferguson and others, 1994). =

The Calico Hills Formation combines the
tuffs and lavas of Calico Hills (significant at

Yucca Mountain) with the tuffs and lavas of

_ Area 20 (significant at Pahute Mesa). These

two sequences are stratigraphically and pét-
rologically equivalent (Warren, 1983) and
resulted from Crater Flat Grouvp post-

caldera volcanism. Throughout the SWNVF

they lie stratigraphically between the Wah-

monie Formation (or the Crater Flat Group .
‘where Wahmonie is absent) and the Paint-
brush Group. The type locality for the Cal-
ico Hills Formation is the northwestern Cal-
jco Hills (Orkild and O’Connor, 1970); .

reference sections are drill holes USW G-2,
at 518-824 m depth at Yucca Mountain
(Warren and others, 1984), and UE-20f, at
899-1324 m depth at Pahute Mesa (Fergu-
son and others, 1994). The Calico Hills For-
mation consists of rhyolite lava flows,
domes, and nonwelded ash-flow and bedded
tuffs. It has a maximum thickness of 1306 m
and commonly is >600 m thick in western
Pahute Mesa drill holes (Fig. 6, Ferguson

and others, 1994); in the Yucca Mountain

area it is 50-300 m thick (Warren, 1983;

"Warren and others, 1984; Broxton and

others, 1993). '
 Paintbrush Group tuffs and lavas are one

of the most widespread and voluminous

caldera-related assemblages in the SWNVF.
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'Fopopah Spring Tuff directly overlics bed-
ded rhyolite tuffs of the Calico Hills Forma-
tion at Yucca Mountain and at most local-
ities south of Timber Mountain. A caldera
source for the Topopah Spring Tuff is buried

" and its location uncertain. The Pah Canyon

Tuff may have been too small (Byers and
others, 19762) to have formed & caldera; no
separate source has been identified. The
younger of the widespread Paintbrush
Group ash-flow sheets, the Tiva Canyon
Tuff,.was erupted from the Claim Canyon
caldera (Byers and others, 1976a). The
Claim Canyon caldera (Fig. 1) is bounded by
precaldera rhyolite tuffs and lavas of the
Calico Hills Formation to the southeast, and
by precaldera tuffs and lavas of the Crater
Flat Group to the southwest. Only part of
the caldera is exposed because much of the
caldera collapsed into the younger Timber
Mountain caldera complex to the north
(Byers and others, 1976a). The boundary
illustrated is approximately the structural
boundary of the resurgent intracaldera block;

the topographic wall is not exposed (Chris-

tiansen and Lipman, 1965). The presence of
thick intracaldera Tiva Canyon Tuf, a re-
versely magnetized unit, is corroborated by
a negative acromagnetic anomaly centered
on Chocolate Mountain (Fig. 1); 2 local
gravity high is consistent with the exposed
Claim Canyon caldera being a fragment of
the resurgent dome (Kane and others,
1981). The Yucca Mountain Tuff, directly
beneath the Tiva Canyon, is an early small-
volume eruption of the uppermost high-sil-

- jca rhyolite part of the Tiva Canyon magma

chamber (Broxton and others, 1989), prob-
ably from the same area of the Claim Can-
yon caldera. '

Climactic ash flows of the Timber
Mountain Group were erupted from the
Timber Mountain caldera complex. The

- complex consists of two overlapping, re-

surgent calderas: an older caldera formed
by cruption of the Rainier Mesa Tuff, and

_ a younger, nested caldera -formed by

- nor and others, 1993). Intracaldera Rain- -
jer Mesa Tuff and caldera-collapse brec-

eruption of the Ammonia Tanks Tuff (Mi-

cias are exposed in the Transvaal Hills,
west of Timber Mountain (Byers and oth-
ers, 1976a, 1976b). These exposures and

- their inferred subsurface extensions coin-

cide with acromagnetic lows (Kanc and
others, 1981), consistent with the reversed
remanent magnetic polarity of the Rainier
Mesa Tuff (Bath, 1968). We interpret the
Transvaal Hills as the western part of a
larger resurgent dome formed within the
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Rainier Mesa caldera. The dome was later

truncated and down-dropped on the east
by formation of the Ammonia Tanks

caldera. The Rainier Mesa caldera struc-
tural boundary is buried but can be delim-
ited by geophysical and drill-hole data
(UE-18r); the margin (Fig. 1) approxi-
mately coincides with the inferred buried
cauldron boundary on the Timber Moun-
tain caldera geologic map (Byers and oth-
ers, 1976b; Minor and others, 1993).

Intracaldera Ammonia Tanks Tuff forms
topographic Timber Mountain and was orig-
inally identified as the dome of the Timber
Mountain caldera (Byers and - others,
1976a); it is, more specifically, the resurgent
dome of the Ammonia Tanks caldera (Mi-
nor and others, 1993). The structural margin
or ring-fault zone of the Ammonia Tanks
caldera (Fig. 1) is exposed on the east mar-
gin of Timber Mountain. The margin was
depicted as a tufl dike zone on the Timber
Mountain caldera geologic map (Byers and
others, 1976b); its continuity as a ring-fault
zone around the Ammonia Tanks resurgent
dome is clearly demonstrated by subregional
gravity and acromagnetic anomalies (Kane
and others, 1981).

Previous studies (Byers and others, 1976a,
1976b, 1989) depicted only the geometry of
an “approximate outer cauldron boundary”
and a “partial buried inner cauldron fault”
for the Timber Mountain caldera complex.
As has been documented for calderas in the
San Juan volcanic field and many other lo-
calities (Lipman, 1984), calderas have 2 col-
lapse boundary or topographic wall outside
of the ring-fault or structural margin. The
composite topographic wall of the Timber
Mountain caldera complex (Minor and oth-
ers, 1993) is exposed around 200° of the
calderas (Fig. 1); it is covered by younger
units on the northwest side of the complex
(south and west of drill holes UE-18r and
UE-20f and the NTS boundary; Byers and
others, 1976b). The distinction between the
Ammonia Tanks and Rainier Mesa topo-
graphic walls is uncertain along most of the
length of this contact. The two collapse fea-
tures can be clearly distinguished only east
and south of the Transvaal Hills (Fig. 1),
where the Ammonia Tanks topographic wall
swings north to the cast of the Transvaal
Hills and the Rainicr Mesa topographic wall
trends west to the south of the Transvaal
Hills (Minor and others, 1993) before being
covered by younger gravels in Oasis Valiey.

