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ABSTRACT
.The Volcanology and Petrooenems of the Nmthérn Limm Crater Volcamc Field,
Nye County, Nevada
‘ by
- Elizabeth Kay Stickney
Dr. Eugenc I Smith, Examination Comniitiee Chair
Plofessox of Geoscience
Umvelsny of Nevada, Las Vegas
The N01thel n Lunar C1 ater Volcamc Field (NLCVF) is locatcd along the axis of

flle Great Basin in Nye County‘, Nevada. This area of Pliocelje to Recent cinder cones,
maars and alkal bésalt lava flows represents the northern terminus of the Death Valley-
Pancake Raﬁge Basalt Zone. Basalts from tlj1is_: area can be divided into two distinct
:groups, those of trace élementl enrichment 1'¢lative to Ocean fsland Basalt, énd those of
trace element depletion ‘relati\:}e to Ocean Island Basalt, with each group containiﬁg a
'rénge of comﬁdsitions. ‘Tile NLCVF represenfs a simiale \;Ol:CalliC area, with basalts
. l‘(;)l‘lﬂed by differing degl‘ées of pai‘tial melting, indel‘ae‘ndent of oné another with no
g\/idexlge for crustal contamination or c‘ommingling; A man‘tle 1n¢lting column for the
area indicatés a deep (176 to 130 km) asthenospheric mantle s.ource‘ with tel:nperatuyes
200° C hotter t-.han average. This might be att‘riﬁuted to a mantle melting énonialyS such as
a m’mtlé roll. ‘ he deep hot. ﬂsthenosphenc soﬁlce coupled‘ with the shmt meltm(T
column, a mantle melting énomaly. and a thickér lithosphere all contyibute to the unique

location of the NLCVF,-and explain why this young volcanic field is small'in volume.
i
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~ Future eruptions can be expe¢ted in the next 38-56 ka in the vicinity of Black Rock or the
Northern Black Rock Cluster Cones area. Disruption of U.S. Highway 6, and the
~ transportation of medium-level nuclear waste to the Yucea Mountain Nuclear Repository

would occur in the event of a future eruption.
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CHAPTER 1

INTRODUC‘TION‘
’l’ile nor.thzem Lunar Crater Volcanic Field (NLCVF).:is locéted in the Great Basin -
in Nevada (Figure i), Itis situated along the axis of‘ the 'Gréat_ Basin and is isolated jfrom
the Pliocene-Quaternary ‘m‘aﬁc-volcanic fields of the Sierran Province/Western Great
Basin to the west and the transitipﬂ zone/Col@ﬁdo Plateau to the ‘east‘( Yogodzinski et a]
‘1996). This area providés one of the best examples of Pliocene to Recent c,in}der éones,
‘méars‘ and alkaﬁ basalt lava ﬂbws in‘ the United States. Thé NLCVF ‘iS‘ par_i of a narrow,
-nértheast trending Zone of volcanic fields that ,éxtends from Death ‘Valley to ﬂle south,
through Crétér _Flat; near Yucca.‘ Mountain, fo the Reveille Range and Lunar Crater in the
central Pancake Range (Figure v:l) (Fai'mer et al., 1989; Dickson, 1998). Thié zone was
named the ‘D‘ea.th Valley-Panéake Range Basalt Zone (DV-PRBZ) (Vaniman et dl 1982,
Farmer et al., 1‘989).‘ | | |
| The lei'p;ose of thié thesis is to determine the volcanol:ogy and petrogenesis of the-
NLCVF at the 1_101‘ther‘n end of the ‘DV-PRBZ.. The major problems and quesﬁons of this.

project include the determination of (1) the volcanic history of the NLCVF. :
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' This includes t1l1ef determination of eruptive hisfory. type of enixption, and th¢ complexity :
of eruptidn at individual centers. (2) What is‘the geochemical evolution of the field? |
: S]JCCiﬁC questions include ‘th‘e nature of the nﬁaht]e source angi subsequent evélutionary
history. (3) ‘What are the feasc;ns f01; the unicjué location of the volcanic lié]c{? Why does |
:the DV-PRBZ lie along ihe axisl of the Great Basin? What featm'es df the lithosphere 61‘
| aéthehosphere c:ontrol the iSOl;?l’[éd location of the NLCVF in tlje DV-PRBZ?; (4) What
are volcanic hazards associated with the‘ field? What is the lzil{elilfc)qd ‘of future éruptions
a;nd the cléngers they may: pose with special consideration to“ the transport of nuclear
| waste alo‘ng U.'S."I-Iighwa.y 67 |
‘Several hypotheses were tested including (1) The location‘ of the NLCVF is due to
unique features df the mantle or lithosphere (eg an unusually thick or thin .litvhosphere,
an u-nusﬁally h‘otv mantle, a maﬁtle plume, or méntle a116111aly). (2) The volcanic field méty
be of low volume, but it ié complex in its petroge‘nésis. (3) EthLll'e eruptions could
:.th:reaten U.S. Highway 6, and .ultimately the trén;port of nuclear material to \:(ucca

Mountain.

Regional Geology
‘B‘asaltic: v‘olcanisni occurr‘ed in the Great Basin after a shift in the style of
l_lectoni‘cs and n‘.iagmatism relate.d‘to the in‘ters_édion of the East Paciﬁc Rise =‘and the
Pacific Margin of the North American Plate at ~ 30 Ma (Fitton et al.. 1991). This

intersection migrated north with time, reaching the Iatitude of Lunar Crater at ~ 10 Ma

(Seyeringhaus and Atwater, 1990).
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Crustal ex‘tens.io;n occurred before and after this intersectioﬁ and the structures
accommodating extension changed from mainly detachment (before the jntefsection) to
_‘ high-éngle faulting (after the intersection). _This intersection also marks the change ih
| composition ‘ol’lvolcanié rocké ﬁ'om‘bi-modél ;su‘ite of bésalt and rhyolite t§ |
| predominantly basaltic (Christiansen and Li})lllall, 1972). During thé Cenozoic,‘the Gre;at
Basin experienced uplift by zis much as3 km (Bradshaw, 1§9] ), and over _.the last ‘1 7Ma
the Great Baéin underwent crustal thinning. During the past 15 Ma the lithosphere of the -
Great Basin hz_is thinhed,‘and‘ C.el;lozo‘ic extension and volca_nisﬁl were coeval (Eaton,
1982). Uplift may be 1'elated't(; an area of high heat flow, o_'r a 1ﬁantle pluiné beneath the |
Great Basin (Best and. Brimhall, 197‘4;;Farm¢r et‘ ai., 1989; Fitton etal., 1991).
| The DV}PRBZ is located élong the axis of the Great Basin and is characterized by
-Pliocen‘e to H:o]pceﬁe cinder coﬁes and lava ﬁows (Farmel" et al 1989). Basalts from the
. stouth‘em part of the zone, near Crater f*‘lat, are some of the most isotopically enriched
With respect to ocean island b.asalt (OIB) in.th;e region (5781'/8681' ~0.707, sN;, <-8.5)
(Farmer ét al., ]989; Li‘vaccari and Perry, 1993), and hdve major and tracé element |
signalurés of rocks der‘ivéd‘ﬁj‘om the lithospheric inanﬂe (hypersthene-norzlnvétive with ldw
[FeO*, TiOg,‘R.b/-Ba, and Ti‘/I-:If and ‘high La/T;a and Ba/Nb) &Fvitton et al., 1:988). In
_contraét, basalts ﬁ‘oﬁl the northern area‘s (Reveille Ra‘nge. Pancake Range') of the DV-
'_:PRBZ are isot_:opically depleteé (87‘81'/86‘81' ~ 6.7035, End > +3) (Farmer ét ‘ali, 1989; Folanc‘l
and:Bergman, 1992) a‘nd havevmajor and trace element sighatures simiiar té OIB |
‘ (nepheline-normative with high FeO*, TiOzé Ti/Hf. and Rb/Ba and low La/Ta and
Ba/Nb) (Fitton ét al.. 1988, ‘1991; Farmer ét:al., 1989; Yogodz‘inski et al:, i996) (Figure :

2).
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-‘Isotopic data suggest fthat some of the youngeét basalts in th(_é northern DV-PRBZ were -
:clérivecl“ from currently upwelling astlleh05})i1¢1'e (Foland et al., 1‘987). [sotopic signaturesv

from easterh Death Valley, and: much of t“hé Nevada Test Site, Crater Flat, and vicinity
| S-nggest that CI'L.lStal contaminétion has influenced basalt geocllegllisti'y more:in this area

than in others (Farmer et al., 1989).

