
,. 
~1 1S)OIQ4 $) I~I 

CRATERS OP1llE MOON NM 
Petrological and Mineralogical Variations in 

2500-2000 yr B.P. Lava Flows, Craters of the Moon 

Lava Field, Idaho* 

hI' M . Z . STOllT' . .I. NICHOl.LS'. ANIl M. 1\. K UNTZ' 

, (i llil'crsi,1' 0[" Call/ar.\" . Cal!!ur)' . AB T2N IN4. COllada 
'.IifS 913. B'n- 25IJ4f>. /-" t/l'1"lI1 C('I/,er. US G('(I/o!/i("ll1 SlIrl'I'Y. Delll·er. C"lnrad" RII225. 

USA 

(R('ccin'" _'4 .l,llie I t)C)3: rerised npt'SC'I'il'1 0('('(' (1/('11 11 Al'l'il 1C)()41 

---- ----- - ---

I\BSTRI\CT 

Basaliic lava now, were er llpled 2500 200() yr II .P_ along Ihe Circal Rift volcanic rift zone at Ihe 
" Iers of Ihe Moon la"a Geld in Ihe Snake River Plain volcan ic province. Idaho . These flnws form a 
""sesuile of rod Iypc, ncar the nonhern edge oflhe Snake River Plain blillypkal Snake River PI"i n 

l
~t\JI1C h:I,,;III..; were erupted fll'arly contemporaneously at the center of the plain . " hl' ('r ,II e r, III Ih..: 
f 'Hlll in,! 111'\\\ '.lII)'!l 1111111 h.t,,!!! III I/'h .. h~k·. where:!" rod\s typical ofthc Snak.c f{,\q,,:r P lalll ale 

" inC basal! an ti l il),II Itl: \\ollh 110 1IlI l.:rn lCd iai c Iypes . The ( 'raters or the Mt)o ll lava n()W~ have 
~~mical and mlllcndngu.'OlI fcalllrc"i Ihal do not (it Ct)IlVCnienlly inln any tlf seve ral currentl y 
,'om mcndcd fock d"'\,,ilicatltH1S Suggested names fOfthc ( 'raters df the Moon rtH.:ks, based on colnr 
'dc:<. Si01, P10.., and I i()! contents . modal feldspar pillS gla~!Io contents. hi contents of olivine. and 
'Id~par compositIOns. arc ha:-;all. trachyhasa It. t ristanite. uno t rachyle , Bo t h the Crate rs of the Moon 
.. I Snake River Plain rocb. arc dominated hy plagiuclase and o li vine and co ntain minor or lesser 

t nounts ofpynn..CI1C. Il owc\,cr.lhc Craters nfthc Monn ItlCks lack the Mg. AI and Cr~rich spinels and 
"= Mg~rich nli\'lllc" fOlilld in Snake Rlvcr Plain hasalh Instead . the ('raters of the Moon la va flows 
'ntain l 'e~riL'h oli\'int.:. rarc " c-riL'h pyroxene. and nllJ10r alkali feld spar. Ac(~ssory minerals in the 
'Jlers of the Moon rocks arc zirco n and apatite. Chcmical and mincrn logical data , including. 
1tlmpSO ll spuce reprcsentations and mass halance ca lculations. sug.gc'\ t a genctic link hetween the 
'u kc River PI:IIII ha~a il '\ ,lllti I he Cralcr .. of the Moon lava nn wo.; . Thcfll1t)UYI1f1lllu,: modeling suggests 
'.11 augi te co uld :lPIll'ilr Oil Ihc liqlllJLI ~ of Ihe ('riltL'r~ or the Mooll la va !lows <It high pressures anti 

I dudlllg a more lll:lgl1c!'>lnn (earlier'!) ryrllXellc in the fract iun:ttll1g assemhlagc improves the lea sl-

I ~Uilres l11a!'>fi halann- rC!'1I1t J>roL'CSSCS of crysta l fra ct io nat io n and acclimulation. overprillt ed h) 
"iHllin" I iOI1 h\ f'1IIII ILl'I'II\ I h ~ ,, !tic, G ill ' h. l.:UUllt Illr 111Ul.h ultltc J' ''C I \ 11) \\ 11 lUll I hc luck lypeS Irmll 
( r.tt..:r!' 1I1 11h.' ~11'''11 /,1\,1 IIdd . 

I NT RODU('TION 

The Snake River Pla in volca nic province is aplly descrihed hy Ihe quolation ' ... 

l'IIlJno nI Y. all v()Jca n(le~ or a given "provincc" or arca will crupI lavas which, although 
IIITe ring considerably. have persislenl chemical charactcristics thaI poinl 10 a common 

' ''gin. How Ihey originale .I ntl Ihe reasons ror Iheir chemical divcrsilY arc among the mosl 
Imporlanl qllcslions or igneolls pelrology' (Vcrhoogen (', <II .• 1970). 1\ dislinclive 
jlilraCICrislic or lile Snake River Plain lava ilows. ~hicl1y hasa lls . is a Illniled range in 
'l1emical and Illineraklgical composil ion . They are Iypically low in si lica and 10lal alkalis, rh in iron. an~_ 1 hey cryslallil.C olivine lirsl. rollowed hy plagioclase (Powers. 1960; Waters. 

! " \rl""'cd I" 1)" ,,\'n' . I'S (;\'nlng"al Sllr< ·c~ . 1.1 Ar,illYY4 

·"''''/', '1, ,,1,: ,11 \ ", ,1 I( ",, 1/, ,'p I f'~ 1 I ~ I ' 1'l'lJj , (1""I,ll l nllc"ll~ I'rc~ ~ 1"'14 
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1961: Stone. 1967: Jones. 1970: Leeman. 1974, 19R2(/. 198211 ; Thompson. 1975: Stout & 
Nicholls. 1977). The province is dominated by olivine basalt and rhyolite: differentiated rocks 
arc present only Itlcally. One locality where dinerentiated rocks are a significant part of the i 
volcanic pile is the Craters of the Moon lava field (Kuntz e( al .• 1986a). Suggested petrologic I 
interpretations that relate these rock types have been discussed hy Kuntz eC al. (1992). 