Geologic data previously cited as evi-
dence for an Oasis Valley caldera segment
(Byers and others, 1976a; Christiansen and

others, 1977) are inadequate to confirm its
existence (Noble and others, 1991); the

- grivel-filled basin in Oasis Valley cannot be

unequivocally linked to caldera collapses
from eruption of the Ammonia Tanks, Tiva
Canyon, or Rainier Mesa Tuffs. A lap-out of
Ammonia Tanks Tuff against precaldera
rocks at Oasis Mountain (Byers and others,
1976b) is probably related to paleotopogra-
phy generated by syn-volcanic tectonism in
the Oasis Valley arca (Minor and others,
1993). Proposed caldera walls on the west
side and north of Oasis Mountain (Byers
and others, 1976b; Noble and others, 1991)
do not continue into the exposed Rainier
Mesa and Ammonia Tanks topographic
walls near Timber Mountain (Fig. 1) accord-
ing to existing evidence. Aecromagnetic data
(Kane and others, 1981; US. Geological
Survey, 1979) indicate that the arcuate neg-
ative magnetic anomaly associated with re-
verscly magnetized intracaldera Rainier
Mesa Tuff docs not extend west to Oasis
Mountain. This anomaly is the basis for the
inferred (though buried) western boundary
of the Rainier Mesa caldera illustrated in
Figure 1. Because no unit can uniquely be
attributed to it, we recommend that the con-
cept of an Oasis Valley caldera scgment be
abandoned and disassociated from the well-
characterized Timber Mountain caldera
complex formed by eruption of the Ammo-
nia Tanks and Rainier Mesa Tuffs. New sub-
surface data will be required to unambigu-
ously establish the origin of Oasis Valley.
The newly defined Beatty Wash Forma-
tion is part of an informal scquence of units,
the Fortymile Canyon assemblage. Assign-
ment of rhyolite lava flows and tuffs previ-
ously called the rhyolite lavas of Forymile
Canyon on the south side of the Timber
Mountain caldera complex (Byers and oth-
ers, 1976a, 1976b) has been uncertain be-
cause ficld relations to the major ash-flow
sheets of the Timber Mountain and Paint-
brush Groups are lacking. Most of these
units can be correlated with the Timber
Mountain and Paintbrush Groups based on
detailed petrography and chemistry (War-
ren and others, 1988). We restrict the For-
tymile Canyon assemblage to the sequence
of rocks stratigraphically above the Ammo-
nia Tanks Tuff and related lavas of the Tim-
ber Mountain Group, and beneath the per-
alkaline units of the Thirsty Canyon Group-
This assemblage is a diverse sequence of
thyolite lava flows and domes, related
tephra deposits, minor ash-flow deposits,
and basaltic and other mafic lavas erupted
from a varicty of relatively small-volume
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TABLE 2. REPRESENTATIVE “As/™As ANALYSES

Calico Hills Formation lava/sanidine
led nmple number: RW19f2-m
1 y LXXXVILA2: § = 0.003590
ArCa OAcAr YArAs *asMAs A PAe Age
m Opre (Ma)
9020582 8748 1.29 22329 0053713 0.00057 1290 = 0.08
90Z0583 A : 0354 23738 004612 0.00197 1235 £ 0.08
90Z0584 86.6 047 23218 0.02106 0.00108 1298 = 0.08
9020588 802 053 24910 0.03815 0.00167 1290 = 0.08
20586 .1 052 25171t 0.04768 0.00178 1286 = 0.08
90Z0587 na o 27693 0.02589 0.00265 1283 = 0.08
Weighted mean age and uncertainty (Ma)
1289 = 003 sem 002 MSWD: 0.453
Grouse Canyon Tullsanidine
l-'ield sample number: DS18al
y number XCIL:4%; § = 0.004055 )
Samg: Percent XArCa CArAr YA Ar XarMAr SArAr Age
aum Ar® - (Ma)
91Z0410A %03 1.60 20854 0.03953 0.00066 13.72 = 0.09
9120410B 834 167 21246 0.05067 0.00082 13.69 2 0.10
91Z0410C 394 169 21063 0.04626 0.00074 © 13722010
91Z0410D 903 154 20693 0.04759 0.00066 13622002
9120410 S on 23878 0.04309 0.00163 13842014
91Z0410F 89 145 Co21m 0.04140 0.00077 138300
’ Weighted mean age and uncertainty (Ma) .
13.70 £ 004 sem:0.03 MSWD: 0.407
diation lab ¢y number CILA24; J = 0.002975

Sam Perccat *Ar0n BAPAr YAsAr A Ar ®Ar®Ar Age
m-nm “pre (Ma)
91Z1035A 98 931 26148 004543 0.00013 13.76 = 0.08
91Z1035B 979 656 2619 004482 0.00018 1370 =0.09
91Z1035C 979 307 26171 001977 0.00017 13702 009
91Z1635D 874 136 29642 0.06386 0.00126 1385 = 0.09
91Z1035E 7S 6.7 26182 © 003635 0.00022 1364 20.30
91Z1035F - 92 1493 25990 003647 0.00007 13.78 = 0.09
91Z1035G 953 a2 26323 0.05112 0.00042 13.67 2009
91Z1035H 963 1.95 26727 002349 0.00032 13.76 2009

: Weighted mean age and uncertainty (Ma)

1374 =003 se.m: 0.02 MSWD: 0553

ighted mean age and uncertainty (Ma)
1372 £ 0.03 MSWD: 0.498

NowMSWDhthemunsquaudnmhwdd:vatqunn:hcsanduﬂemdﬂnmadlﬁ&ewmm

parameter.

vent complexes. The Beatty Wash Forma-
tion is the most significant of these post-
Timber Mountain units and consists of rhyo-
lite lava domes and related pyroclastic
deposits in the moat of the Ammonia Tanks

. caldera. The type area is upper Beatty Wash

on the Topopah Spring NW quadrangle
(Christiansen and Lipman, 1965); the for-
mation also includes the related tuff of Cut-
off Road to the west of the Timber Moun-
tain caldera complex adjoining Oasis Valley
(Byers and others, 1976b). The Fortymile,
Canyon assemblage also includes such
widely dispersed units (Minor and others,
1993) as the rhyolite of Rainbow Mountain
in the Beatty area (Maldonado and Haus-
back, 1990), the rhyolite of West Cat Can-
yon west of Timber Mountain, and the mafic
lavas at Dome Mountain and the rhyolite
lavas of Shoshone Mountain along the

southeast margin of the Timber Mountain
caldera complex (Byers and others, 1976b).

The Black Mountain caldera, just west of
the Silent Canyon caldera complex (Fig. 1),
produced the youngest widespread ash-flow

_sheets in the SWNVF area. Those sheets

make up the several moderate-volume per-
alkaline ash-flow tuffs (Christiansen, 1979;
Noble and others, 1984): the Rocket Wash,
Pahute Mesa, Trail Ridge, and Gold Flat
Tuffs (Table 1) of the Thirsty Canyon
Group. Individual collapse boundaries have
not been identified due to a lack of dissec-
tion of the caldera. The composite topo-
graphic wall of the Black Mountain caldera
(Fig. 1) is mantled by Trail Ridge Tuff (Mi-
nor and others, 1993), indicating that col-
lapse was syn— or pre-Trail Ridge in age.
The Stonewall Mountain volcanic center
(Noble and others, 1984; Minor and others,

-

1993) is >50 km northwest of the central ¥
SWNVF caldera cluster. Distal Stonewdll
tuff overlaps the Thirsty Canyon Group tuffs
at Black Mountain,

"Ar/”Ar GEOCHRONOLOGY

Ages reported here were determined at
the U.S. Geological Survey laboratories in
Menlo Park, California. Two “CAr/Ar .
methods (described in the Appendix) were
used: laser, fusion determination of small
sanidine samples and incremental heating
determination of larger biotite samples.
Twenty-six sanidine samples were analyzed
by the laser fusion “°ArP°Ar technique
(Dalrymple and Duffield, 1988; Dalrymple,
1989). Analytical results for two represen-
tative samples are listed in Table 2: RW1912,
a Calico Hills Formation sanidine from a
rhyolite lava north of Timber Mountain, and
DS18al, Grouse Canyon Tuff sanidine irra-
diated and analyzed twice. Two biotite sam-
ples (Wahmonie Formation lava and dacite
lava of Tram Ridge, Fig. 2) were analyzed by
the incremental heating “CArP®Ar tech-
nique (Dalrymple and Lanphere, 1971; Lan-
phere, 1988). These biotites yielded undis-
turbed age plateaus containing >90% of the
total gas and have atmospheric argon inter-
cepts on *Ar/*°Ar-**Ar/Ar isochron dia-
grams.