Deatl.1 Vélley-Lunar Crater Basalt Zoﬁe
| Thé Southern Nevada Volcanic field is located in the southern part of the‘DV-
.'PRBZ, and is conipmed mainly of rhyolite z_ish-ﬂow tuffs, rhyolite domes élxd andesite t¢
dacite laya ﬂéws and dqmes which erupted bevtween~1 1 and 8 Ma (Byers et al., 1976;
Clll‘istia11se11 et _al., 19‘77). This initial event »\}as followed by basaltic volc_anism that
| occurred over the past 1 1.2‘m.y;‘ (Welfs et al._v, 19‘90‘). Five Quafernary volcanic‘ centers:
Q're present at Crater Flat ;WhiCh is bounded on its eastern side by Yucca Mokuntain‘ (Wells
et al 1990; Br-éclshaw and Sin@th, ‘1994).‘ Small voluﬁw cinder}conés‘in Crater Flat were _'
active from ~3:.7_ to 1 Ma (Bfadshaw and Smith, 1994). Thé éuthors identified polycyclic
and pélyge11etic :volcanism in the Cratér Flat area, indicaﬁng :a magmatic zplmﬁbing
:System link bétWeell the two 11-.1ain cénters of Black and Rea 'conés,‘ and suggésfed that
volcanic a‘ctiv‘ity ih the \}ici11itl)/ of Crater Flat occﬁrred af a number of sites.across fh¢ :
magmatic féedebr zone dufing_é singie eruptiﬁve phése. Bradshaw anc{ Smitﬁ (1994) staled '
tﬁat this could l;ave signiﬁcaht implications for volcanié h‘az:ard assessment inthe yicinily‘
of Yucc?a Mountain, énd that the c0111plé>§it§f of the éréa points to a high likelihood of |

future eruptions.
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- The Rev:eille Range is .'localed in the north central p‘art of'the ‘DV-P;RBZ (Figure .'
l) Naumann et al. (1991) reporte‘d three episodes of volcanism ‘in‘ the Reveille Range;

,. (wo ep]sodes of basaltic volcanism (5.9 to 5 0 Ma and 4.6 to 3.0 Ma) were separ ated by -

.an eluptron of tlachyllc lavas .and pyloclastlc units.

‘Work in the Reveille Range on Pliocene age mafic rocks by Yogodzin‘ski et al.

- (1996) irrdicate that incompaﬁble element signatures from samples show an
asthenospheric mantle source with three idenﬁﬁe‘d eruptive.episodes linked to s‘ep‘arate :
melting events in the mantle. Furthermore, the alltilOI'S determined that tl}e: geochemical .
yariations found were due to contamination of the basalt by older carbonate rocks.

Volcanisrn in the NLCVF occurred during the late Quaternary (Scott and Trask,
1971). The Bl'aol( Rock flow in the northern part of the LC‘VF was dated at 38.1£9.7 l(a_'
'(K/Ar), and the :Lunar Crater ﬂow‘ at 600 ka (Shepard et al-,, 1995).‘ A more recent |
’OAr/J Ar age for the Black Rock flow is 20'+ 9 ka (Dickson, 1998). The lava ﬂows and
cmder cones of the LCVF are mamly alkali basalt (Figure .)) (tephrite basanrtes uachy-

| basalts and basalts). The presence of an OIB~type incompatible element signature in |
Pleistocene age ba‘saltso‘f the LCVF irrdicare;s that rlle mantle source of rlraﬁc Volcanisrn |
in this part of central Nevada has remained largely unchanged for the pasr 5 to 6 Ma
rYogodZirislci et al 1996) chkson (1998) determlned tlnt a nansmon ﬁom a
hthos vheric mantle source to an asthenosphenc mantle source occurred between 21.79
:Ma an‘d:3.82 Ma after the m‘ajor pllase of Tertiary extension.’ Furthermore, work by
Dickson (1998) on Cnadel Mountain in the soUthern LCVF concluded that the area

" represents a sinrpk magmatic sjfsrexll. FracriOnal crystallizaiion ‘and‘ magrna

commingling/mixing may explain compositional diversity.
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Studies on xenoliths in the northern areas of the DV-PRBZ (Lum et al.,198'9) concluded
that no lower crustal xenoliths occur in the LCVF, this implies that basaltic magma
“ascended rapidly from mantle depths, precluding significant crustal contamination.

_ Mantle‘ derived dunite and harzburgite Xeno.litjhs, along with amphibole megacrysts, also
- provide evidence that basalt magma was storgd near the crust-maritle boundary and was
~erupted ra1§idly without s.igni:ﬁcvjant crustal interaction (Y ogodzinski et al.,‘1.996).
‘ Related Wor1:<
Previo:'us work‘iﬁ the Great Basin on ﬁung basaltic: fields is mainly-. restricted to
relationships of vbasalt‘ﬁelds to regional tectonics and the morphometry of cinder cones.
_'Sttldigs that focus on the volcz_inology ‘and jgcf:ochemistry pf these volcanic ﬁelds are rare._‘ :
| Hoffer ( 1976) explored the Str‘atigraph& of the Potrillb Basalt Field_.in south
central ‘N“ew Mexico and examined the 1i1}1< of the development of :young basalts and
r_égionél tectonics.  Connor ( 1994) studied cy{:les of réoccur_i'ing volcanism i:n the
Springerville Volcanic Field, Arizona, The Springerville Volcanic Field (2.0 t0 0.3 Ma)
~ contains 405 a-lkali basalt ve11t$, covers 3000..sq. km, and ‘is:thé third largest late Pliocene
to Quaternaryivqlc‘aﬁic ﬁeld in the United States (Coﬁdit et-.alv., 1989). Dohfenwend‘ ef al.
(1986) studied geomorphologic chariges to Quaternary cinder cones in the Cima Volcanic
‘F‘ield of Califbrnia. ‘The‘, authors developed én empirical mbdel of ;he degradﬁtion of the -‘
:cinde‘r cones due fo the arid Cl.in‘mte of the Mojavé Desert. |
Downing et al. (2000),‘ utilized basalt geochemistry. geochronol‘ogyg ahd ‘
Gebgréphic I11‘i%0rm€ttion Syst;ems‘(GIS) to image the mantle;beneatli the C_.ol‘orado

Plateau-Basin and Range transition zone in'southwestern Utah.
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[:Jsing inverse (::listance weigljte:d (IDW) surfaces in ArcView GIS; Downing et él. (2000)
suggested that a bounclafy between the lithospheric and asthenospheric mantle source f‘or‘
alkali basalt maglﬁa forn.qe‘d during Tertiary _extension but its position was controlléd by
an older ( perh'ap:s Precambrian:) lithospheric boundary. Do‘wﬁing et al.‘(20(.)0) found
‘islands of high or‘lov\‘/ element concéntration interrupting the géntly Sloping IDW surface

| :altld suggested tilat these islan;ds may reﬂect’inbterlayering of Basin and R‘aﬁge and
Cvolorac‘lo‘ Plateau mantle fypes or cliffex‘illg depths of magma gellel'a§i011.

Work b.y Smith et al. (1999) on the Hurricane Volcanic Field in Southern Utah
éxamined chelﬁical Variability bf the 1ithos§héric mantle. The Hurri0an¢ Volcanic Field
isa gmup of late Quaternary alkali béxs‘alt flows and cinder cones in the C:olorado‘PIateau,

~ Basin and ‘Ran‘gé transition zone (Smith et al:, ‘19‘99). Tllis:st:ildy noted tliat:'all but two of
fhe coné clustérs had a different parent magn.la and evdlvea by fractional ‘crystalli7ation :
of dlffexent amoumb and p10p01t10ns of olwme and chnopyloxene and that the parent
'magmas formed by 0.5to 7% partlal meltmg of llthospheuc mantle (feltlle lherzolite).
The authors sug,gestcd that the mcltmg » of a hetemgeneous hthosphenc mantle is the m‘ost
‘reasonable mechanism for production of chémical variability across the tl'allsitioxl zone
: aﬁd méy reﬂécf a major litho’spheric boﬁndary that represén:ts a stl"ngtlll’él _énd

- physiographic boundary between the Colorado Plateau and Basin and Range.
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Figure 2: Incompatible element ratio-ratio plots comparing Pliocene
Reveille Range basalts to Pleistocene basalts from Crater Flat and the
Lunar Crater Volcanic Field (from Yogodzinski et al., 1996).
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Figure 3: Classi:ﬁéation of NLCVF mafic rocks alkalis diagram (Na,O +
K,O vs. Si0,). The majority of samples are alkaline. Basalts from Three
Cones, the interior of F-1 and edge of F-2 are marginally subalkaline.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2

STRATIGRAPHY AND ERUPTIVE SEQUENCE
The volcanic stratigraphy and eruptive sequence of the NLCVF were developed
using ﬂeld obéérvations and;geocln'onology.- F‘ieldwork, stud;y of aerial phOtographs and

satellite imagery provided detailed information as to the relative age of flows and cinder

: cones. Mineralogical and physical characteristics of the flows helped to group related
flows and determine relative age. Geochemizstry (see Chapter 3) and petrography
(Appendix C; Table 4) were used‘to‘ test field relationships. .Geochrbnologic data

o important for determining eruptive sequence include four new A Ar dates (Table 1)

zis weli as dates obtained from the previous work of Evernden et al. (1964), Dchrenwend |

ét al. (1987), Kargel (1987), Foland and Bergman (1992), Shepard et al. (1995), and

Dickson (1998).
A majority of cones and flows were previously unnamed, and where appropriate.

names and locations are designated in-the stratigraphic descriptions contained in this

chapter. ConéS and flows are described below [rom oldest (o youngesl. Stratigraphic
details are summarized in Table 3. This work focused on the flows north of U.S.
_' Highway 6. Previous wdrk by Scott (1969):, Scott and Trask (1971) and Dickson (1998)

provided detailed descriptions of flows, cones and maars inthe southern section of the

Lunar Crater Volcanic Field.