This paper descrihes lhe chemical and mineralogical variations in a suite of hasaltic and II 
related rocks from Craters of the Moon (COM) lava field that formed during the youngesl 
eruptive period. the 2S® 2000 yr B.P. period A [termino logy from Kunt Zl'( <II. (1986a)]. We 
present a data set for 22 rocks that represent most of the main lava flows of eruptive period A. i 
This data set includes major-clement analyses of the rocks and minerals, modal analyses, and I 
distinctive petrographic features. We also suggest a possible nomenclature for Ihe period A . 
(COM-A) rocks and illustrate the differences and similarities hetween COM-A rocks and Ihe I 
olivine basalts of the Snake River Plain . Four samples have been selected to illustrate lhe 
COM-A rocks because they represent the variation in rock and mineral chemistry and in; 
rock nomenclature. Accordingly. electron microprobe analyses of the minerals in only these 
four rocks arc presented. However. the complete mineral-chemistry data et. gathered rrom 
microprohe analyses of minerals in all 22 COM-A samples. is illustra ted in ngures and 
available from the authors . 

SNAKE RIVER PLAIN 

The Snake River Plain (SR Pl is an arcuate structural and topographic depression of 
600-km length and 50 100-km width in southern Idaho. The plain is bounded on the north 

117" 1160 

by the Cretaceous plutonic rocks of the Idaho batholith and by block-faulted mountains that Holocene lovo rlelds or 
consist of folded Precambrian, Paleozoic, and Mes070ic rocks that were uplifted along NW· .ruptlve period A 

trending normal faults during Cenozoic basin-and-range tectonism . Similar block-faul! \ 
moumains bound the plain along its southern margin . Tertiary rhyolitic and basaltic roeksol 
the Owyhee Plateau border the southwest side of the plain. and late Tertiary and Quaternary ~~~ ,,~~ ~ 
rhyolitic and basaltic rocks of the Yellowstone Plateau are at the northeast end of the plain I l~0~\1 
(Ftg. I). IQuoternor v ond Terllorv 

The western SR P is a late Neogene, fault-bounded graben containing basalt and rh yolite '~VOlilic rocks 

The eastern SR P is a broad, flat , lava plain consisting of mostly Pleistocene and Holocene 
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lava Ilows and thick, interbedded detrital sediments (Malde & Powers, 1962: Malde, 19911 'I 

basaltic lava flows and thin. interbedded sediments (Malde, 1991: Kuntz ec lIl .. 1992). Mosl 11M. I Map 'h",,"r~ the I""ar",,, or 2"Kt 21XKt yr 11.1' la " , liekh (Craie" or the Mou" . Krn~' lIow\. ;,0<1 Wap'l 
lava fields of the SR P province represent monogenetic eruptions from vents that are widely I w,thi" the S"ake H, ver 1'1;"" . 1<I;,ho. 
scattered in both space and time . The three latest Pleistocene to Holocene lava fields. Craters 
of the Moon. Kings Bowl. and Wapi, are located along the Great Rift, a volcanic rift zoneaf 
8S-km length and 2 8-km width (Fig. 2. Kuntz ('( lIl .• 1988). 

Lava lIows of the COM licld have" hroad range in chemical composition: the broadest 
range (4(1'6 ('~'5'Y;, SiO,) is in !lnws from cruplive period A (Kunt/. ('( III ., 11J1l6(1). The 
,Ira tigraphic ,'rdcr of nt~tj,'r lava Ilnws. radiocarhon ages. lava tYr" " " f major !lows, and 

CR A TE RS 0 F TH E MOO N LA V A F IE LD ! .,lurcc vents forcruptivc period A arc listed in Table I and shown in hg. 2. The nows or flow 

The Craters of the Moon (COM) lava neld contrasts with other lava nclds in the SRP I ;eq uences of Ihe peri(ld A-COM la va neld and field numbers of the 22 chosen samples are 
because it is a composite, polygene tic field composed of at least 60 !lows erupted from "S liistCd in .:a~1c 2. The ~ ings Rowl and :Va pi la va field,: along the sOI~thern part of the Great 
tephra cones and at least 8 eruptive-fissure systems. The COM field is the largest. domrnanlly i Rtf! vole,lnte zonc . .lrc .rpproxlmdtcly coevdl wtth the (OM -A Ilows along the northern. part 
Holocene lava field in the conterminous USA; it covers ~ 1600 km' and contains _ 30 kml 'Iolthe Great Rift volcaniC Lone (J-rg. 2). but the Krngs Bowl and WaPI lava fields constst or 
of lava ftows . and associated vent and pyroclastic deposits . Stratigraphic relationships. olivine basalt now~ thai arc similar to the olivine basalts covering the vast part of the SRP. 

paleomagnetic studies. and radiocarbon ages (Kuntz e( al .. 19R6h)$llOW that the COM field I 
formed during eight eruptive periods. designated as H, oldest, to A, youngest. The firsl ANALYTICAL METHODS 
eruptive period (H) began - 15000 yr B.P. and the latest eruptive period (A) began - 2S00yr Modes of COM·A roeks were determinet! hy automatic counting on the cicelron microprobe. thus 
B.P. and ended, 1000 yr R.P. (KlInt7. C'( (1/:. 19R(\(/). 1iminaling Ihe 11"ll1le~ clrcel IChaycs. IlJS() . Chapter 111 and allowing Ihe identification of slnilll 
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nd 
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n d 

2222.t 1(1) 
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III,tll'lIIll/"""'c'O/"lIllw ' /ltI\ l.\ 
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Brn l... cn Top I.: IIHkr l:onc 

Erupti ve li ...... urc'\ !\oll ih of Big. Cra ters 
onder l:(lIlC l:om plc"( 

F,ruptn'c Ii ..... urc .. hctwccn Big Cinder 
Bulle ilnd Thl' Wah.: hm:t n d ntJcr c.:llnc-.; 

Nlllih (·fall'l I.: 1I1IiL·1 nlll!.: 

hupll \,c 1i~~ ll rl'lIl lh)rlh em.! ,Ir Big 
( 'ra ler .. l:InOCf l:onc 

Nllrt h Craler cind('f l·onc ("n 
Nmlh Cra ll'l l:IIHlcl UHll..' rn 
Nnrt h { 'ril tcr clIlocr cone ("n or tholcml 
\cnt (,'I hClwccn ( jril"~Y ( 'one and Sunset 
('one: cinder t.:ont.: .. 