We determined “°Ar?Ar ages for the
largest volume, most widespread units of the -
SWNVF (Table 3). All reported ages are
rounded to %50 ka because additional re-
sults for the same units and further refine-
ments of the monitor ages may affect the .
final ages by as much as 10-50 k.y. due to
cumulative J-curve calibration uncertainties
and within-unit and within-sample age vari-
ations. Sample locations and detailed ana-
Iytical data for samples other than those
listed in Table 2 and Figure 2 are available
from the first author upon request. Results
for four samples of Topopah Spring Tuff,
thrée samples ecach of Ammonia Tanks,
Rainier Mesa, and Tiva Canyon Tuffs, and
two samples of Bullfrog Tuff are reported as
error-weighted pooled averages for the ab-
solute age and uncertainty. All “°Ar/Ar
ages were measured relative to a monitor
age of 513.9 Ma for MMhb-1 (Lanphere and
others, 1990; Dalrymple and others, 1993).
The “°Ar/*%Ar results presented here agree
well with *°Ar/*°Ar determinations recently
published for a few SWNVF units (Haus-
back and others, 1990; Noble and others,
1991), when recalculated to the same mon-
itor ages.
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Figure 2. “Arf°Ar plateau age spectra for biotite from FB25a6, Wahmonie Formation
lava, and from RW1919, dacite lava of Tram Ridge.

certainty. Because the interval between

DISCUSSION

Comparison of New “°Ar/’Ar and
l’rcvi_ous KJ/Ar Results

Volcanic rocks of the SWNVF have been
the subject of many conventional K/Ar geo-
chronology studies since the early 1960s.
Over 150 K/Ar determinations have been
made on SWNVF units (Kistler, 1968; Mar-
vin and others, 1970, 1973, 1989; Marvin and
Cole, 1978; Weiss and others, 1989; Noble
and others, 1984, 1991; R. J. Fleck, unpub.
data; and F. W. McDowelj, University of
Texas, 1989, written commun.). Typical re-
ported analytical uncertainties for K/Ar ages
average about 3% (Kistler, 1968; Tabor and
others, 1985) and thus represent absolute
age uncertainties of 0.25-0.50 m.y. for the
7.5-15.25 Ma rocks of the SWNVF. Even if
the ~100 units of the SWNVF, or the 20
major ash-flow sheets, or the 13 petrologic
assemblages (Table 1) were distributed
evenly across this time period, the ages of
units would be unresolvable given a 3% un-
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eruptions was nonuniform—in fact: dis-
tinctly episodic (as detailed below)—the ac-

tual overlap of uncertaintics is even greater.

Consequently, conventional K/Ar geochro-
nology discriminates only three episodes of

"SWNVF volcanism: an early episode includ-

ing all older volcanic rocks up through the
Paintbrush Group (Table 1), a Timber
Motintain Group episode, and a younger
(but inaccurately dated by K/Ar) Thirsty
Canyon Group and basalt episode.

In contrast, analytically distinct OAr°Ar
ages (Table 3) on SWNVF units are con-
sistent with tight stratigraphic constraints
derived from petrographic, geochemical,
and field geological studies (Byers and
others, 1976a; Warren and others, 1988;
Broxton and others, 1989; and Sawyer and
Sargent, 1989). Analytical uncertainties for
laser-fusion “°Arf°Ar on ‘sanidine range
from 20-60 ky., about an order of magni-

" tude better than those measured by the con-
ventiona! K/Ar method. Comparison of the

new ages determined by *°Az/PArand those

determined by K/Ar on the same mincral

separate or the same unit (Fig. 3) illustrate -

types of problems with the K/Ar data. The
K/Ar ages for sanidinc are more discordant
with “OAr/Ar ages than those for biotite.
Nearly 45% of sanidine K/Ar determina-
tions are too young by more than the typical

3% uncertainty of the method. Several ex-.

planations have been proposed for inaccu-
rately young sanidine K/Ar ages (McDowell,
1983; Hausback and others, 1990), but
young sanidine ages exhibit no simple rela-
tionship to sanidine chemical composition
and are not as common as would be ex-
.. pected if ducto a standard analytical prob-
lem. A relationship between alkali feldspar
structural state and concordance of K/Ar
and “°Ar°Ar age determinations may ex-
plain the aberrant ages, as the most strongly
exsolved sanidines have the most discordant
ages (P. W. Lipman, US. Geological Sur-
vey, 1969, written commun.; F. W. McDow-
cll, 1989, written commun.). More than half
of K/Ar biotite age determinations agree

TABLE 3. “Ar/™Ar AGE DETERMINATIONS

Unit . . Sample Mineral/N Weighted sem. Uncertainty
mean age
Ma)

Member INSOA sanidine/S 15 80! oo
Rocket Wash Toff Age 11 sanidine/d 94 o 0.04
Ammonias Tanks Tefl Pooled average of 3 sanidines/19 . 1N4AS [ 1] 0.03
Rainier Mcsa Tefl Pooled sverage of 3 sanidines/16 118 003 003
Rhyolite of Loop POG2b1L sanidine/ 125 © 602 [ <]
Tiva Canyon Tulfl Pooled average of 3 sanidines/20 127 003 0.03
'rcmah Spring Tufl Pooled average of 4 sanidines/21 128 e02 003
ico Hills Formation RWI92-m sanidine/6 129 [T 004
Wahmonie Formation biotite-platcau/B 130 8.09 0.10
Bullfrog Tufl Pocicd average of 2 sanidines/13 1325 on 0.04
Dead Horse Flat Formation DSI9d1S sanidine/5 133 o 0.02
DS18al sanidine/l4 137 an 0.0¢
Comendite of Split Ridge DSI90 sanidine/S 1385 [ 1] 0.02
Lithic Riige TSV4ITE sanidine/S 140 807 0.06
Lava of Tram Ridge RWI9% i 140 G35 . 613
Tub Spring Tef DS15e6 sanidine/3 149 001 0.04
Tuff of Yucca Flat FB1623 sanidine/s 151 005 0.06
Redrock Valley Tuff Aged sanidinefS 1525 Q.08 0.06
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Figure 3. Comparison of laser fusion
“Arf°Ar ages with previous conventional
K-Ar ages for stratigraphic units of the
southwestern Nevada volcanic field. K/Ar
data are from published sources listed in
text and from unpublished data provided by
F. W. McDowell (1989, written commun.).

within 1% of the new “°Ar?Ar ages, but
about 30% of the K/Ar biotite ages are >3%
older. A probable explanation for these
older ages is that they are contaminated by
xenocrysts due to fusnon of large (>1g)bulk
samples.