11
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Mineralogy described in this section is for hand sample only, as observed in the .
field. Petrographic information from thin sections is summarized in Appendix C and

"Table 4.

Oligoc¢11e Ignimbrite
The underlying réck, thé ‘Stone‘Canyén-Wi‘nclous Butte Formation, is a rhyolitic |
to andesitic cx'ysvtal vitric to vitric welded and nonwelded ash-flow tuf‘f with mindr air—FaIi :
tuffs and Water-laid sedimeﬁtary rocks (Scot"t and Trask, 1971). 'This formation crops out
‘in the east-central tc; north-éehtral section of the ﬁ‘eld area (Plate 1). K-Ar;dating by‘

Evernden et al. (1964) indicate that tuffs of this formation erupted at 32.8 Ma.

TéWer Road Cones and Basalt Flow
Located in the northe,astern most section of thé field area are a group of cinder
cones and ﬂov,.vs:that‘ crop out aldllg the road to a group of Lilicx‘owai/e towers. These
éones ‘and ﬂoWg are herein known as tl‘le‘ TO\;VCI‘ Road Conés and basalt‘ flow (Plate 1).
The Tower Road cinder‘cones and bldcky to A’a flows diréc’tly overlie basement tuff.
_' The three nor‘thémmost‘cinder cones éu‘e comp’rised of ash and lapilli sized.red‘aﬁd blacl{
| scoria, aﬁd welded agglutinét_ed scoria cohtaining cow-dung bombs and aerqdynamica]ly-
sculpted ribboﬁ bombs. The l__'a;rgest of the three cones is her_éin named Hofseshoc C§11é
~ (see Table 2) The Tower Ro'adv basalt ﬂowervupted‘l’rom Hdt‘seslaoe Cone'and‘ the two
smaller cones ;md flowed 1.5 to 2 km south to southeast. The flows range in thickness

from 0.5 to 3 meters.

Reprbduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘The Tower Road basalt contaiﬁs small, | to 3 mm olivine phenocrysts, anorthoclase
phenocrysts and peridotite xenoliths. The flow is qharéoterized by mas‘sivez basalt Qveriain

‘ ny highly vesichlated lava. V;esiicles are elongated in the plane of flow. East of Tower
Road the basalt dvisplays colufnnar jointing. West of To‘weriR’oad, the flows have steep
flow 'ﬁ"on‘ls and flowed down a pre-existing wash (Pla{e ). In another locality, the ﬂow .

cascaded through a gap between two basement tuff spires.

Central Flow Basalt

- Located ;along US. Highway 6, in the céntral part of the field areé, jis:a basalt flow |
‘hereafter referred to as the Cent_rval‘ Flow basélt (Plate 1). The Central Flow basalt is
:aIJIJI'OXil1latély 6.5 km in lengt‘h, oriented noftlieast and marked by gentle s‘lo.:pes of
| b‘locl{y, highly Weatllel'ed baséltic lava. ' This flow ranges in. thickness from 1 to 4 meters.
The Cenﬁ‘ql ﬂo.W eruﬁted at 3.1 £ 0.4 Ma (Table 1), ax‘ld‘ its so:urce‘ could not be “
cietermined. In_.hand sainple the Central flow contai‘ns hornlﬂcnde phenocrysts upto 1.cm, :
sparse anortho_clasé phenoérysts up‘ to 0.5 cm; and 61iyine phgnocfysts up to 0.005 cm in |
size: In hand samp‘le, greatér than 60% of the: o»livine has been altered to iddil;gsite. Rare:
xenbliths of tuffz.occur in this f:low.‘ Alluvitﬁnj and vegetation cover the majorﬁy of the

flow.
" Northeast Finger Basalt

In the east-central section of the field area. along US Highway 06, is a linear flow .

liereafter named the Northeast Finger basalt ﬂow (P‘]ate .,
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‘:':l‘he Northeastﬁinger flow (1.22£0.2 ‘Ma; T:able 1) is appfoximately 6‘.3 km in length,
.orzientéd‘ east-\;vest and marked b‘y ‘very‘ steep (greater thaﬁ ;10°) ﬂow fronts of blocky A’a
- lava with som‘efcolu‘mnar jointiﬁg. Thickness of this flow i‘a’ngeé from approximatély 2 to
20 meters. The source of the how could ﬁof be idéntiﬁed. In hand samplel, the ﬂdw
:coﬁtains large hornblende phenqcr,"sts ur to 'l cm in size, 3 mm spihel phenocrysts, rafted

xenoliths of tuff 10.0 cm avefage size, and xenoliths of dunite.

G-Cone and G-Cone Basalt Flow
South of Huge Céne (déscribed belb\;\f) is a cone imfd.ﬂow herein nazmed G-Cone
and G-Cone basalt flow (Plafe 1).  The G-Cone is a large cinder cone with a diameter of
1 037 meters and a height of 94 meters (Table 2). This cone 1s comprised Qf -ash and
-la_vpilli sizgd red and black scoria, with some welded ag:glu‘;iﬁate. A breach on ﬂle east
‘ side of the cone exposes bedded lapilii and ash. Large bombs(30 cm in diaméter)‘ of
agglutinate and basaltic séorir;l are found a16ui1d the base of G-Cone. The Blocky G-Coné
| baéalt ﬂowéd about 1 km in a nortﬁ, northeastward direction and haé a ﬂo‘wvﬁ'ont
approxima‘tely‘: 1.5 meters in hqight. In hand sample, the G-Cone basalt conjtains oliviné ’
bljelloél'ysts (3: mm), with soine an‘orthoclase. phenocfysts up to 1 cm in size'. Some

- scattered peridotite and dunite xenoliths are also present.

- Huge Cone and Huge Cohe Basalt Flow
The cone and associated flow located in the northernmost section of the field area.’
“west of Horseshoe Cone is hereafter named Huge Cone and the Huge Conje basalt flow

(Plate 1). Huge Cone is 193 meters in height and 1951 meters in diameter (Table 2).
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Second in size :to‘ Black Roclé COI]e, this is the largest cinder cone in the northern bart of
the field area. At Huge Coxaé, both a debris apron and debris ring is cleariy'seen. Thése '
geomorphic fe‘atlures‘are produCed by the accumulatién of léﬁil]i and ash at_:the base of the
-cone. The pre:sezrvatioh of the debris ring ana the overlap of the cone onto Horseshoe '
Cone indicate that Huge‘ Cone is the ybunger of the t‘wo.v‘ Two smaller cones north‘o“f ‘
:Huge Cone paﬂiaily cover the cinder cone a“nd are therefore younger than Huge Cone.
The Huge Cone basalt is up tc; 1.5 meters ‘in: thickness and ﬂlowed from thé base of the
cone | kim to the nOrfh. This blocky basalt flow has anorthclase phenocryﬁs’ up to I.cm in
size, and a ‘la‘rg‘:e (35%) amduﬁnt: of olivine phﬁmcrysts 1 to 6 mm in size. Xe'ndliths of

lherzolite and dunite are also present.