1· 1'i. .. ure \.(·nl'-o nnlt h ;IIHI south or King~ 
Bllw l 

VCIlI S al Pill,n Hul lL' 

I ~X5 

"d re refences IhefC III] All alyliea l melhods liSCO ror a DCl'ils Orchard rock (1)0 2. Table 21 ha ve heell 
"cn hy Leemall <'I rrl (1'1761, Analyses arc lisled ill Table 3, 

Mineral ... ami j.!la ...... l·" \\'crc an:t1 Y/cd \\'r lh an Applit.:d Hcscan.:h l.i1hnr;Itorics SI :MQ X ~t:hannd 

',Irclcn!!t h di"pcr""\"l' cll'l..I ron minopn)hc, I':rg ht clemcn ts we re uCJermincu sinlultancously under the 
1·'Unwing. oJ1eral ing conti 11 inns: I akc~(ln· angle, 52,5 ,aCl~c lcrating vo llal;!c. 15 k V: emission cu rrenl . 30() 
~'A: hC:.t 1ll clirrent. 1), 1" IllA on mineral" ant! () ·o) mA on glass; he-am diamcter < I 1"11 (si/C or 

f

mlllCSCC l11 "'pt'l 011 pl,Ig.l<u.:la,",c), c() un tlng. Hille , 20 s nn Illlllcia is. 40 !\ \111 glas,", Corrcctl on r rot:cdurcs. 
IImales "rprcci""" ,11,,1 delccl"'" IImll s h.lve hecil descnbed by NIcholls & SIOUl(19HH, pp 105f> 71 

C LASSII ' I( A liON 

CO M-A rods do Illll lit cO ll ve nienll y into currenll y rccommcnded rock class ifications , 
'I)r example . lhe 11)",1 MgO- fi<:h . SiO ,-pnor ('OM-A rock is hasall in lhe lUGS modal 
'Imi fi cal io n (Slrcckcisen. 1979). alkaii hasalt according to Irvine & Baragar ( 1971 I, 
:achyhasalt in 11K II I(;S chemical classi fica lio ll (La lias <'I <II .. 19X61. and andesile in lhe 
'ormative l UGS cia"ification (Streckeisen, 1979 I, Thc extensi ve hasall !lows of the SR Pare 

Ill i M.lp or( r.llcr:-. 01 th l: Monn, KlIll:t" Bow l .• lIld W .lpll ,I\,.1 he1d~ .II'IJI~ (Ill: ( irc.1I RJrt HIIL.III .... : fin 1\1111' 1''\ pn)01cmalic : Ih<'y havc heen called olivine tholei itic basalt s (Leeman. 1975). alkali 
i"'me hasalts (S tout & Nicholls . 1977) or simply o ltvllle basa lt s (K unt z e( aI., 1986a) TIllS 

1 
,,,,, li on 11) bas.11l names re!lecls lhe dl!lercnl Crllena used 10 claSSIfy rock s, normative vs 

. 'odalmlneralogy. lalher th.ln any fundamenlal olsagreement aboull he composit ion oflhe 
l'r~S l ,lIs Ihal ill l' nrlcil dtlla.:ull Itl u.knllry hy opltt .. ,lmclhnds ()nc~scc(lIH.Il:Ollllls 0 11 ( 'a. K . N.t TI.SI fiR ? hasalts Th.!l thcy tllC ollvlIlc ha ~a lt s IS not III doubl 
AI. I'e , and I\1g wcre "'Ilked ,,:,,1 w mpa,ed \\ll!l lhe 1.lllklllg e'pecled ror Ihe mlllc ,.II , IIllhese rlld, The via" t:(l ntcnh ' lll Ihe ( 'O M-A lOCks lentlcrs a" l '1I1n' n.tmcs b.IScd on modal 
Il' 'i l.tnd.lld Itlll.:"'i lN ldh11l ... & Stput , Il)~h) (tltllltlll).! \V , I '" dplll' ,'11 ,I 2()O JIIIl (.! lld "')l. ll' lll g. ,1Ilt!.1II t:"' • • g. g. 
a\l'I.lg'· "I 'IHMI ' p"h "ere ,III,II,/Cd per s.IInple , Applll,\lmalelv 7''' '" "r Ihe :II)aIY/ed ' 1',)ls III each , ~lIIcralogy dlilicull. In ;In attcmpl 10 overco me tillsprohlelll . Ihe modes wcre l1o!'maltl.cd 
""nplef "CfC,ldenlilied ' IS specilic millerals Ilf as glas, I hc mlloes Wefe lI","ma li/ed I" 100" .. CXd"din1I '~~s free to pnwldc an CS(IIlw(e o f w lor Inde x til,HIS Independenl of glass conlent (rable 4) . 
Ih,' III"delllllied spols, ThIS assumes Ihal glass would crys lallize to a Illllleral asscmblage of phases In (hc same 

J{ "C" "efl' allalYled b) collll,i llCd X· ray lluIlfcsce llcc ,,,Id chemicalmclhlld, I KUIIII 1'1 al, (I'lX5'," lpOrl ions as idcnlilied cryslals in thc rock. The presencc of only a few phenocrysts « 1% 

i 
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TARLF. 2 TAOLI: 3 

Flow sequellces m,dfield lIumhers ,~rsamples reJerred IIJ ill l('xl,figures, (llId 
mirer lahles [KIIIII: et al. (l91l5), exeludi/lg samples marked wil l, (III aSlerisk]: 

rock Iypes (Ire Ihose discussed i/l leXI 

Chemical Il/llllrsl'., 011 111' ('r(/Iers ,,(Iirl' MO(/II, period A ',1/1(/ flllll's [Klllllz et al., (/1)X5 ),I!xcepl 
, .. H Y I, ullpuhlishe,l (llIa lysis'] 

Flnll' fir /IIIU' S('l{II"II( '(' Fi('/J 110. I.aj,d in leXI 

Rrokell Top flow 79K89 BTl 
78K 12 BT2 
7RK IJ OTJ 

Bluc Ora!!'111 J1tlWS 18K52 BDI 
79K 106 BD2 

Trcnc..'h fl,hlrlar f1al nuw 7KK46 TMFI 
78 K 126 TMF2 
7RK4.1B' TMFJ 
7KK42A' TMI'4 