>

Figure 4. Episodes of volcanism in the
southwestern Nevada volcanic field. (a) Ap-
" proximate erupted magma volume for each

group or assemblage plotted against the age

range. Group or assemblage symbols and
erupted magma volumes are from Table 1.
Area under the curves Is not proportional to
volume, as width of the bars is solely a func-
tion of the age range of the assemblage. (b)
Cumulative ernpted magma volume and
rates of material erupted for volcanic as-
semblages of the southwestern Nevada vol-
canic field (SWNVF). Top of figure super-
fmposes episodes of extension and relative
magnitude of extension during extensional
episodes. Abbreviations for extensional do-
mains described in text and illustrated in
Figures 4b and 6 are SYM, southern Yucca
Mountain; FC, Fluorspar Canyon; BH,
Bullfrog Hills; and YF, Yucca Flat. Group
or assemblage symbols as listed in Table L
Rates of material erupted are derived
graphically and listed above dashed lines.
Average eruptive rate for the SWNVF over
the 7 m.y. history of the field is ~110 km¥/
100 ky.
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Episodicity of Caldera Volcanism

The high-resolution “?Ar/°Ar ages reveal
for the first time a pattern of episodic vol-
canic activity in the SWNVF. This pattern is
accentuated when erupted magma volumes
are considered (Fig. 4a). Magma volume ¢s-
timates (Table 1) are from Byers and others

" (1976a), Broxton and others (1989), and
Sawyer and Sargent (1989) or are compiled
from geologic map data (Ekren and others,

1971; Frizzell and Shultcrs, 1990) for units
not cited in the previous sources. Volume.

estimates are at best semiquantitative be-
cause of the limitations of the calculation

4

50

‘.
"3

method (known area of exposure multiplied
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by estimated average thickness). Volumes of
major ash-flow sheets older than the Tiva
Canyon Tuff have an additional significant
uncertainty in that ‘intracaldera tuff is not
exposed, and thus intracaldera tuff volumes
are not estimated. Volumes of the intra-

caldera Bullfrog and Grouse Canyon Tuffs -

have been estimated because they are pen-

etrated by severa! drill holes in the subsur- .

face of the Silent Canyon caldera complex.
Despite these volumetric uncertainties, the
general time-volume relationship is decid-
edly episodic (Fig. 4a).

Eruption of the Paintbrush and Timber
Mountain Group magmas was the climax
of volcanism in the SWNVF. Over 4500
km? of magma was erupted in two distinct
and subequal episodes scparated by a
magmatic gap of 750 k.y. Each episode
lasted 150 k.y. or less (Fig. 42). Volume of
the remaining units of the SWNVF was

dwarfed by the magma erupted as the four

large ash-flow sheets of the Paintbrush
and Timber Mountain Groups. The cumu-
lative volume of magma erupted prior to
the climactic eruptions of the Paintbrush
Group was about 2500 km? erupted over
3.3 m.y. (Fig. 4b). The volume erupted af-
ter the Timber Mountain Group was 600
km® over 4 m.y. during the waning of
SWNVF volcanism. '

The rate of material erupted gradually in-
creased with time from the initiation of
SWNVF at ca. 16 Ma to the eruption of the
Paintbrush Group between 12.8 and 12.7
Ma. The first major episode of volcanism

occurred between 15.25 and 14.9 Ma when

the Redrock Valley Tuff (15.25 Ma), tuff of
Yucca Flat (15.1 Ma), and the Tub Spring
Tuff (149 Ma) were crupted. The rate of
cruption was much lower between 14.9 and
14.0 Ma during the accumulation of tephras
and distal ash-flow tuffs of the Tunnel For-
mation (Fig. 4a). During this early volcan-
ism, magma erupted at a time-averaged rate

of about 50 km>/100 k.y. (Fig. 4b). At 14.0
Ma, metaluminous lava of Tram Ridge .

‘erupted from many centers, followed soon
after by the related Lithic Ridge Tuff.
Eruption of the peralkaline Grouse Canyon
Tuff (13.7 Ma; Fig. 42) caused the initial
caldera collapse in the Silent Canyon

caldera complex (Fig. 1), subsequently filled

by lavas and tuffs of the peralkaline Dead
Horse Flat Formation unti! 13.5 Ma. Be-
tween 14.0 and 12.8 Ma the rate of volcanic
eruption increased to about 160 km*/100k.y.

(Fig. 4b), and the greatest number of scpa--

rate eruptive centers were active. Centers
active during this time include the sources of
the Crater Flat Group tuffs (ca. 13.25 Ma),
the Wahmonie andesitic volcano (13.0 Ma;

SAWYER AND OTHERS

Fig. 4a), widespread Calico Hills lava vents
(12.9 Ma), and Paintbrush Group calderas
and lava vents. The peak of early SWNVF
volcanism was eruption of Paintbrush
Group tuffs and lavas, including the Topo-
pah Spring Tuff (12.8 M2) and Tiva Canyon
Tuff (12.7 Ma), within 100 ky. The rapid
rate of magma extrusion, about 2250 km’/
100 ky. (Table 1; Fig. 4b), was the highest
during the lifetime of the SWNVF.

Lava flows that were petrographically
similar to the Timber Mountain Group
magma (for example, rhyolite of the Loop,
Tables 1 and 3) were first crupted at ca. 12.5
Ma, but between 1245 and 11.7 Ma no
eruptions occurred (Fig. 42) in the SWNVF.
This 750 ky. magma gap probably repre-
sents the time of magma generation and ac-
cumulation in magma chambers prior to the
climactic eruption of the Timber Mountain
Group tuffs. Precursory eruptions of rhyo-
lite lava began ca. 11.7 Ma and were fol-
lowed by the first of two major Timber
Mountain Group ash-flow sheets, the Rain-
jer Mesa Tuff, at 11.6 Ma. Rhyolite lava
eruptions continued after eruption of the
Rainier Mesa Tuff and preceded eruption of
the second major Timber Mountain ash-
fiow sheet, the Ammonia Tanks Tuff, at
11.45 Ma. The Timber Mountain eruptions
represent the sccond major peak of volcan-
ism in the SWNVF, and time-averaged
eruption rates on the order of 900 km*/100
k.y. (Fig. 4b) characterized 2 250 k.y. period.
Significant basalt was first erupted in the

'SWNVF during Timber Mountain time.

Ash flows and postcaldera moat lava flow
eruptions related to the Ammonia Tanks
Tuff followed soon after; rhyolite lava flows
and tuffs erupted primarily west of the
caldera. ‘

Local rhyolite lava flows and more wide-
spread basalt eruptions continued after
11.45 Ma during waning SWNVF volcanism.
A 2 m.y. gap separates peak Timber Moun-
tain ash-flow eruptions and the next caldera-
forming eruptions of the Black Mountain
caldera (Fig. 4a). Units of the peralkaline

- Thirsty Canyon Group, ash-flow sheets that

total about 300 km? in volume, were erupted

from the Black Mountain caldera after 9.4

Ma. The Stonewall Mountain caldera

erupted almost 2 m.y. later than the Black.

Mountain caldera (Spearhead Member, 75

'Ma). Eruption rates (15 km>/100 ky.) were

low during this waning stage of SWNVF
volcanism (Fig. 4b).