Three Cones and Three Cones Basalt.:Flow
»:T hree Cones énd théilj basalt flows (11amed iﬁ this stﬁdy) are in the central reéion »
of the field noft_h of U.S. Higliway 6 (Plate 1).; This group. 1s the most geochemically
‘e_volved group in the NLCVF'(See Chapter 3). The ‘c0nes range in height from 69 to I‘OO
| n:leters and in diameter from 305 to 793 mete{‘s (F able 2). The cotles ‘co‘ns.is,tb of ash and
lapilli sized material, mostly 1ed in‘color, Bombs (10 to 30-0111 in'size) of welded
| agglutinate and basalt are fofmd on and around the T ﬁree Cones cluster. The Three Cone’
ﬁow is a block_:yA’a flow that .'extendsl.S km to the west o_‘f tjhe cone cluéte’r and ranges
:l’l'om 05 to 3 1:11e'ters in thickness. The‘ flow ‘covntains‘ spafsé anorthpclaée phenocrysts up
..lof l cmin sizé, and rare oiivine phenocrysts, In hand specimen, the basalt flow l‘las a

_'very [ine-grained matrix with <15% total plienocrysts.
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North Black Rock Cluster Conés
A N. 25 E. aligned group éf five c‘inder cones is heréiﬁ n‘al;ned the Nprth Black
Rock Cluster Cones A-E (NBRCC) (Platé 1). Three basalt ﬂQws erupted from this group. |
They are naméd '(froin oldest té youngest) F -i, F-2 and F;B; The North Black Rocl{ |
Cluster Conés‘ range in height from 109 to 141 :meter‘s and vary from 976 to 1646 nieters, |
.:in diametér (T‘able 2). The baéalt flow frohl _these overlapping, clustered cénes contaiﬂ |
'anorthoclasg frovm 2to 5 cm, hornblende up ‘to-v 1.5 cm, and olivine up to 1 ém. Tllis
group of cones (A-E) has similar ﬁlineralogical compdsitions of ash and lapilli sized
material. All cones are breached westward, arjxd‘ conés C-D have sécti011s of bedded ash
and lépilli exposed in the breech.
 F-1 Basalt Flow
The blécky F-1 basalf ﬂow extends 3 to 3.8 km west df the cones an.'d ranges in
fl)iCl(lless from 0.5 té 5 meters»(Plate 1). ‘An ‘40A1‘/39Ar date for the F-1 basaltis 1.2 +.0.6
Ma (Tablé 1).:.In: hand sample, the F-1 basalt contains large 0iliviné phenocrysts up to. 5
cm in size aﬁd spinel phenocrysts up to 4 mn;1 in sizey. Concentrations of 1'afte‘d tuff occur
along the 111a14gi11§ of thé F-1 ﬂow. F-i basait 1s mainly scoriacous but colulﬁnarjoiﬁtiné _‘
“can be found néar the céntral ﬁorth margin Qf this flow. F-1 also contains élQllgafed
vesicles, “which decreasé-in abundance neér the base of the flow. T hé surface of the F-1
. ﬂow‘is characterized by apbr@xhnately 200 tuhluli (‘Walker,I 1991 ), where u_nderlying
| l,:a\‘/a has:caus“ed swellil‘ig‘of thevhardened‘crus:t of lavd prodﬁcing lapge bubbles. Almost
all timmli inltl_le F-1 ‘ﬂo»\‘f are hollow ‘shells a$ all the lava which QaUséd the initial
formation of the structﬁre waé jextruded out\/\{:ard, léaving the bﬁbble wall pz:ll'tially intact. '

These tumuli are upto 3 m high and 10 m wide.

Repr(:)duced with permission of the copyright owner. Further reproduction prohibited without permission.



17

-2 Basalt Flow
F-2 clireetly O\lelfllCS F-1, and l‘flowed' about 2'km to tlle west of the North Black:

" Rock Cluster Cones (Plate 1).; This A’a flow is mostly blocky. Thickness;of llllS flow.is
-eétl111ated to be | to 3 meters. F-2 is moét easlly distinguish_ecl by lhe presenCe of highly
altered olivine (4 mm in size) where olivine is 60% iddingsite with an oli\{ine co‘re‘. This

flow cmﬂalns anorthoclase plleﬁocrysts up lo_:l cm in size, Mth some piéceg of rafted tuff;

present. F-2 is more melséive-at the base, and vesiclilated at'the top, similar lo F-1.

F-3 Basalt Flow |
F -3 d]leclly overlies F-2 (Plate 1). Itis much smallel in area and volume than F 1

and F-2, flowing only about 1 km westward ﬁom the N01th Black Rock Cluster Cones.

It has an average thickness of 2 meters. F-3 is' composed of fresh blocky basalt
'0011lai11i11g oliviﬁe phenocryste up te 4 cm, l_lol‘nblende ulp to l.cm Elll(l some anorthoclase
| phenocxyéts up to 1 cm in size. ‘An 40A1/39A1 date for F 1s 240 + 340 ka (Table 1).

Nea1 the llow margin, lava is lnghly veelculated and most of the vesicles cue ﬁlled with
‘ eal'b011ate, F-3 is covered by. desert pavement with a light to moderate amount of desert

varnish.

Black Rocl( Cone and Black Rock Basalt Flow
The Black Rock Cone i is the largest cone in the NLCVF with a height of 242
nleters and diameter of 1402 meters (Table 2). The cone consists of black ash and lapilli
o slzed material.'.B‘lack Roek Cone is deeply breached to the west with thick (0.5 m)

. Becldillg clearly visible in the crater wall.
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Black Rock ﬂo@ is the frésheét lava flow injthe NLCVF a:hd is composed of black blocky
A’alava with sﬁeep (up to 45°) flow fronts. It flowed ap:proximately 3 km west from
: élack Rdck C o.:né and ranges!fyom 4 to 10 meters in thickneés. As the basélts were
e..»\'truded‘. they Wére deflected around the ‘bzisé of a large Cin:del' co‘ne to form two
coalescing lobes‘oﬁ the valley floor (Scott,‘1969). Large sect‘ions‘ (up to 3.5 m) of
autobreccia ale present. Autobtreccia is not féund in any of the other ﬂoWs ;in the NLCVF
(Scott, 1969). Over ‘160 breadcrust bombs up to 1.5 m “in size were found ovn‘lhe west
.’sicle of Black Réck Cinder Co;ie. Near the c:'entral depressioﬁ on the east side of the
'b£'eacl1ed éoné, a bocca (Sigurdsson et ai., '2000)‘ was identiﬁ:ed, and sectioils of rafted |
“cone were noted on the flow near the éone. Shepard et al. (1995) obtained * 6C“l and l‘OBe' :
dates for Black.Rock Flow of 38.1 £9.7 ka-‘an:dDickson (i9:98) obtained a VA Ar date
91’20 i 9 ka. This ﬂqw contains largé anort‘héclasel phenocrysts up to. 3 cm in size, “
(:Slivine up to 0.5 cm in size, ana hornblende L:ip to 1 cm ‘in‘ sjze. The Black Rocl< flow

also contains xenoliths of lherzolite up to 5 cmand dunite up to 3 cm in size.
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Table 1: Summary of 40Ar/39ArGeochl’onology from this study.‘

BASALT FLOW AGE + o
Central 3.10 O"4 Ma
Northeast Finger 1.22 +0.2 Ma
F-1 1.20 £ 0.0 Ma
F-3 240 % 340 ka
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Table 2: Cone Diameter and Height of Flows North of U.S. Highway 6
Cone Name - Height (m) Mean Diameter (m)
- Huge ' 193 1951
Horseshoe 123 1280
Dual Cluster 47 549
Tower Road 56 671
G : 94 1037
Island A 41 ; 366
Island B 26 244
Island C 24 244
I[sland D 75 549
Desolate 66 1159
Camp A 99 732
Camp B 98 793
CampC 31 427
Black Rock " 242 1402
Older 73 610
Three A 97 793
Three:B 69 305
Three C - 100 671
N Cluster A 114 976
N Cluster B 123 1341
N Cluster C 109 1220 .
N Cluster D 141 1646
110 1280

N Cluster E
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Table 3: Distinguishing Characteristics of Basaltic Flows North of U.S. Highway 6

Flow Extent (km) | Flow Direction Thickness (m1) Xenoliths/Rafted Material Flow type Notable Characteristics
Tower Road 1:3-2.0 - S-SE 0.5-3.0 Ultramafic “Blocky. A'a - 1.0-3.0mm ol. anorth
Central [ NE-SW 1.0-4.0 Rafted Tuff Blocky 1.0cm hm. 0.3 cm anorth, olv_ highly weathered/altered
NE Finger 6.3 E-W ..2.0-20.0 Dunitc, Rafted Tuff Blocky. A'a 1.0cm hrn.. 3.0mm spinel. steep flow tronts
G-Cone 1.0 N-NW 1.5 Peridotite, Dunite Blocky 3.0mm ol. 1.0cm anorth
Huge Cone 1.0 - N 1.5 Lherzolite, Dunite Blocky - -~ 35% 1.0-6.0mm olv, 1.0cm anorth
3-Cones 1.8 W 0.5-3.0 None noted Blocky, A'a 20% pheno, 1.0cm anorth sparce. rare ol
F-1 3.0-3.8 W 0.5-3.0 Rafted Tuff Blocky 5.0cm ol. 4.0mm spinel. mod-heavy desert varnish. tumuli
F-2 2.0 W 1.0-3.0 Rafited Tuff Blocky, A'a I.0cm anorth, highly altered ol, heavy desert varish
F3 1.0 w 2.0 None noted Blocky 4.0cm ol. 1.0cm hrn. 1.0cm anorth. light-mod desert pavement
Black Rock 3.0 W 4.0-10.0 Lherzolite, Dunite Blocky. A'a | 3.0cm-anorth, 0.5cm ol, 1.0cm hrn, autobreccia
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- Table 4: Petrographic Characteristics of the Northern Lunar Crater Volcanic Field
Basalt ilow - { Total % Plhenocnsis Plagiaclase %, | Olivine %4 Clinopvroxene %__| Hmenite %, | Nenocrysts Xenoliths Distinguishing Characteristics
F-3 30 63 20 15 2 Anorthoclase Fine Grained. Moderate %o Phendcrvsts
NE Finger 25 66 i5 10 9 Anorthoclase Coarse Grained. High %o lhm
_Central 40 82 10 ) 3. Olivine Larger Phenacryst Size. Moderaie % llm
Tower Road 50 72 20 5. 3 None Large Size and % Phenocrysts
Huge Cone 30 54 35 10 <1 Gabbro - Large Size Ol Small % Ilm
) F-2 25 56 3 10 1 None Coarse Grained. Small Size Plag. Moderate Size Cpx. Small % Ol
. F-1 - 30 . 08 30 0 2 - None Larger Sized ilm. Plag and OI. Absence of Cpx
Black-Rock 10 68 10 20 2 Clinopyroxene Very Fine Grained. Few Phenoctvsts -
3-Cones 20 74 3 15 6 Anorthoclase Large Amount [im. Alteration of Grains, Exsolution-Lamallae in Anorthoclase
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Photograph showing the niassive size of breadcrust bombs found in the Northern Lunar
Crater Volcanic Field. This bomb is located to the east of Black Rock Cone.
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Photograph showing features of Black Rock basalt flow. Note the flesh black A’alava,
breech in cmdel cone, and basalt flow paths.
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CHAPTER 3