NOrlh Crater now 79K90' NCI 
7HK I22' NC2 

Big Craler flllWS 7~K 12 11("1 
7HK I9 BC2 
78K 120 BO 

Scrrale nnw 7RKI21 Sci 
7RK99 Sc2 
79K9J ScJ 

DeVils Orch:.ud flnw 00-1 001 
78K 182 D02 

Highw:ty now 78KISI' Hyl 
7XK 152 Hy2 
7XK4' Il yJ 

Ro,}, '.I'Pl' 

Olivine hil~mll 
Trachyhas:111 
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Trachyhasall 
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Trachyle 
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Tnslanllc 
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\:° 1 
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't p J 
reo 
linD 
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47 K I 
.120 
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14 (,~ 
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.1'17 
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.145 
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(l'1 
,·x:! 
, ~t) 

'7K 

tl .!k 
II' II~ by volume I in these rocks suggests that .the glass compos itions are simi lar to Ihe ' ~i~ 

groundmass-domlnated, whole-rock compostllons. The more mafic rocks have estimated :,'li.1 'IX X5 
11114 
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I IS 

1.1 4.1 
0-24 
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7'59 
J 2X 
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0·12 
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4·(,7 
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color indices .> 20, whereas the more felsic rocks have estimated co lor indices < 10. Onh -----------------------------------­
three of the 22 rocks (Se l , DOl , and Hyl) hllveestimllted color indices hetween IOand 20 

The four samples se lected to represcn t the variation in the COM-A rock types are' II I' . .. . . . . . 
B k T fl BTl h' I ' h . .. .. . . II.deast prll1l1tl\'e «1~ ~ (I ah le 21· We suggest th:!t these predolllll];llllly lIne-graIned . glassy 

ro en op ow, ,w IC lIS t e most pnmlli ve rock m thiS study and has the lowest SiO:. :,l(ks arc hest descrihed hv a cJa"iJicatinll hased on Iheir whule-I"lld chem istry , hy the 
and highest MgO contents' (2) a less pnmttlve Broken Top flow BT2 ' (3) Sernte flow Sel . . . . ' , . . . .. " - , " Jm"\lllls of fcilbpar and l!las~. and hv Ille C.II")10,IIIIII1 of the dtllllillallt mmeral phase, 
and (4) Serrate flo w, Se2, representong the leas t pnmltlve rocks . The rock names derived from ,. 

Iddspal". 
the widely used c1assific:llion developed by Irvine & Baragar (1971), the l UGS 
recommended chemical c1assiJication (Le Bas el Ill .. 1986), and the l UGS recommended 
modal and normative classifications (Streckeisen, 1979) arc illustrated and summarized in 

CIlI·M I S·1 RY 

Fig. . 3. The ("OM-II );IV:I Illlws ~htlw di~tinelive ch;\, ;teICris lic' Ihat a rc common to the SRP 
All these methods classify more Ihan one of the four selected rocks as the same type. To ' ,,'Jean ie prnvilll'~ In Icn", "fwhllie-rnck alld mineral chemi~lry They al," have featu res Ihal 

complicate the process furthe r, in three c1assificatioll' II.e duplicated names do not apply 10 lTe presenl ollly ill the ("OM -II );"'a ilows . Thesc tlistillctive fealure~ arc due in part to the 
the same rocks. In the l UGS normative classification (Fig. 3c). all four rocks ha ve the same JiITcrellt roc~ types f'lllnti at ( ()M colllpared WIth Ihe rest of the SR P. ('ommon and 
name even though the rock a nd mineral chemistry or each of these rocks are distinctl\ Iwnlrastin!! charaeteri,tll;s arc illustrated in the following sceliuns. 
different. To faci litate description and discussion of the chemical and mineralogic~1 The SiO! con lellis llr 5~ COM-A rods span two ranges, - 46 5~ wt. '~o anti - 55 64 wt. 'Yo 
cha racte ristics of the 22 rocks in this stud y (Tab le 2), it is necessary to identify simi lar rocks a; • :Iablc 2 or K untl t't III. (I 9R5) : sec al~u Fig. 4a). The hiatus betwccn the two ranges marks the 
the same rock type . I'Teak betwccn hasalt Irachyhasalt and tristanitc trachyte. Sil K ratios a lso show a 

We di.stinguish the four rocks selec ted to represent the variation in rock types as basalt, the ;omposilinnal hiatl" bel "cen -'he t w() groups. Tbc basalt, anti trachyhasalts ha vc ratios in 

mo" ,,,m,,,,, 'ock. ,,,,hyb,,," ,nd '''''''''''. " i""m,di", 'ock '''''. "d " .. hy"" ('""" 17 " .hoc,,, ,I" "'''""'',, "," "",hy'" h"" ,",," m "" " "" 9 "No", of 
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TAR LE 4 

:\/o,lcs '1',,1. "" I ,,(r llt' ('ra lers "I II/(' Moon, period A ItII 'lIS, tlt't<'rllJinNI hI' ('/<'('IN'" lIJicl'Ol'mh,' 

,\,11111'{C' ()/il' /'\\ /-:'/' AI' 01' (,Ia.\\ hp r Uh CI 
BTl IH.1 (}06 40·4.1 5·R.1 4'.15 .1(dO 769.1 36·]J I1T2 l)-,llJ :! -()~ 49·n 506 0' 7~ 27'112 71>·74 .11 ·87 RT.1 t) . )(~ 7'2.1 42·M I 4·77 o·f>() 2X '1O 71·5( 3995 R[)I 1.1'6 1 0·06 (,0' 17 5'5.1 4' 14 10'49 70'66 27-95 BI)2 10·25 6'oR 46·6( .1 ·79 (,.( 1 26'56 7.1- 17 .16'5.1 T MF I 10'4X .1 ·99 07· 17 NS S'94 9·9X 77-15 25·.19 nil '! 604 4·IJ 55·06 2·57 5'91 25-HX XI)·94 25·71 TMF.1 7·,,5 .1 ·22 49·,,2 1·79 6·70 .11 ' 16 XU'6X 2X·07 TMF4 