Episodic volcanic activity observed in the
SWNVF is similar to some multicaldera Oli-
gocene to Quaternary volcanic ficlds but
contrasts with tempora! patterns observed in

others. The Mogollon-Datil volcanic field

displays a similar episodicity in major
caldera pulses (McIntosh and others, 1992),
but caldera sources there had lateral migra-
tions, which contrast with sequential
cruptions from a single arca of overlapping
calderas in the SWNVF (Warren, 1983).
The San Juan volcanic field, like the Mo-
gollon-Datil, is composed of several over-
lapping clusters of calderas, each of which
might be considered analogous to the

SWNVF. “Ar°Ar geochronologic data for

the central San Juan caldera cluster (Lan-
phere, 1988) indicate a peak wvolcanic
eruption rate and frequency (the four mid-
dle, out of six, caldera eruptions were about
250 k.y. apart) comparable to the SWNVF.
The waxing, waning, and eventual extinction
of silicic volcanism in the SWNVF contrasts
with the time-predictable migration of silicic

volcanism along the Yellowstone-castern '

Snake River Plain hot-spot track (Pierce
and Morgan, 1992). -

Magmatic Evolution of the SWNVF:
The Relationship of Peralkaline and
Metaluminous Volcanism in Time and
Space '

Magma composition varied along with
eruptive volume during the lifetime of the
SWNVF. Peralkaline magmas were erupted
at several time intervals interspersed with
eruption of the dominant metaluminous
magmas, and source areas for the peralka-

line magmas overlapped in part the meta-

luminous sources (Figs. 1 and 5a), in con-
trast to previous interpretations (Byers and
others, 1976a; Christiansen and others,
1977; Noble and others, 1991). Earliest vol-
canism in the SWNVF produced mainly
metaluminous ash-flow tuffs, including the
Redrock Valley Tuff and the tuff of Yucca

Flat; late in the carliest volcanic episode, -

however, peralkaline Tub Spring Tuff was
erupted. Zirconium concentrations (Fig. Sa)
are high in the peralkaline units, whereas
modal plagioclase is very low to absent
(Fig. 5b). Large-volume metaluminous vol-

canism began again at 14.0 Ma (Fig. 4a) with .
the eruption of the lava of Tram Ridge and -

the Lithic Ridge Tuff; these units have typ-
ical low zirconium contents and high moda!
plagioclase contents (Figs. 5a and 5b). Per-
alkaline comendite of Split Ridge lava,
Grouse Canyon Tuff (the largest peralkaline
ash-flow sheet in the SWNVF), and Dead
Horse Flat lavas were erupted between
1385 and 135 Ma.

The Grouse Canyon Tuff and lavas of the
Dead Horse Flat Formation ponded in the
northeastern caldera of the Silent Canyon
caldera complex and were subsequently
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Figure 5. Ranﬁu for selected chemical, petrographie, and isotopic characteristics of assemblages and units of the southwestern Nevada

. :4.

volcanic field (SWNVF) through time. (a) Ranges of zirconium contents for whole-rock samples. (b) Ranges of median proportions of
plagioclase phenocrysts among felsic phenocrysts in units of each assemblage, as determined by petrography. (¢) The variation of Mg#
[Mg/(Mg + total Fe)] in biotite or olivine, (d) The range of analyzed neodymlium isotopic compositions for each assemblage, coeval basalts, .
and selected units (Tegtmeyer, 1990; Tegtmeyer and Farmer, 1990; Farmer and others, 1991). Symbols from Table 1 except for Tm-xr,
Timber Mountain Group, crystal-rich tops of ash-flow sheets; Tmn, transitional Timber Mountain Group lavas (Broxton and others,

1989); Tp-xr, Paintbrush Group, crystal-rich tops of ash-flow sheets; Tma, Ammonia Tanks Tuff; Tmr, Rainier Mesa Tuff; Tpt, Topopah
Spring Tuff; and Tnd, Tunnel Formation subunit 4). Hachured pattern for peralkaline units; metaluminous units unpatterned.

overlapped by the Area 20 caldera (Fig. 1).
Metaluminous Bullfrog Tuff (13.25 Ma) of
the Crater Flat Group and the postcaldera
Calico Hills Formation lavas and tuffs (12.9

Ma) filled the Area 20 caldera (Warren,

1983). Peralkaline Belted Range Group and
metaluminous Crater Flat Group and Cal-
ico Hills lavas have typical zirconium and
plagioclase contents for their respective
magma chemistries (Figs. 5a and 5b), but
the mafic mineral chemistry of Crater Flat
and Calico Hills units are anomalously iron-
rich relative to other metaluminous rocks of
_ the SWNVF (Fig. 5¢). Iron enrichment (and
corresponding magnesium depletion) of bi-
otite and pyroxene in these metaluminous
rocks is transitional to the extreme iron en-
richmeat (Fig. 5c) characteristic of peralka-
line mafic minerals (for example, fayalitic
olivine and acmite). We interpret this pat-
tern to indicate some degree of rnagmatic
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interaction, inheritance, or similarity in or-
igin or evolution between the peralkaline
Grouse Canyon magmatic system and the
younger, spatially overlapping metalumi-
nous Bullfrog Tuff and Calico Hills Forma-
tion magma systems. Iron-enriched mafic
minerals also are present in the lower Topo-
pah Spring Tuff (Tpt, Fig. 5c), suggesting a
relationship between the Crater Flat/Calico
Hills magmas and the initial Paintbrush
Group magmas.

Magma chemistry of both Paintbrush a_nd
Timber Mountain caldera episodes is fun-
damentally metaluminous, although all four
major ash-flow sheets are zoned from
carly-erupted high-silica rhyolite to late-
erupted moderately alkalic trachytic compo-
sitions. Paintbrush Group rhyolites are
slightly more alkalic than the Timber Moun-

_tain Group rhyolites. The higher zirconium

contents of crystal-rich Paintbrush and Tim-

]
i

Ty

[N
L

ber Mountain magmas (Fig. Sa) reflect ac. -
cumulation of zircon included in cumulate ™
phenocrysts (Warren and others, 1989) and
are not due to high magmatic zirconium *'
contents. Late peralkaline volcanism oc-
curred with the eruption of the Thirsty Can-
yon Group magmas at 9.4 Ma (Figs. 5a, 5b,
and 5¢), after a 2 m.y. gap in ash-flow
‘caldera-forming eruptions, during which
time small-volume basalts and metalumi--.
nous rhyolites were erupted (Fig. 4a, and T¥,
Figs. 5a, 5b, and 5c). Basaltic volcanism as-
sociated with the peralkaline Black Moun-
tain caldera was more voluminous and wide- .
spread than with the two earlier peralkaline -
“ash-flow tuffs. Peralkaline magmatism in the
SWNVF occurred principally during the
carly (Tub Spring Tuff and Grouse Canyon - .
Tuff), waxing phase of volcanism in the -
SWNVF, and during the late, waning stages
of SWNVF activity at the Black Mountain .
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caldera (Vogel and others, 1983). Peralka- -

line SWNVF volcanism continued until the
7.5 Ma volcanism at the Stonewall Mountain
volcanic center (Noble and others, 1984;
Hausback and others, 1990). ' .

The Nd isotopic composition of peralka- .-

line magmas of the SWNVF is distinctive
(Fig. 5d) with respect to metaluminous
magmas (Tegtmeyer, 1990; Tegtmeyer and

Farmer, 1990; Farmer and others, 1991).