GEOCHEMiSTRY .
Analytical Techniqhes '

Thirty-lWO samplesWere selected tq best represent the various flows present in " '
the field. provide a good ‘spatial representation of data, and help Lllldel'stand chemical
ehanges acros$ individual flows. Samples were hand chipp:ed and cleaned in the field,
and locations were noted Llé;ihé a Trimble GeeExp101'el' 1T hand held GPS :uhit. |

S‘amples:for geocllel11ist1'y were crushed to I cm with a Bico Chipmunk 01'11$11e1'

- and were ﬂlel]:. ground to 200-mesh powder in a Bico Shatter Box. Fused élass i:5 (1 part
sample fo 5 pérts flux) disks for X-ray fluorescence allalysis (XRF) were; prepared using
;1;70 gt 0.0002{ g of prepéred powdered rock, 8.50 g £ 0.0002 g of Li,B407 and 0.2740 +
.- 0.0002 g NH4NO3. Sal]lples .»lvere heated in:.ah 1100° CO\:/eh for 30 minutes in Au-Pt

, c}rucibles. After 30 mihutes the molten sample was poured illto an Au-Pt mold and left to
cool. Samples;were labeled, _put in manila eni/elopes ahd placed ina dessicator until use. o

Major and trace element (Zr a, Nb Y. Rb, Sr, Cr and N1) analyses were
performed on these disks usmg the Rigaku 3030 XRF at the Umvemty of Nevada Las
Vegas (Appendlx A). Other trace elements (La, Ce, Pr. Nd. Sm; Eu. Gd, Tb' Dy, Ho. Er.
Tm, Yb Lu, Th Hf, Ta, U, Pb, Cs, Ba, Nb, Y Rb. Sr, Zr, W 'md Sc) were 1mly7ed using

'_:an [nductiv cly Coupled Plasm’x—M'xss opectxometel (ICP- MS) at Washington State

U niversity’s Geoanalytical Laboratory (Appendix A).

25
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Sr. Nd and Pb i‘sotopic analyses were performed at the Isoto’pe Geochemistry La‘boréttory

at the Umvmsny of Kansas (Appendlx B). All precision and accuracy data for analyses

~are listed in Appendlx G.

Geoellel1list1'y of Mafic Rocks
Major Elements
Most of the basalts in the NLCVF ere alkaline however basalt from Three Cones.
one S'lmple from the interior of F-1 and one S’unple from the edge ef F-2 are malg,lmlly
| “subalkaline (l“1gtue 3). Usmg the LaBas et al (1986) elas'51ﬁcat10n rocks i in the NLCVF -
are‘ tephnte basamte, trachy-basalt and basalt (thure 4)_. 8102 concentration ranges from |
. 45.48 (Lunar Clater Flow) to 48.36 (lhree CQnesFlow). Magnesium numbers for the
_‘ field rangeﬁ'om 49 (Central l?low) to 58 (}luée Cone). Basalts in equilibrinm with
: mantle olivine composltions lletve Métgnesium numhers ranging from 68 to 75 forlb‘asaltsb
(Wllson. l98C)l; therefore, the l)asalts in the NLCVF are moderately evolt/etl.
| Harket val'latiQLl cliagrams (Figure 5)-Ishow that Pz(js and T 10, l/al'y little with
: :increasing Si0s ’(l’zOs 0.40 te 0.84 wt. % and Ti0,2.30 to 2.88 wt. %) with MgO
.showi‘ng the l;irgest variation \:)vith values 1~a1lglllg from 6.99 to 11.05 wt.‘“/(l. Al;O3 and
.NagO cOncentratlons range from l‘3.‘29 to 16.18 wt. % and‘2.20 to 14.47 wt. %
respe‘ctively wlth A1703 as the only major element thelt increases in abundance with
: mueqsmg, %lOv Other elements show httle change with i mcxeasmg Si0,. For e\ample
: Kw() mnges from 0. 80 to 2 lO wt. %, CaO V'mes from 8.43 to 10.16 wt. % and FeO*

: hom 11.81 to l4 52 Wt %
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| 'Tl'ace Elements band Isotopes
| Two magma groups are distinguishable LlSlng element distribution di‘agrams
,‘ nformaliz‘ed‘ to OIB (Figures 6a and 6b). Simply stelted the eqriched group shows ajsmall: |
~enrichment in most trace elements relative to OIB (Figure 6a), and the cleﬁleted group is
- depleted in most trace elements relative to OIB (Figufe 6b). Each group contains a range
‘ ef cot111)oslti01_ls. Both groupﬁs show notable peaks at Ba, Nb and Nd witll a_'Pb trough
more prdnounéed in the depleted group. Northeast Finger ljasalt ﬂow shows enrichment
in Cs, but all othel trace element values of this sample more closely eonelate w1th the
depleted gloup ( Figure 6b) l*lows F-1 and F 2 contain samples from both the depleted
and enriched groups (Figure 7).
’ A plot of Ce/Yb vs. Rb (Figure 8) better“di}stinguishes the two magma gr‘(mps. The B
' evnr‘iched group'is high in Rb and Ce/Yb‘and‘ tlle‘depletecl group is low lll Rband Ce/Yb.
. The em'iched group c‘onsi.sts primarily of the Black l{ock, F-3 and East Island ﬂ0\>\ls ‘and‘
llas a range of Rb values ’from 4l to 51.6 pﬁmj. The‘deplete‘d group containsﬁ the Lunar
C rater, Three Cones, Central; Tower Road and Huge Cone flows with Rb vellues ef 12.4
to 24.7 ppm.‘ Samples from lhe F-1 and F-2 ﬂows span a wide range of tr‘ace element
. values md plot in both the enriched and depleted gloups Fm exemple the Rb v*xlucs for
the F-1 Flow 1ange from lO 5 t0.42.9 ppm and Rb values for the F 2 Flow from 12 to
32.6 ppm.
Samples of the enriched gl‘oup haVesNd l/dlLles that range from l4.97 to +5.56‘and
| -age cbrrected 87».Sr/S(’Sr between 0.703355 and 0.703721; *7Pb/*™Pb 1ange between |

115584 and 15.702 (Figures 9 and 10).
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Samples of the depleted grou'p have g values that range from +4.97 to +5.50 and age
corrected V'Sr/*%Sr between 0.703274 and 0.703535; 277Pb/2"Pb range between 15.548
“and 15.616 (Figures 9 and 10) Isotope values for both the depleted and e,ﬁriched groups o

are very similar with noticeable overlaps (Figures 9 and 10).
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- Figure 4: Classification of NLCVF mafic rocks using the LeBas (1986)
classification system. Samples are tephrite basanite, trachy-basalt, and basalt.
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Figure 5: Major element Harker variation diagram for samples in the Northern
Lunar Crater Volcanic Field. Symbols are defined in Figure 4. ‘
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; Figure 6a: OIB-normalized (Sun and McDonough, 1989) trace element |
distribution diagram for enriched group of samples from:the NLCVF.
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Figure 6b: OlB-normalized‘(Sun and McDonough, 1989) trace element
distribution diagram for depleted group of samples in the NLCVF,
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Figure 7: OiB-nornialized (Sun and McDonough, 198-9): trace element
distribution diagram for samples from F-1 and F-2 basalt flows.  Samples
from F-1 and F-2 span both the depleted and enriched groups.
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Fléule 8: Ce/Yb vs. Rb diagram showmg two dmmct gloups ofmahc
1ocks in the NLCVF ‘
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Figure 9: €, vs. Sr isotopes for select‘samples in the NLCVF. Boxes

indicate depleted and enriched groups. Field of Ocean Island Basalt is
indicated by cncle
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Figure 10: Pb isotopes for select samples in the NLCVF. NHRL is the :
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CHAPTER 4

INTERPRETATION
Geochemical models using fractional crystallization (FC), assimilation fl'acti011al:
' crystalliz‘ation (AF C) mixing and fractional melting were developed to model the

petrogenesis of NLCVF basalts. Modeling included the use of thé IGPETWIN éo‘mputer

program by Carr (1994) and fractional meltin:g equations fr{)m Albarede (1995).