'" IX .1 Ih 5.1' 74 6'oR 7·16 14·UR 67 Xl .17-45 Nel 9·1(1 {l·U.1 52-97 2'(14 J ·4.1 J2' ~3 R5 '20 21·R4 NC2 12 R.1 0'57 65· 14 .1 ·74 4'46 1.1 '21 7X '4 1 24·911 B( I 1207 0'55 6~'-l ~ .1'57 4" X 1(,-75 7lJ ~.l 2495 IH, '2 ~77 ,,·no 4'i·.N 4-06 7·0.1 15·75 7' 14 .1HR Be.1 774 O' I~ 0()'29 l'XI 4'02 ~4 42 X4·71 20·2.1 Sci 7 '7 (HU oR55 1·94 2-(,'\ IX R9 N7-44 15-49 Sc2 I 7R 1 ' ~ I X'\'24 0'15 NX 7·11.1 91-27 R'JO Sc.1 2·27 (1'45 74 ' 19 O· IX n'90 22'02 9(,,21 4'R7 DO l .1·.\X 2·21.) 6:"5:' 0·77 2·55 25·26 90'HI 12'.10 om ! '(l4 U 74 .11 ·.1.1 006 0-46 6.\·.1X 96·71 9'53 Hy l R' 19 1 79 XO·74 1'09 .1'19 4-4 1 HS' 15 15'54 Hy2 1·49 ()'5H 69'9 1 (1' 11 I' ll 26'69 9(,,60 4'62 Hyl 4' 10 III 69'52 0·52 0·52 24 '22 9.1·74 8·25 
Oil \' , nli\inc: : PY" pyr()\;Cnl'; 

f7sp. fcids Pill : Ap. apatite: 0r.llp:lq uCS: GI~.l!la ss; (,I, Color II1 dC'X.l:il klilalccl afrrl 
I1 lll'ln : l l i 7 1 11~ 10 gl a)ls free . 

the 5~ avai lable ana lyses have SiO, contents or Sil K va ilies between the ra nges ci ted . In 
cont ras l. SR r oliv ine basa lts ha ve SiO 2 contents bet ween 46 a nd 49 wI. % and SR P rhyo li tes 
have SiO, contents bet ween 6H and 75 wt. 'Yo (F ig. 4a). T he clHres polld ing Sil K va lues are 
40 H8 and 9 11, We li se Kings Rowl basa iL nows as a basis for comparing COM -II nows with 
SRP oli vine basalis beca use the Kings Bowl basa lts have the chemical and minera logical 
characteristics ofSR P oli vine basalts. are roughl y contemporaneous with the COM -A noli's 
(K ings Bowl erupted a t 2222 ± 100 B.P.: Kun tz et al .• 1986h), and werc erupted just south of 
the COM lava fi eld along the G reat Ri rt volca nic rift zone (Fig. 2). 

The increase in SiO , content in the COM-A lava flows is accom panied by a continU(l 1l1 
dro p in wt. % P,O" M gO . and Ti0 2, and an increase in K20. Distinct breaks in Ihe 
abundances of these ox ides occur a t changes in rock type (Tab le 3). Figure 4b illustrates Ihe 
value of thesc ox ides for a ll 17 analyzed rocks. Sol id ci rcles ma rk the four representative 
rock s, 
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Alll.l cs il c Basa lt 47·R I 
AndeSite i:lasnit 50-49 
Andcsllc L:t litc 54·51 
Andesi te L lt lle 59·9 1 The Kings Rowl oli vine basa lts have Si02 contents comparab le with those in the CO M-A 

basa lt and trachybasa lts but have consistently lower concentrati ons of P 20S a nd K 20 , IoIVer IF ' 1 R 'k' , . I' III ' Ir\'il1c & Rara"a r 119711c1assificalinn,lhl lhc lolal alk alis v< . SiO, ITASlciass ific" lion 
. . . . 1(". . IK 11.11111.::" 111 .1 lC . c:- • . , •• • • _. ' . n rma ll ve com o nents tll equa l contents of TI0 2, a nd more than tWi ce the concentratIOn of MgO (Fig. 4b). ILc B'" 1" "I I <lRr. I. lei Ihe 11I(;S If ''''ri7, alkal , re""par. "laglO""lSc d'''''''.,.''.,,,n Wllh

Q 

0 . tz . r Pla~"clasc ' 
IQA p'F Norn~;tli\'c : SII L'..:k<.·I~cn . 1979). <lnd the 1 UGS recommended modal d assi licalmll . . qu.lr '. . . . 

Thollll'SOIl splice representario ll (If rock cOlllposili() IIS 
A. ulkali rcldspur. 

. ',. . ' Th s 111 s ace re 1re'cntat ion can be ta ilored to the mineral assemblage and to the mineral A summary of the chemica l va ria tIO ns In CO M-A lava nows and the diffe rences between Ol11p.,< . , r I .. I' k' k s ' te in thi s insta nce. plagioclase, oilvlne. 
r k b ' /1 d Th d ' compOS iti ons or a pal tlC lI M roc 01 roc , UI , . b SRP basa liS and ,- OM -A roc s can e I ust ra te on a ompson space mgram I . . I ( I' .. )., d the T ho mpson s11ace representation ca n e 

. f k 1····1 Ilyroxene 'Illtl q u,1I t ~ or me t g ,ISS. ,Ill (Thompson. 1982a, 1982h). A Thompson space represent ation 0 a fOC ana YSls IS SimI ar to .' , . . d ' . , I'. d 
. . . b h Th d I I erapillca i/ y displayed a n VISUd Ize . , I a C I PW norma ti ve representa tion but has a tt ri butes not possessed y t e norm. e mo a - ' . ' r f TI . re prescnt 'ltions of rocks and minerals IS that t 1e 

amount ofa minera l phase can be directly related to it s Thompson space rerresentat ion; the , The essential eat urc 0 Hlmpson SP,ICC ., , 
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S.1'IIJ/J"/s ./"r nlCllIJp.WII splice com/wile /lis 

Formula 
- - - --- -------------

Di 
All 
I'p 
Sp 
C) 

1m 

Diop"ILlc 
Anurthitc 
I (H ). (t riIC 

Spl1lct 
Quarll 

AtitlitWt' fll ll/rllllt'''' 

( 'aMgSi !O" 
l"aAI 1SI10 H 

Mg,SiO, 
MgAI ,O. 
SIO, 

/:' \ ('I"lII t/ I' ( '/ I/I'("I/I( '''' 

T!,l:hcrmaks Al l Mg lSi I 

rla~lodasc NaSiC,1 ,AI I 

hlcnilc N:IAISi I 

Mgt :1 I 
I e M!! , 

Pyroxene 
I-cldspar 
O!I\IIlC 

Fl' Ti S pinel 
Quart/ . melt 

I b91 

Forcxamp1c. an initial ,,,scmhfagc containing plagiodasc. represented by An. can transform 
I under changing <:onditi(lIlS of P and l' to an assemblage containing pyroxcne and quarlL 

An = Di +Q+ I/,; . (I) 

The maximum extcn t tn which this transformation Gin proceed is limited by the initial 
amount of An. Onc unit of di splacement in the positivc direction corresponds (0 thc 
transformation or I mille of An. plagioclase. into I mole or Di. pyroxene. I mole of Q and I 
mole or I/,; . The extcnt or such transrormat ions can he treated as vectors and plOlled on 
11rlhogonalaxcs . 