Peralkaline units have eNd >-9, whereas
metaluminous units have eENd <-9. Meta-
juminous andesites of the Wahmonie vol-
cano have the lowest eNd values (Farmer
and others, 1991) in the SWNVF (Fig. 5d)
and arc petrographically distinguished by

their high modal plagioclase contents
"faults cut Paleozoic and older scdimentary

(Fig. 5b) and calcic chemistry (Broxton and
others, 1989). Spatially, the Wahmonie vol-
cano is southeast of the central SWNVF
caldera cluster (Fig. 1). These observations
support a derivation of Wahmonic magmas
from sources distinct from the rest of the
SWNVF (Broxton and others, 1989).
Basaltic eruptions, starting in the metalu-
minous Timber Mountain episode and con-
tinuing through the eruption of peralkaline
Thirsty Canyon tuffs, became more volumi-
nous late in the history of the SWNVF
(Figs. 4a and 5d). The Nd isotopic compo-
sitions of basalts and associated Timber
Mountain Group tuffs and post-Timber
Mountain
(Fig. 5d); most vents are south of the Silent
Canyon caldera complex (Fig. 1). In con-
‘trast, younger basalts generally coeval with
the peralkaline Thirsty Canyon tuffs were
erupted mainly from volcanic centers on the
north side of the SWNVF. Similarity of high
values for eéNd in young basalt and the per-
alkaline tuffs (Fig. 5d) and the geographic
restriction of peralkaline sources to the
northern SWNVF suggest that a litho-
spheric mantle boundary may exist between
the Black Mountain and Grouse Canyon
calderas to the north and the Timber Moun-
tain caldera complex to the south. '

Relation of Extension to SWNVF
Volcanism '

thyolite lavas are similar

SAWYER AND OTHERS - -

canism in discrete domains, and postdated
caldera volcanism. Probably most exten-
sional deformation in the SWNVF area is

- middle to late Miocenc (16-8 Ma) in age

and thus coincides with the peak of exten-
sional deformation (15-5 Ma) in the central
Basin and Range of Wemicke (1992) to the

.south.’

Prevolcanic extension is known to have
affected several localities in the SWNVF
area, but the timing and amount of this ex-

" tension are difficult to determine because

(1) the youngest affected units are Pennsyl-
vanian, (2) structural reconstructions are
complicated by Mesozoic thrust-faulting,
and (3) exposures of pre-Tertiary rocks are
limited (Fig. 6). Low-angle extensional

rocks around the margins of Yucca Flat

*(Fig. 6) at Mine Mountain (Hudson and

Cole, 1993; Cole and others, 1989), the CP
Hills (Caskey, 1991), and in the northern
Halfpint Range (J. C. Cole, 1993, oral com-
mun.; Barnesand others, 1963, 1965). Prevol-
canic extension at Mine Mountain is older

than the Redrock Valley Tuff (15.25 Ma)

and younger than Mesozoic thrusting. Gen-
tly dipping 27.3 Ma Monotony Tuff and 26.7
Ma Shingle Pass Tuff (Sargent and Orkild,
1973; ages from Best and Christiansen,
1991) and conformable 14.9 Ma Tub Spring
Tuff in the northern Halfpint Range depo-
sitionally overlie extended late Precambrian
and Paleozoic rocks. On the northwest side
of the Belted Range, 30°-dipping Monotony
and Shingle Pass Tuffs overlic overturned
Paleozoic rocks at Limestone Ridge that are
cut by low-angle normal faults (Ekren and
others, 1971). Thus, at least in the northern
Halfpint and the Belted Ranges, early ex-
tensional deformation is pre-late Oligocene
in age. Evidence from 2 drill hole at Rainier
Mesa suggests that some prevolcanic exten-
sion may be pre-Late Cretaceous (Cole and
others, 1993). We find no data that support
postulated strong Paleogene extension
(Axen and others, 1993) within the area of
the central SWNVF caldera cluster (Fig. 6)

Synvolcanic normal faulting, minor strike-

_slip faulting, and tilting took place

" throughout the main period (14-11.5 Ma)

The relationship of Tertiary volcanism to’

extension in the Great Basin has been the
subject of much controversy. Some have as-
serted that magmatism was prerequisite to
large amounts of extension (Gans and oth-
ers, 1989); others have found little evidence

for significant extension during times of

peak volcanism (Best and Christiansen,
1991). Extensional deformation in the
SWNVF area (Figs. 1 and 6) variously pre-
ceded volcanism, was synchronous with vol-

‘of magmatism in the SWNVF (Fig. 4b), but

extensional strain'was modest in and near
the central SWNVF caldera cluster (Fig. 6).
Age constraints for this deformation come
from overlap of faults in older units by

_younger units, from angular unconformities

between units; and from thickness changes
of units related to growth faulting. We de-

_scribe below a composite pattern of syn-
“volcanic and postvolcanic deformation

(Fig. 4b), but with the following overall

characteristics: (1) small cumulative middle
to late Miocene extension of the central
SWNVF relative to adjoining parts of the

‘Great Basin (Hudson and others, 1994;

Wernicke, 1992; Axen and others, 1993) and
(2) greater extension in discrete domains

(Fig. 6) marginal to the SWNVF at different

specific times. These episodic extensional
strains were distinctly nonuniform across
the area of the SWNVF. ,
Early synvolcanic extension affected sev-
eral localities of the SWNVF. Small strains
were accommodated by pre-Bullfrog (13.25
Ma) normal faults and spatially limited pre-
Tiva Canyon (12.7 Ma) normal and strike-
slip faults northwest of Yucca Flat (Minor,
1989). Moderate pre-Bullfrog faulting and
northwest tilting also affected an area south-
east (Fig. 6) of Tolicha Peak (Minor and
others, 1991, 1993). Large subsurface thick-
ness changes of the lower Crater Flat Group
tuffs and the Lithic Ridge Tuff refiect growth
faulting at northern Yucca Mountain (Frid-
rich and others, 1994). Warren and others
(1985) reported slight (2°-4°) pre-Timber
Mountain northeast tilting of Paintbrush
Group tuffs and lavas in the subsurface of
Pahute Mesa. Calico Hills Formation and
Paintbrush Group tuff thicken on the west-
ern, downthrown side of different faults at
Pahute Mesa. Slight post-Paintbrush exten-
sion also occurred at Pahute Mesa where

- Rainier Mesa Tuff thickens over the same

structures.
Late synvolcanic extensional deformation

" is-greater in magnitude (Fig. 4b) on the
southwestern margins of the SWNVF. In

the Fluorspar Canyon area (Fig. 6), north of
Bare Mountain (Monsen and others, 1992),
the Bullfrog, Topopah Spring, .and Tiva
Canyon Tuffs are conformable and tilted
east ~30°-60° more than the overlying
11.6-11.45 Ma Rainier Mesa and Ammonia
Tanks Tuffs (discordant Timber Mountain
tuffs of Carr; 1990, Fig. 4). At Yucca Moun-
tain, Scott (1990) measured differential tilt-
ing of 10°-20° between Tiva Canyon Tuff
and Timber Mountain Group tuffs at the
south end of Yucca Mountain; the Tiva
Canyon Tuff was rotated ~25° clockwise
about a vertical axis, whereas rotation of the
Ammonia Tanks Tuff (6° = 13°) was much
less (Rosenbaum and others, 1991; Hudson
and others, 1994). S
Postvolcanic extension (defined as younger
than the 11.45 Ma Ammonia Tanks Tuff,

Fig. 4b) was locally large in magnitude but

was restricted to areas marginal to the cen-
tral SWNVF caldera cluster (Fig. 6). Mod-
erate to large postvolcanic extension oc-
curred in the Bullfrog Hills and Fluorspar
Canyon areas (Fig. 6). Extension was ex-
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dera cluster and outlining the area showing weak

moderate to large amounts of late synvolcanic (LS) and postvolcanic (PV) extension. Tilt direction of beds is indicated by Ed, east tilt,

and W, west tilt. Abbreviations for labeled domains are from Fi
formed alluvial basins include OV, Oasis Valley; CF, Crater Flat; JF,

is abbreviated as NTS. The map is not a compre

gure 4b. Additional postvolcanic domains of moderate extension that.
Jackass Flats; FF, Frenchman Flat; but boundaries for these domains
are not completely delimited at present. The area of prevolcanic extension at Mine Mountain is abbreviated as MnM; Nevada Test Site-
hensive depiction of all synvolcanic and postvolcanic extensional domains in the SWNVF

but represents the domains that can be identified at present, relative to the céntrgl SWNVF low-stratn zone.