Mo_dels
‘ Model.s were developed to explaﬁm the geochemical. evolutiou of thef field with
cxhphasis on hoyv the enriched and depléted groups (Chapter 3) are related.

‘The‘gi'eatest success in modeling wa;s, achieved by éx:amining in detail the F-1 and
'F-2 flows of the North Black .Rock Clus‘te? Cones. Speciﬁcally,kth‘e F-1 an.d F-2 flows
“were used be‘cs@se a lafge range of chemical variation ff‘oin enriched to de.plct‘ed‘ gi‘oups

1% pl'¢sel'vecl Vvithin individual ﬂows. Petl'oge:11etic studies o:f individual ﬂc:)ws, therefore; :
méy‘serve as an analog to fhe evolution of the 'elltil'é NLCVF .‘ Interprelations were bascd
on utilizing F-_zl and F-2 as an énalbg to the ﬁeld area.

Mode]:s of fractional 'crvystallizatiOn, éssimilat‘ion fr;ictional ‘cr&stal]ization and
‘mixing use maﬁ.c rock spe;éiﬁé distribution qoéfﬁcient values c‘ompli‘ed by the Cénter for
‘Volcanic and -Téctonic Studieé over a ﬁve-year pel‘iod (Tablé 5).

' References '1’61‘ tl1é distribution coéfﬁcienté are Budahn et al.v(l 985);‘ Lemarchand et al.

“(1987): L‘iotard_: et al. (19885;ﬁnd Bl'aclsl1a\V:(l99l),
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_‘ Qbservations and ‘Assumptions
: Modelé for the:petrbg:enesis of NLCVF basalts mus:t use the follo;zvivng constraints;
1. Element distribution diagrams normalized to‘OiB (Figures 6a, 6b and 7) as well as
trace elénienls (Ce/YDb vs. :Rb) define an élll‘icllecl and ciepleted group of 1ﬁzigmas
;(Chﬂlﬁ@l‘ 3, Figu‘ré 8). ‘ | |
2. All sampl‘es. group aroundﬁ 7SSy val:ue‘ 0f 0.7033 and éNd of +5.5 énd show an

OIB-type signature.‘

Lo

Olivine, clinopyroxene 51?d ‘pl‘agioclas‘e are the most common ‘phenocrys’t phases in |

the Hows of the NLC:\/F.E Oxides OCCHI'; as minor phasei

4. New 4°A1'/39A1j datés for the NL‘CVF shva Central Flow basalt to Ee thevoldest flow
and F-3 basalt flow to be the youngest The Central Flow basalt is 3. 10 + 0.4 Ma,
Northeast Fmgel basalt 1 22 +0.2 Ma F 1 basalt 1. 20 + 0.6 Ma and F-3 basalt 240 +_:
340 ka (Table 1).

Geochemlcal modeling f01" F-1 ahd F-2 uses fhe fol-‘lowing assumptions;
l. N‘LCVF bagalts are cogenetic. Basalts in th¢ NLCVF have similar chemistry, and a

similar magma source. These basalts were erupted in a span of about 1 m.y. in a

restricted area.

t

Basalt lava of an individual flow is comagmatic. This assumption infers that enriched

and depleted group magn:ms present in both the F-1 and F -2 flows are comagmatic. |
' Fractional Melting Model

The first model tested the possibility ;that F-1, F-2 and F-3 evolved by fractional

~‘'melting of a single mantle source.
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A two-stage melfing model Was developed using data from F-1, as it pl‘ovldcd the largest
data set, and repl'eseﬁtw ‘bl)th the enriched and depletecl g1‘§L1ps. Thls moael was tested

- using l’reictional melting equations from Albarede ( 1995), trace element values for OIB
l)eridotite (Smith et al., l999), :and tracé ¢lexhent information frlm‘x the F—l flow (See |

, /—\ppen‘dix‘D- Model Data- Fractional Melting for calbulaliqns). Speciﬁcally, this model

~ tests whether thé enriched pér@ of lhe F-1 i‘lo_wcén be producéd by partial 1i1¢lti11g of OIB
mantle perido‘tile and the depleted part of F-1 by the partial ﬁlelting of the residual pha‘.se‘s :
of lhé first me.lt:ing event.. Thg two-stélge melting médel begins v‘vyithpartia_l melting

(4 19%) of ‘th:‘e lnantlé source (OIB peridotit.e); to produce t11¢ enriched part of the F-1
flow (Sample LC-01 -‘05-01). Calculated values of the tl‘ace element concentration in

aggrégate liquid égree with the actual acquil'ed trace element values for the éample. Thé _’
second stage ol" the model involves the fractional melting‘ol the residuumiozf the first
meltin‘g> event. The Liesidual mantle must be melted be very small alnoun& lo enrich the
_liquid in incompatible ele111ént§, but it still falls to 151'odtlce_SL1fﬁciellt conqentrations to
lnatch the composition dfthe depletedipart‘ of the F-1 flow (Sample LC-BO;OS-OI) (See
'Appendix‘D-Mod‘el Data-Fractional Melting for calculations). Figlu’é 11 gl‘aphi@lly
‘summarizes tl1is model. This model must l)e:discounted beceluse the second stage of
melting does not produce the observed trace elem‘enl concentrations in the depleted

‘ group. Theréflne, fractional ‘:melting of a sinélé mantlé soulce and subsec_iuent meltlng of
*the residuum did;not produce the chemical Qafiatioﬁs found in the F-1 flow.
/—\l] alternative model is to partially melt tlle mantle source by varying ‘degll'ees to

~ produce both the enriched and depleted groups.
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-This model ag‘ai:n bégins with fractional melting of a:n OIB‘ p'eridot‘ite mantle source by

14. 19% to prociuce the elll‘icliea group (See Apbendix D- Model Data- Fractional Meltiné |

for calculations). ‘Next,‘ the same OIB perid,ot_ite mantle‘source is melted by 9.9% to

produce the dq;leted group: _This model yi;lds results which agree with thev actt‘lal
obtained values for the em‘iched and depleted group (Figure 12). The indépendent partial
mélting of‘th‘e _mantle source :(OIB peridotite) by different degrees 151'ocltléed the observed
depleted and‘ enriched compcz)si:tions in the F-;l flow, and is :thzerefope noted as a plausible.

_mode]‘ to explain the relationship between the enriched and depleted groups.

Assimilation Fractioﬁal Crystallization
Anothér_ potential p1'oq'ess for the evolﬁtion of the NLCVF is assi‘m'ilation

ﬁ'actional cryét&llization (AFC). The i‘dentif‘lcétion of an appropriate aésiniilant is
~important for this mo‘dél. ‘The assimilant would n‘ee:d to have Rb conc‘entrations (580
~ ppm), with 2.3:.to 2.5‘ppm Yb. ;In order to be.:applicable to this model, thé a;ss‘in"lilant

must not be fel‘sic or intermediétte in Qombosition, as the addition of s;11all amounts of
these assimilants would cause the focks to no longer be basalts. The petx‘blbgic model "
.:\rvould need pz}:rameters of R~ 0.3 (ratio of m;dSs of as‘similzzl:tezcl material to mass of

fractiéned cryStals) and fc~10-15% (amount of fractional crystallization) té be able to
:match the composition of the,é\}blved rock. _O:ptions fofthis‘ assimilant indudéd
‘xenol:iths:(mal’lc éontaminanté) or older bésélfs in the Réveillle Range. or lﬁiigh Rb basalts: :
" Iocéted in the southern section of the LCVF. Unfortunately, 1101‘16‘01" thesé pjotential

aésimilants haxée the approﬁriiate trace-elem@ﬁ chemistry . fllel‘ef01*e, they must be ruled

out as assimilants.
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Because no appropriate contaminant could be identified, assimilation fractional
crystallization using locally occurring mafic rocks is ruled out as the process responsible
~ for the enriched and depleted chemical groups observed in the Northern Black Rock
Cluster Cones F-1 and F-2 flows. Furthermore, no petrographic evidence for assimilation

was identified in the NLCVF.