A convenient starling point for calculating the relevant Thompson space ror an igneous 
rock is to transrorm the rock analysis into two additive components. An and Oi, plus the 
necessary eXchan!!c Cllmponents (NidHlIIs 1'11I/ .. 1991). Because thc COM-A rOcks contain 
mod al olivine and a ll hut two are quartt-normative. the axcs chosen to represent a 
Thompson spa<:c rITr thesc Wcb ,hould include transrnnnations to mineral assemblages 
(o nlaining thcse two l11inerals. Two convenicnt transr(lrmations lire 

Oi + Q + I/'; - An = O (2) :~:(i: 4. ,(." ~ Si~! n:ngc and rock Iypes 10 C'OM-A la va 110\\,5. King!' Bowl (llh: lI1c ha:m lls (K B-A) 'Inti Sn"lke Riw 
am n \VlOe <l sa l!oo tSR PI. (hi P ! () ~. ~~o. TiO z' and KlO vOlriati\H1s with SiO l ~onlCIH in COM ~A I;I~a 'nows. B~ 

hasal!: lbs. Irat.:h yhasall: Trs. lrishlllile: Tn.:. Iral:hyle. and 

an:oun! ofa potential or actua l phase in a rock is represented by an additive component and 
the compoSitions of the phases are represented by exchange components. Any conventional 
end-member can be chosen as the additive component of a phase. For example. an addilivc 
component fo r pyroxenes could be CaMgSi 20" . If the transformation of the rock analysis 
produces I mole ofCaMgSi 20" in the set of Thompson components than the modal amounl 
o.f pyroxene expected in the rock is I mole. A poss ible exchange component might be 
l'eMg ~ ,. a rormula that represents the Fe Mg exchange in minemls. Ir Ihe transformed 
analysIS of a pyroxene shows this component to be 0'5. Ihen the composition of the pyroxene 
,,:,ould be 0 1,,,. Rather than wrlle out C'aMgSi,O" and FeMg I' symhols arc used 
[. xchange componcnts arc wri((en in italics . The symbols and names or the components used 
III thiS paper are listed in Table 5. 

The amount or a component that is available for the transformation of one mineral 
assemblage to another limits the extent ofThompsOI1 space available to a rock composition. 

An + Fo - 2 Oi - 111(' -- 1/( = 0 . (3) 

The corresponding Thompson space representation of the rour COM-A rocks and the 
you ngest Kings Bowl basalt is shown in Fig. ). There are severa l reatures of this diagram to 
note: 

(I) The diagram is fllr crystallinc assemblages consisting of olivine. plagioclase, pyroxene, 
and quartt. in slime comhination . 

(2) Ulvospinel magnetite ~olid solutions are not represented on the diagram . They could 
be taken into accoun t by making the space three-dimensional with a transformation such as 

Sp - Ik Fo = O. (4) 

Because the amount or a phase is represented by thc additive component. the amount of 
Fe Ti ox ide is represented by Sp. The composition of the oxide is determined by the 

I exchange components . A spinel with the composition of ulvospinel (FezTiO.) would be 

J 'P"'" "d b, 
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_ Kings Bowl olivine basal! 

!i;.%-,smll COM bosall 911 

_ COM IrOChVb('l~llleT2 

UIIUDUUUnUll! COM IIiSlonile Sel 

~ COM !IOchYle Se2 

Di + tk + Q - An = 0 

MgAI ,04 + M/,TiAI 2 i ~ FeMg I 

Exchange components do not alter the amount of t he phase. represented by MgAI
1
0

4
• onl) 

its Cl'mpositinn . The amount of Fe Ti spinel in these rocks is small (sec Table 41: 
consequently. displacement along the third axis is ;lIso sma il and the effective Thompson 
spaces will be little displaced from those shown in Fig. 5. 

(.1) The sYll1h<'1 r"l) in Fig. 5 represents the cnnstraint: 

(51 

An = "I . 

Unless the pyroxenes contain significant amou nt s of Na . the only phase in the assemblage 
plagioclase. pyroxene. olivine. quart z. and spinel that can contain Na is plagioclase The 
pyroxenes in these rncks. hesides being sparse. contain very little Na (sec Tahle 7 hellllYI. 
Conscquently. in a solid assemblage. the ["I] line is a limit on the react ion space. 

(4) The houndaries of the Thompson space arc lines where an exchange component is I.ero 
or constra ined (lIIe = O. If.; = O. or An = "II or where an ;Iddit ive cOlllponent is I.ern (the x-a XIS 
where Fo = O. the y-axis where Q = () a nd the line Oi = ()). COM basalt. trachybasalts and 
trist anites ha ve a boundary where it is poss ible to have an assemblage without pyroxene (i.e .. 
where Di = ()) . The trachytes and the Kings Bowl basalt cannot produce assemhhlges thai 
lack pyro\enc ifcomponents lIwt represent the observed phases in the rocks are used to form 
the Thompson space p<,lyg<lil. 

(61 

The positions of the Thompson spaces on the axes . the lack of a Di = (l boundary in some 
r0ck compllsitions. and the extent of that bo undary. where present. all illustrate Ihe 
chemica l minera l0gical differences among these rocks. Spaces available to each rock 
composition overlap for t he more SiO 2- pollr compositions. but the mos t felsic and Si0

2
-rich 

rock has a distinct com positional space. The Thompson space diagram also sugges ts thai 
there is a pn'grcssiyc change in composi tion from basaliS in the SRP to COM-A la va now,_ 
The implied genetic rela tionship between SR P and COM-A la va !lows and among COM -A 
la va !lows. based lin chemist ry . may be further defined and constrained by the mineral ( 
compositio ns. Illodal abulldances. and petrographic features of the COM-A rocks. 