treme in the Bulifrog Hills, where 60°-90°

cast tilts are observed in conformable se- -

quences ranging from pre-Lithic Ridge Tuff
to the Ammonia Tanks Tuf (Maldonado,
1990), but largely predated 10 Ma latite
flows (Maldonado and Hausback, 1990). In
the western Fluorspar Canyon area (Mon-
sen and others, 1992), Ammonia Tanks Tuff
is tilted east as much as 30°. Farther east in
Crater Flat, across Yucca Mountain, and
southeast of Timber Mountain, the Timber
Mountain Group tuffs are generally tilted
10°-30° (Carr, 1990, Fig. 4). Postvolcanic ex-
tension was minimal at Pahute Mesa, where
Timber Mountain tuffs tilt east <4° (Warren
and others, 1985). Slight normal faulting
there (offsets >60-80 m on principal faults)
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and slight (<2°) tilting affected the 9.4 Ma
Thirsty Canyon Group (Orkild and others,
1969). : N
Fault-controlled, post-Ammonia - Tanks
alluvial sedimentary basins formed on the
margins of the SWNVF but do not overlap
the central SWNVF caldera cluster. The
Yucca Flat basin-Halfpint Range fault sys-
tem, cast of the central SWNVF, is a post-
Ammonia Tanks alluvial basin filled by late
Miocene and younger sedimentary deposits
(Bames and others, 1963) to 400 m depth,
and locally as much as 1200 m (McKeown
and others, 1976). In Yucca Flat (Fig. 6) and
the Halfpint Range, units of the SWNVF
are cut by similar down-to-the-east normal
faults and exhibit stratal tilts of 10°-25° west

(Frizzell and Shulters, 1990, and sources
cited therein). Similar alluvial basins of late

Miocene to Quaternary age are present

north (Gold Flat, Kawich Valley, and Emi-
grant Valley) and south (Crater Flat, Jack-

WRE

B E

ass Flat, and Frenchman Flat) of the central -

SWNVF (Fig. 6), but their controlling faults

did not propagate across the area of peak

volcanism and caldera formation. The cen- -

tral SWNVF is one of the largest areas in the

Carlson, 1978); the northen Basin and
Range pattern of paired late Neogene:

north-south ranges and basins terminates at

the north margin of SWNVF. Rainier Mesa
Tuff is repeated in fault blocks at about the

1315

_Great Basin unbroken by middle Miocene =
" and younger alluvial basins (Stewart and



Same elevation over an east-west distance of
100 km, from the Bullfrog Hills to the Half-
pint Range, with no headwall breakaway
zones or regions of uplifted lower plate
rocks (W. B. Hamilton, 1993, written
commun.).

Volcanism and extension that postdate
the central SWNVF have different patterns
in time and space. Christiansen and Lipman
(1972) suggested that extension and volcan-

- ism in the SWNVF area occurred after a

~transition from magmatism gencrated by
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subduction to a regime characterized by
extension and bimodal basalt-rhyolite vol-
canism. Magmatism and extension in the
SWNVF area also occurred as the Mendo-
cino fracture zone migrated north as a locus
for magmatism and extension (Glazner and
Bartley, 1984). Detailed plate tectonic re-
constructions (Severinghaus and Atwater,
1990) indicate that during the main episode
of volcanism (14-11.5 Ma) the SWNVF was
Jocated north of the Mendocino fracture
zone. In the SWNVF area at this time, the
Pacific plate was still being subducted be-
neath an extending western North America,
"analogous to the Lassen-Shasta-Medicine
Lake Highlands region of northern Califor-
nia today. Younger SWNVF calderas (Black
Mountain, 9.4 Ma, and Stonewall Mountain,
7.5 Ma) were peralkalinc in composition
and small in volume (Fig. 4b), and they mi-
grated northwestward, consistent with a
melting locus associated with the movement
of the Mendocino fracture zone. Late Mio-
cene and Pliocene silicic caldera volcanism
in the southern Great Basin (6 Ma Silver
Peak volcanic center) migrated west-north-

.+ west toward the Pliocene and Quaternary

Long Valley-Mono Basin volcanic system
(Luedke and Smith, 1981), whereas younger
extension and strike-slip faulting migrated
west toward the Death Valley region
(Hamilton, 1988). :

In contrast to models by Gans and others
(1989), we find that the area of greatest
magma input to upper crust—within the
overlapping Silent Canyon-Claim Canyon-
Timber Mountain caldera complexes
(Fig. 6)—is the area of least upper crustal
extension. Several factors may have led to
retardation of extension in the area of the
central SWNVF caldera cluster. The caldera
complexes are probably rooted in batholith
cupolas (Lipman, 1984). After crystalliza-
tion and cooling, such batholiths could act as
buttresses (Wemnicke, 1992; Hamilton and
Myers, 1966), strengthening the upper crust
against regional extensional stress. Crustal
strengthening probably best explains retar-
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dation of postvolcanic (post-Ammonia
Tanks Tuff) extension in the central
SWNVF. A strengthening of the crust dur-
ing synvolcanic extension, however, would

fequire that magmas were emplaced and

cooled guickly relative to deformation. This
might be possible at shallow crustal levels, as
described by Davis and others (1993) for a
pluton that intruded and terminated slip on
a coeval Miocene detachment fault in the

eastern Mojave Desert. For synvolcanic ex-

tension, silicic magma input and inflation of
the batholithic magma chamber roof also

. may have affected the regional stress field,

reducing the regional deviatoric stress (Par-
sons and Thompson, 1991) and decreasing
regional strain. Quaternary volcanic fields
that exhibit similar deformational patterns
include the Yellowstone Plateau volcanic
field, where neotectonic late Pleistocene
and Holocene regional normal faults splay,
decrease in displacement, and terminate to
the north approaching the 0.6 Ma third-
cycle Yellowstone caldera (Picrce and Mor-
gan, 1992, Plate 1), and the Long Valley-
Mono Basin volcanic system (Bursik and
Sich, 1989; Dixon and others, 1993).
Miocene extension in the SWNVF oc-
curred in a mosaic of local domains. South
and west margins of the field were affected
by a dextral shear transfer zone (Rosen-
baum and others, 1991; Hudson and others,
1994) that is a northern boundary for the
high-strain Death Valley extensional corri-
dor (Wernicke and others, 1988). In general,
SWNVF volcanism and regional extension
were coeval. In detail, however, age, mag-
nitude, and polarity of extension varied
among the more strongly deformed domains
marginal to the field. Both volcanism and
extensional deformation in the SWNVF
were episodic in nature as has been recog-
nized in the eastern Great Basin (Taylor and

" others, 1989). ‘ :