':Fractional Crystallization w_iﬂiin Individudl Magma Batch

| ‘Aiaotliext niode‘l tested was that of ﬁ‘actional crﬁtallization within tllle individual :

' 1ﬁagma batches. Mode‘ls weré developed us'iﬁg ‘IGPETWI‘N.(Carr, 1994) ‘fOl‘ flows F-l |

| and F-2 (“F i‘gL‘n'e 13). Forthe F-1 flow, 68% pvlagiocla‘se and 30% olivine were used in the _‘
model. For the F-2 flow, 56% ialagioclése, 3% olivine and 40% clinopy‘roxene were used.
in the model. MQltiple 001115i1iations of phasés aﬁd elements were used in the attempted |

 models. No reasonable r;esultsb could be obtained by usiﬁg this mod‘e}‘, a‘nd therefdre pure "
frdctional cx‘ys:tallizati011 within the individual flow ié ruled out as a possibl_é process for

the observed chemical trends.

Magmé Mixing
‘A,‘ final fnodel tested to explain thé chemical signatures of the depl&ed and
enriched groups within F-1 ar:id F-2 is magma nﬁXing (Figure 14), Mixix‘lg_‘of end member
: svamples of F - l:and F;2 compositions of e}achﬁow wére coﬁstructecl.
The data falls close to thé cnd membér of the mixiﬁg model, therefore mixing of two |

basaltic magmas is unlikely.
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Furthermore, no basaltic rocks of intermediate composition exist within each flow.
Simple magma mixing is also ruled out as a possible process for the observed chemical

trends.

Summary
Variqus models were developed‘in a;l effort to accjurately describp the
| petrogénesis of the NLCVF . Of thésé models, the best fit to the‘datz‘t is thé fractional
" melting model with independ_ént partial mel:'ting of an OIB peridotite mantle‘sourc‘e by
' Qag‘yilxg degreeﬁs. A 4.1‘9% 'fl'éctional méltihgof an OIB peridotite s‘ou‘rc‘e yields values
- similar to the enriched group, and 9.9% partial melting of the same OIB peridotite sour@

yields values similar to those of the depleted _igroup.
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yield observed trends for depleted group.
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Figure 13: Fractional Crystallization Model for F-1 and F-2 flows. Model

for the F-1 flow was constructed using 68% plagioclase and 30% olivine.

Model for the F-2 flow was constructed using 56% plagioclase, 3% olivine
- and 40% clinopyroxene. Tick marks represent 10% increments of o

fractional crystallization. No appropriate model could be produced to

explain observed geochemical trends. ‘
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Figure 14 : Magma Mixing Model for the F-1 and F-2 Basalt Flows.
Mixing was between end member compositions of flows. Model produces
two-point solution and is discounted as process to explain observed

. geochemical trends. ' | '
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Table 5: Distribution Coefficients ‘

Element Plagioclase Clinopyroxene Olivine

y La - 0.20 0069 | 0.002
‘ Ce = 0.18 - 0.098 . 0.0005
Nd 0.14 0.180 ~0.001

Sm 0.11 0.100 0.0013

- Yb 0.03 : 0.300 - 0.100

Rb 0.07 ‘ 10.030 0.010
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CHAPTER 5

MANTLE MELTING MODEL
| Introduction | |
Bésalts of the NLCVF were pr:'oduced by varying degrees of fractional
| melting of an OIB—mantle soill‘ée‘(Seg Chaptt—;r 4). An importént, but se‘pérate question is
the cleptlﬂ of melt‘in‘g.‘ In Ordér to answer this question, a manﬂe melﬁng model based on |
‘ ihe methocls‘o_:f Wang et al. (2001) was produced. Méjor el.éxﬁent analysis was used to
chstruét a mantle melting column. Tlﬁe base of the melting polumh represents the .
;initiation of mfelﬁng, and is a function of manﬂe temperature. The top of th‘e column
represents the poiht at Which n:iagma qeasés to rise a‘diab‘atically,‘ and melti;mg is thereforé
terminated. The total length of the melting column detei‘min.es the total melﬁ fraction.
FeO is a depth indicafor, and is used to indica&e depth of meflting. FeO beéolnes less

compatible in olivine with depth (greater pressures) and its concentration is thus higher in

; l_iigher—pressuré melts. Melts from deep and lﬁot mantle have higher FeO than those from

relatively éhallower mantle (delgﬂluin‘ et al‘., 1992; Wang et al 2001). N‘agzo 1s uéed to

’ determiﬁe the top of th:e meltin:g colL{n‘m,‘ as Na,O content is a funcfion of i11c1‘easi11g melt‘
.ﬁ‘action (concénﬁration decréaées with i11c1'easi11g melt fractiQn), and variesjwith
clinopyroxené conten_f. Na,O content fs controiled by pressure and amount of melting.

‘With high pressure, the clinopyroxene melts q:uickly‘. enriching the initial liquid in Na,O.

48
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iBecause Na,O i;s incompaiiblé, the initial partial melt is gréaily enriched in NaéO, aiid‘
since meltiiig is [‘i'actionali, each subsequent melting interval will have less N‘agiO becaiise
NayO is depleted by previous melting episo‘dcf;s. Models are calculated with a 1-12O free.

| system, and coi‘rected for effécts on major elements due to fractional crystéllization.
’i‘he mzinilé melting 1iiqdel uses accumulated fi‘ﬂCiiOiizil melting, 1'65Lilting in»mel‘t

: ciomposiiions b:etween batch i\iid fractional melts (Langmuir et al., 1‘992),;with melt
pooled after each 1 kb of: pressure 1'eleas§, anil a simple‘oiie dimeiisional upwelling path
(iiieiliiig colun_'m) (Wang et al., 2001). This model is basc—:d: on coinpositional changes of
FeO, MgO and Na,O in mantlé 1i1elts eissu‘mi:ng olivine-melt equilibrium anid trace
eleme‘nty behavior for Na (Wang et al., 2001). Based oii the Langmuir et al. (1992) model,
the mimtle melting model utili‘zes the partition coefficients (Kd) for Mg angi Fe‘ in oliving: ‘
(a function of pressure, teinperature and alkeili content) wi’ih MgO .an‘d FeO

, cOncéntrations imp‘(‘)sed‘ by olivine saturatioii (Wang et al., 2»001 ). Na,O is ca]culatizd
from Kd in cliliopyroxene (a i’iiiictiOii of prejssure and temperature) (Wang- etal., 2001) .

- using non-modal trace element equations (Langmuir et al., 1992)." Additional param‘etefs

“ for the niantle_inélting model illCilee an i‘nitial inantle composition of fert_ile Iherzolite

: (.;wiith MgO = 39.5%, FeO = 8.2%, Na,0 = 0.29% and 1‘5%E1inobyroxené), the position
of the iiiantlé soliclué (at pressure = S.S GPa with T =1150° C), and the relationship

~ between temperature and percent of melting during isobari_é and adiabatic melting.
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Methéds
To comp‘are the samplés from the NLCVF to those of primary melt. cémpositions, |
samplés are first reduced to a primary composition (similar to those of average “Basin and
Range xenolith olivine) by correcting fof fractional crystallization, followed by using the
addition of olivine to primitive compositions (Fogo).

When correcting for fractional crystallizatioh, Waﬁg et al. (2001) suggest

projection of basalt data to a high MgO value closer to primary compositions.

‘Because a majority of Basin and Range basalts fall between 6 and 9 wt % MgO, the value

of 8 wt. % MgO was selected. Next basalt geochemical data for eéch elément ié plotted
against MgQO and a regressibn line calculated. The concentration of each element is then
determined at a MgO value of 8 wt. % (Figure 15). For exzimple, the intersection of this
regression line with the MgO=8 wt. % yields the Fes o value, and the highest FeO* value ‘
along the regreséion line is designated as the Fep, value (most primitive sample) (F igure
13). |

In order to célculate the Fogg value, equilibrium olivine is added in 1% increments

until the resulting basaltic magma is in equilibrium with Fogy olivine (Wang et al., 2001).

In order to assess how the varying amounts of fractional crystallization or contamination

play into the calculations, comparisons of both Fegyand Fep,, are used. Figure 15
; I &

graphically represents this process.
Accumulated fractional melting paths are calculated from the Langmuir et al.
(1992) model. The curve generated represents a pressure of intersection with the mantle

solidus (Py), and the point at which the mantle ceases to rise adiabatically (Py).
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" The total melting column length (P -P,) determines the total melt fraction (F). This
- mantle melting model is shown graphically in Figure 16. Final Na;O and FeO contents
of the mantle melt provide the initial depth of melting (FeO iﬁdicating Pp) and final depth

of melting (Na,0 indicating F). All calculations were completed in Excel worksheets.