MODES 

Olil-ine and plagioclase arc the dominant and largest mineral phases in basalt ic rocks from 
the SRP prmince (Stone. 1967: Leeman . 1974: Stout & Nicholls . 1977). Megacrysts and 

( 'RA IJ' RS (n fltl ' MOO N LAVA 111- LD .II1Ali O I 'IVA II (lWS OJ Ir.~ _l 

- -'- . t I" tite 'Ire much less comm on. This is also true 
,henocrys ts of pvro,ene. I'e II OXI.l es. ant .I~" _. I trachytes large crysta ls of pyroxene . 
,rtheCOM-A ha" lil and traeh ybas,lits . 'I owc e r . ~n tl

l
e . . d feldspar. Like many other 

Fe Ti oxides. and :'I,,,t ll e arc Ilc:II',ly ~,:s c()n~nt~;~t_~ '~.::~~:"1earry rew phenocrys ts and 
rocks in the Sf{ I' V"Ic:lIliC plll\lncc . the . .' TI' COM-A fl ows arc 

f . Iy holocrys t'llline to gl<lssy. 1(' 
groundma" tex tures vary rom neM .:.' 2()'Y. h ss 'Ind one a Devi ls Orchard 
Iypically nHlrc !!I""y than SR P nows: mnsl conl,lIn > 0 g, .. . , 

flow. Clllltains (,:; '''" j!la" (D02. 1 able 4). . . h nod 'li abundance of Fe Ti 
The high TiO , and FeO contenb arc rcllccted In.th~h .,.gl . '(1 __ '(; T'lbl(4). Magnetite 

o"ides in SRI' hasa lt s and ill COM -A hasaltsand trach y .ls,1 ts Ig-. , 

• Olivine o Pyroxene o Apotlle Oxides .A. Fsp of Gloss 
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I 1(; (\ Mpdal amount, or mlllera :-. yo,; I '" % SiO .. rnr the COM-A rod .. listed in T .. hlc .l. 

. . • .. . ". bordinate. Ilmenite is just detectable in seven 
is the domlllant OX ide where", llinellite IS su I . T' '1 M 1ft'lr Flat nows. ha ve 

. . '0 lly two trachybasa ts, lene 1 l , . 
rocks and IS ahse nt In two ot lers. I. 1 '1 'tl -sgeller'llIv I)resent in substantial 

. 2''' ) f 'Imenlte 'ilt houg) I men I e . < . su bstantial amounts ( > ' " 0 I ., . & N" I oil s 1977) Most of the 
" ,.. I" It · (Thompson 197.1: Stout Ie 1 . • . _ 

amounts In SR P OIV lne ),is,1 s .'.. ... doni ' " ne (Se2) has ilmenite. a 
Irachyte flows have small amou nts ofmoda ll- e TI OXides ,In ) 

megacrysl. which coexis ts with a magnetite mega~7:~he basalt and traehybasalt (Tahle 4). 
Abundant apatite renects the high P 20 , co ntenl. k ' h t e occu rs as microphenoeryst s 

Apatite is primarily a grou ndmass phasc III these rodc
l 

sl' u. bsomd',nt in the low-P
2
0,-bearing 

. d" ) A 'l lite IS m'lrke y ess <l un , . 
«SOO/Iln In larges t ImenSlon. p, 0' -0' 1%) although trachytes contain large 
tristanites « 2%) and trachytes (from < I Y. to 

apatite crysta ls in glomerocrysts. . . rO M A lava flows is also 
' Ito or less than apatite In '- - " 

The low abundance of pyroxene. equa . f I 22 COM-A rocks analyzed have 
a com mon feature ill SR P oliville basalts . Eleve~ 0 tle d es not occur as a phenocryst in 
< I % pyro xene and only three rocks have ;;. 5%. yroxene

h 
' nooc' rysts in one tristanite. DO 1. 

k . Ith gh there are rare mlcrop c . . 
any of the COM-A roc S, a ou . , f the hasalt and trachybasalts but is present Jl) 

Pyroxene occurs only 111 the ground mass 0 . , • h t Like SRP basalts , moda l 
. 1- ' et te and apatite Jl) trae yes. 

glomerocrys ts with 0 '~"1e. magn 1 '" . COM-A rocks . It is round as very small 
low-calcium pyroxene IS ra re to nonexIStent III 
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crys tals in the gro undmass or only six or the 22 rocks (B02. TM F~. BC2. Be3. Se I . and 
Hyl) . 

PETROGRAPHY 

Compared wi th SRP oli vine basalts. the COM-A rocks have severa l distinct petrographic 
reatu res. including the rollowing: 

(I) Glomerocrysts or large (up to 1·5 mm). Fe-rich oli vine (~FaM. Fan). Fe-rich 
pyroxcne (~Fs", Fs~~l. magnetite . a nd apatite occu r in tr:lchytes. Some olivine and 
pymxene crys ta ls in the glomerocrysts have pronounced reaction rims but many do not (Fig. 
7). 

(2) The glomerocrysts are typically accompa nied by sma ll . cuhedral cubes or zircon in 
embayments or attached to mincr~1 edges (Fif! . 7:1 and h). 

(.1) Tristanitl's and trachytes contain large (up tLl 2· 5 nun) IlIcga<.:rysts of plagioclase a nd/of 
alkali reldspar (Fig . 7c) . Plagioclase megacrys ts also occu r in several traehybasaits but alkali 
reldspa r docs not. Typ ica lly. reldspar megacrysts have corroded centres and reaction rims 
ranging rrom ~ 5 to ~ 25 Jim width and. like the glomerocrysts , arc cOllllllonly accompanied 
by small Lin:on crystals (Fig. 7e). 

(4) Abundant a lka li reldspa r (anorthoclase and sanidine) in the groundmass or tri stanites 
and trachytes has a high celsian component (up to 5'1 mol'Y. in a Devi ls Or<.:hard now. 002). 