SUMMARY

Volcanic activity in the SWNVF, as re-

. vealed by new high-resolution *°’Ar/*Ar age

determinations, was distinctly episodic: very
large volumes of magma (up to 2000 km®)
were erupted in fairly short periods of
<100-300 k.y. separated by longer quies-
cent periods. For example, two episodes of
caldera-forming ash-flow magmatism, scpa-
rated by a 750 k.y. magma gap, produced the
large-volume tuffs of the Paintbrush and
Timber Mountain Groups during 2 1.35 m.y.
time period. New “°Ar/°Ar ages corrobo-
rate the stratigraphic succession of units

within the SWNVF based upon petro-
graphic,” geochemical, and ficld geologic
studies (Byers and others, 1976a; Warren

.and others, 1988; Broxton and others, 1989;
' sawycr and Sargent, 1989; Minor and oth-

ers, 1993). We have revised the stratigraphy
of major SWNVF units based upon this
new framework, combining major ash-flow

sheets with petrologically related lava flows

and nonwelded tuff deposits into stratigraph-
ic groups. Newly defined formal stratigraph-
jc units are the Beatty Wash Formation, Cal-
jco Hills Formation, Dead Horse Flat
Formation, and Tunne! Formation. The re-
vised stratigraphy and ages demonstrate
that peralkaline volcanism in the SWNVF
was closely associated in time and space with
the waxing and waning of metaluminous
volcanism. Petrologic and chemical data
provide evidence of hybridization between
distinct peralkaline and metaluminous mag-
mas during the 7 my. span of SWNVF
volcanism. -

Minor to moderate extension can be dem-
onstrated during the history of the SWNVF,
but the slight synvolcanic extension of the
central SWNVF contrasts markedly with the
synextensional magmatism described by
Gans and others (1989) for limited areas of
highly extended volcanic rocks in the Great
Basin. Best and Christiansen (1991) con-
cluded that the Oligocene and early Mio-
cene peak of volcanism in the Great Basin
correlated with only limited extension in
cast-central Nevada. For the SWNVF, we
extend their conclusions in that only limited
extension occurred during peak middie Mio-
cene volcanism in the southwestern Great
Basin. Within the SWNVF, the central area
of coalescing calderas and proximal caldera
margins was minimally extended from mid-
dle Miocene to the present. Synvolcanic
strain was dominated by local magma cham-
ber roof deformation or caldera subsidence

- (Lipman, 1984). The outer margins of the

SWNVF locally were more deformed in dis-
crete extensional domains. An inferred sub-
caldera batholith may have acted as an up-
per crustal buttress with respect to regional
extensional deformation. Intense middle
Miocene volcanism and subjacent plutonism
apparently strengthened the upper crust in
the central SWNVF area, because it stands
today as a high platcau unbroken by re-
gional middle Miocene and younger normal
faulting that formed young alluvial basins.

- Magmatism in the SWNVF and regional ex-

tension, although coeval, were not geneti-
cally linked to form a zonc of highly ex-
tended upper crust. The two processes
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overlapped in time and space but were not
correlated in amount.
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'APPENDIX: ANALYTICAL METHODS

Sanidine separates for this study were prepared
by Kistler (1968), Marvin and others (1970, 1973,

 1989), Marvin and Cole (1978), and Fred Mc-

Dowell (University of Texas, 1989, written com-
mun.) and were previously analyzed by the con-
ventional K/Ar method, were new sanidine
separates prepared at Los Alamos National Lab-
oratory, or were new sanidine and biotite pre-
pared at the U.S. Geologxal Survey (USGS) min-
eral separation facility in Denver, Colorado.
Sanidine separates were leached with dilute HF
followed by ultrasonic cleanmg to remove volcan-
ic glass and other surface impuritics. Only a few
mnlhgrams of sanidine were encapsulated in alu-
minum foil for irradiation; biotite samples for in-
cremental heating weighed about 100 mg. The
sanidine and biotite capsules were placed in fused
silica vials with flux monitor standards (T: aylor
Creek Rhyolite sanidine, Fish Canyon Tuff sani-
dine, and SB-3 biotite) placed at regular intervals
and were irradiated in the USGS TRIGA reactor
"in Denver, Colorado, using the procedures de-
scribed in Dalrymple and others (1981) over the
course of four irradiations (LXXXIV, LXXXVII,
_XCIIL, and CII) betweea 1989 and 1991; all
pooled results of multiple samples are from the
first two irradiations. Typical irradiation time was
16 hr and resulted in total neutron doses of about
1 X 10'® nvt (nvt = neutron density X neutron
velocity X irradiation time).

Dalrymple and Dufficld (1988) and Dalrymple
(1989) described the analytical caevab:lmes of the
SW Ar-ion continuous laser *° Ar laboratory
in Menlo Park. Analysis of samdmc generally in-
volved fusing 6-8 grains of sanidine; in a few
cases up to 15 grains of finer-size sanidine (<100
mesh) were fused, and for several samples large
single crystals were analyzed. Approximate masscs
of sanidine fused in each analysis were 0.005-0.4
mg. Typically, each age determination represents
the weighted mean of 46 sanidine laser-fusion
analyses (Table 3). Mass analyses were performed
on a MAP 216 mass spectrometer at a sensitivity
of about 2 X 10~"* mol/V. The incremental heat-
ing/age spectrum ““Ar/Ar technique (Dalrymple
and Lanphere, 1971; Lanphere, 1988) was used to
degas ~100 mg biotite samples in a resistance-
heated furnace in 8-12 temperature increments;
temperatures were measured using a thermocou-
ple. Argon isotopic ratios were measured on a 6
in. (15.2 cm) radius, 60° sector, Nier-type single-
collector mass spectrometer. Corrections for un-
desirable interferences of >*Ar, >*Ar, and “*Ar iso-
topes caused by nuclear reactions of K and Ca
were made using standard calculations (Dal-
rymple and others, 1981). All “®Ac/Ar ages have
been measured relative to a monitor age of 513.9
Ma for MMhb-1 (Lanphere and others, 1990;
Dalrymple and others, 1993). An age of 22.92 Ma
was calculated for the internal monitor standard
Taylor Creek Rhyolite sanidine 85G003.

Uncertainties in weighted means are the in-
verse variance-weighted 1o standard esror of the
mean (Taylor, 1982) for multiple laser fusion
analyses or fractions of an incremental-hcating
age spectrum and include propagation of the
Jcurve calibration uncertainty. Pooled ages for
multiple samples of a unit are weighted means of
several determinations. Estimates of errors as-
signed to individual age measurements (internal
errors) are made by propagating well-docu-
mented errors from all aspects of each analysis
(Cox and Dalrymple, 1967; Taylor, 1982). Repro-
ducib'hty of ages (external error) in hlghly radio-
genic samples such as sanidine and biotite is gen-
erally as good or better than internal errors unless
geologic factors such as contamination or argon
loss are present. The cited best estimate uncer-
tainty of the weighted mean is the square root of
the sum of the weighting factors (Taylor, 1982)
and represents a 1o (68.27%) confidence interval
of the mean. These uncertainties are analogous to
the standard error of the mean (s.c.m., Table 3)
for arithmetic means except that they only include
internal errors and thus do not include excess dis-
persion of the measured ages. External error in
excess of the internal estimates is alternatively in-
corporated using the mean square of weighted
deviates (MSWD, McIntyre and others, 1966) as
a measure of dispersion. Where MSWD is >1.0,
estimated uncertainties are adjusted to incorpo-
rate the external error component, multiplying
them by the square root of MSWD (Ludwig,
1988). Resulting uncertainties produce a MSWD
of 1.0, maintaining the weighted mean and rela-
tive magnitudes of the error estimates for indi-
vidual samples.
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