C_bnclusions
Using-tﬁese methods, the mantle melting column was calculated for samples in
‘the NLCVF : A Feptim vaiue of 14.39 (calculated ﬁ'om Figure 15) Was used and thc modél ’
-. predicts initial melting at 5.4 :GPa‘(depth of ‘17.5‘km) and fm_:al melting at 43 GPa (depth
| of 130 km) (Figure 16). These results indicate very d¢6p, hot (>1500 °C) méltingin the
| a:sthenospheric'mantle. Wang ét al. (2001) épplied these methods to samplés across the
: Gréat Basin, to create a mantie :nlelfillg profile. Using this i'nf“ormatioﬁ, theivr model
predicts a profile that "‘follows’i the astheﬁosphere/lithos‘phere boundai'y and this boundary
location is supported by ‘otl‘le_‘r geopllysical and g¢ological sﬁ1diés. Wang et al. (2001)
suggestgd ‘th‘at‘ meltiﬁg occ‘ur:s lérgely in the a-sthenosphere,‘ahd that melti‘ng ceases at the
base o f the litho'sp‘here. Their evidence supports deep hot melting along the axis ‘of the
Great Basin Witil mantle temp:eratures an avérage of 200° C ho‘tter than averége
‘ ‘astheho'sphere. Wang e;[ al. (2001) suggests t]jat this is evidence of a mantle hot spof or
" piume. Findings from this sti;dy éupport thé conclusions of Wang et al. (2_601) aﬁd
iﬁdic'ate that deep hot xl}eltillg of asthenosphervic mantle OCCL:ll'l‘ed in this aréa. Thus, the '

possibility exists for the presence of a mantle melting anomaly under the NLCVF.
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Evidence for a mantle anomoly, possibly a m:antle plume e;{ists, however‘the area of
magmatism is of small v:blun‘le_v, not typical of the large volume volcanism tﬁat
accdmpénies plume melting,‘ and ﬁlrthermore there is no plume track or cle_alj cut‘
i)lﬂOgl‘CSSiOll in: age. One possibility of a mantle anomaly is tliat of a mantle roll, or eddy._'

The eddy or roll may preferentially occur near where the lithosphere-asthenosphere

: ‘;contact “has a éiglliﬁca11t relief. As the‘ lithosphere travels tln}ough the asthenosphere, a
'Wake‘(such as tﬁat of a boat) is produced wl;iCh moves Wit]] the lithospheré, typically at |
| major lithoé;pheric boﬁﬁdaries (Slllifll, in press). Figl.ll“e 171sa cﬁrtdon 1'6pr¢s¢:nfation of
‘ tl:ﬁs mantle roll.: hypothesis. A lithospheric keel may exist in: this are‘a, bec_:ause the DV-
PRBZ is near the western edge of the Precambrian crziton (Farmer and DePaolo; 1983),
e:md this area 15 also marked by!a s§ctioﬁ of lithospheric thic_kéning related to fhe
Sonoman, Antler and Se?ie‘rOfogenies (Rogers, 1993; Taylor et al., 2000).5 If akeel
e>'<ists, its ﬁlovement thrdugh the astﬁenosphc;re might prod‘uce‘ a manﬂe roll and exialain
the source of tﬁé mantle 111el;[i1;'1g anomaly. B |
CO‘llCll‘JSiOlls from the 1na11tl¢ nielting 111qdel (this study and Wang et al., 2‘001‘)
;sﬁggest that the‘possibility exisfs for a link in fhe volcanic ﬁ:'elds‘along the .DV-PRBZ /
‘.Basin‘ and Rahge by a coinmon deep 1112}11tle.: s;')urc‘e.‘ This could éxplaih the unique
. iocﬁtion of the NLCVE along the axis of the Greai Basin. This mantle anomaly under the
NLCVF wc‘)uldb produce the d_;:ep, hotjmeltiﬁg'observed in‘th.e ca]culations; aﬁnd even
' timugh the 111a1:]tle material is hotter than aVeragg the relati\:/ely short COluhm length

~ contributes to the small volume of the NLCVF.
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FeO* vs. MgO
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Figure 15: FeO* vs, MgO.: Calculation o_f Fepim and Feg o from samples from
NLCVF. Values obtained by addition of equilibrium olivine in 1% increments until
- resulting magma is in equilibrium with Foge olivine.
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- pressure/depth of melting. ‘Insert details melting paths from Great Basin area (From Wang

et al.. 2000).
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Thickened lithosphere ‘ A Edge of Craton
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< Accreted Terrain
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Figure 17: Cartoon representation of mantle roll hypothesis. The
Precambrian boundary is located to the west of the NLCVF, and
sections of thicker lithosphere due to orogenic episodes occurs in the
field area. Lithospheric keel creates a wake in the mantle Lunar
Crater Volcamc Field indicated by volcano.
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CHAPTER 6

FUTURE ERUPTIONS
~ There isa ‘high likelihood of future volcanic eruptions at the ﬁort,hern terminus of

the DV-PRBZ. Previous work in the DV-PRBZ by Crowe et al. ‘(1992) conclﬁded that
new volcz‘mic events Will 6ccur ev‘ery 22 to 100 ka. Models by Crowe et al. (1992) use
uniform temporal distribution and homogenous Poisson models, yielding a simp‘liﬁed
assessment of recurrence ratés. Additional models by Ho et al. (1991) and Ho and Smith
(1998) use 11011-1101110gé11€0115 models that are sénsitive to waning, steady or increasing

- frequency of volcanism (Smith and Keenan, 20‘01 ), and suggest that recurrence rates of
>15 events per million years, or an event approximately évery 67 ka. The youngest flow:
(Black Rock) was previously dated at 20 t9ka (4°A1‘/39A1') by Di‘ckson‘(l‘ 998). Ba‘sed on
this date and the recm'rehce rzife of Crowe et al. (1992), a future eruption can b§: expected
within the next 60-70 ‘l(a. Based on this déte, and utiliéing the m‘etho‘ds of Ho et al.
(1991) and Ho émd Smith (1998) an eruption can be expected in the next‘37,667 to 55,667
years. 7l“ljis eruption Wc‘mid most likely occur in the vicinity of the Black Rock or =
Noi’thern Blacl; Roék ClusterkCoﬁes area. Disruption of USS. I‘Iighway 6 would occur in
the event of a future eruption. This is particularly relevant, as the D.O.E. ha‘s indicated -
intent to transport medium-level nuclear waste to the Yucca Mountain Nuclear

~ Repository along U.S. Highway 6 (Tetreault, 2003).
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CHAPTER 7

SUMMARY AND CONCLUSIONS'
Based on field observations, geocheinistry and new “Ar/*? Ar dates for the
: I\IILCVF\‘this area of relativefy yéung, small voiume, basalt:répresents a shnple volcani¢ '
system. Basaltic flows can b§ grouped into those of trace ‘element‘ enriclnnent, and those
Qf‘tréce element dépletion with a deep (175 té 130 km) astl_ienospheric mantle source.
Asthenosﬁheric meltiﬁg 18 fu‘rtlzler supported by Srand Nd isc;topic ratios. Flows in the
NLCVF‘ developed by:differing degrees of pgrtial melﬁng, independént of one another | .
~with little evidehce of crustél ¢0ntamination; or comminglﬁxg. In the case bf the North
Bvlack Rock Cluster C‘ones‘ multiple eruptions occurred ﬁ'O;l] the same volcanic vents
: bétwéen 1.20‘i_’0.5‘5‘ Ma (F-1, Table 1) and 0.24 + 0.34 Mé (F—3, Table 1). Even ti\Ongh‘
the F-1, F -2 and F-3 basalt ﬂc;ws erup‘te‘d fr<:)ni the same volcanic vent, the F-1 and F-2
flows represents differénf magma gi‘oﬁp‘s (Chaptef 3). The basalts of the NLCVF were .
erupted overa Short period of time ina wel‘l-de‘ﬁned area albng the DV-PRBZ. The
dépth of meltihg (175 to ‘130:km), as determiﬁed by the maﬁtle melting mbdel, indicates
il]é\t th‘is‘part‘ic_‘ular volcanic ﬁeld‘might‘ be controlled by é deep. hot mantle source. - This -
.may be attribtite‘d to a mantle 1;1elting anoma:ly such as a‘m:antle roll. Altholugh this hOttﬁl?:
than average mantle exists, its.depth indicétes thatbasaltvic‘ nmgma‘x&oﬁld havetorise a
- g?eat distance té reach the su;‘;face. Conside:red along with a-: thicker lithosphere in the
‘ ai‘ea under the NLCV‘F,‘ and drelaﬁvely short calculated meﬁing Col‘umn‘ of 40 km, the‘sez '

~ three factors could explain why the volcanic field is small in volume.
57
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In addition, liuié mantle anomaly might cont-ribute to the uni;jue location of the NLCVF in -.
the DV-PRBZ along the axis of the Great B‘asvin at the edge of the Precambrian boundary.
The likelihood;of volcanic hazards exists ili thenortlwnnno_’st section of thisb field in the
vicinity of :Bla;:k Rock‘andjth:e Nor‘thern Black Rock Cluster Cones Withil;l lj:he next ‘3 8-56

ka. Future eruptions in this area would disrupt.transportation along U.S. I-Iighway 6.
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