Inclusions "rpumiccou, rhyolite. ranging rrom microscopic to meter-size rragments. oeCUf 
at severa l cinder cones th a t are possible source ven ts ror period A trachyte fl ows (K unt z £'1 (/1 .. 
199~ ). Micf(lscopic pumice inclusions <Ire common in some trachytes and meter-size pumice 
inclusions ha ve been rccognil.cd in these nows. Geophysical cl'idem:e i~ co nsis tent wilh lhe 
sll ggcsti<1n that the inl'iusions represent Tertiary rhY<1litic rocks that rnrm the upper crust 
through which the magmas rose to the surrace (Embree ef lIl .. 19R2; Mabey. 19H2). 

Microscnpic pumice inclusions exam ined in this ~t udy (19K25. 7HK I 57 fl . and 7X K 159 
rrom Nort h ( ' ra ter nows l consist almost en tirely orrdd~par, glass, ;lI1d quart/ .. The reldspa r is 
d,"ninantly alkali kldspar . hut one inclusion. a vnkanic brcccia (7XK 159). a lso <.:a rrics 
plagioclase phenocrysts as ca lcic as An~Il' Minor titanite occurs in some or these inclusions. 

Twn gra nul ite xenoliths (7H K.14 and 7R K 15S) have schistose to gneissic text ures. One 
(7XK34) in a Dev il s Orchard now has the mineral assemblage or granulite-racies rocks: 
orthoPYfIlxene. clin0pyro,cne . quartz, and plagioclase ( ~ An

1
" An .",). The othcr xenolith 

(7RK 158) is similar. hut contains hiotite a nd lacks clinopyroxene. Bot h xenoliths a rc altered. 
Accessory minera ls include I. in:on. baddelyite (in 7HK.14) and opaque minerals . Attached to 
7X K.14 is a rragment or a glassy vesicular la va now having groundmass plagil1clase laths 
aligned in a tra<.:hyti c texture. This glassy rock also includes a megacrystic allli/or 
glomerocrystic assemblage similar to a glomcrocrystic assemblage in the Dcvils Orchard 
trachyte (002): both assem blages contain pyroxene, Fe Ti ox ide,. plagioclase with reaction 
rims. and 7irco n. However. olivine is a lso part or thc assemblage in thc Devils Orchard 
trachyte. hut n<1 megacrystic Ill' gh) l1l erocry,lic "Iivi ne is in the gla."y rock atta<.:hed to the 
xenoh th 7X K.14 . 

Leeman "f "I (1976) rqwrted xenoliths or <.:r usta l rocks in severa l ot he r CO M-A lava 
flows . Although xenoliths or Precambrian gneiss have been round in SR P olivine basalt (see. 
c.g .. Leeman ('( " I .. IlJR5). these xen(lliths are very fare outsidc the Cratcrs "rl he Moon area 
(Kuntz ('( ,,1 .. 1991). 

No tex tural differences related to rock type were ohserved in the ground mass orCOM-A 
rocks . Typically, glass encloses grnundll1;Jss olivine. opaque minerals, and randomly 
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oriented plagioclase laths. Rarc phenocrysts ( > 500 1,m x 500 11m) and microphenocrystsof 
oli_inc. plagioclase. apatite. and opaque minerals also occu r throughou t the groundmass 

Much l,r the crystalline gn)undmass is rormed by very small crys lals. I 25 11m in larges! 
dimension . The smallest ground mass crysta l sizes arc < 1 11m (e.g .. TM F3) and the largest 

,\//,11", 

TABI" 6 

E1ec/roll lIIicrtll'l'"/l(' lIlIlIlys('s "I' "Ii"ill" 

At"" ,. (,111,,,. ( i lll/" .In: '" 100 /1111 (as in BTl). ()Illy olle sa mple. H y I . has a con linuolls range orcrystal sizes from _ ___ ~\!/~( _.~. 
large gn'llilliln;lss to microphenocryst s to phenocrys ts. The rest or the sam ples consist of ,0 . IS 57 .1 S IX .1S 12 .1H,2 11-52 .1\·1 I 
cit her groundmass and microphcnocrysts or ground mass and phenocrysts and/or mega. !cO .1'1'4'1 l'! 5'1 40·54 42·57 50·5) .1'I·(,X 

I r ItnO 0 h.l (l (,7 n'!>9 ()'74 1I·4X 'H,X 
crysts. M ue ," Ihe glass in Ihese rock s includes large numbers or microliles (e.g .. TM F4 and 1(,0 24.1) 2.17h 22'YI 21.2X 1.1'"4 24-42 

16'17 

HyJ) . The glass ranges rrom black (BTl) to pale hrown (D02). [ ,,0 11.11 11-3f> OAX (l'42 (l'64 (1,.12 
Four Irachy basalls carry very fine-grained aUloliths thai conlain glass darker Ihan Ihat of _I"_"'_I _ __ I_'H_"_'_.1 __ Y_'_I7_" ___ 9_9'_74 ___ 9_9_·h_.1 __ 9_9_5_' __ 1_"0_'_2_1 _ ___ _______ _ 

the ground mass orlhe hos t rocks . The composi tions or minerals in the autoliths approximale 
thosc or the same minerals in the host gro undmass in three or the trachybasalt s (TMFI. ,1/1'10, 

TM F~ . and Bel) but not in thc rourth (BD2). In the last alltolith. olivine is more Fc rich than 1-------
I)h ' . '1" II I t k I . I '- . I I ., I" P . . \,0, 14 Sf, . l:lllH.:rys si ll 1C lOS roc HillS CSS r C riC 1 t lan grollnumaSS 0 I VlIle . yroxcnc IS Inore ~e r~o 4::! (1..1 

rich than the ground mass pyroxene. a nd both pyroxene and reldspar arc less calcium-rich linD (l 'H4 
Ihan the "amc minerals in Ihe hos l rock. 11,0 2~ 2X 

11·7.1 
4~7J 

(I·xx 
~ 1<!5 
1127 

Il l': .,i'(I('hrhllsff/, 
Mrh r (;/1/ (II ' Gm III (illlin (jill I 

:1:! 79 
4X·74 

Glass globule~ . rodlike laths. and other minute crysta l inclusions arc common In i:;;1 I\~:(~~ 
groundma,s olivine and plagillclase. In addition. c1ustcr, or very small crysta ls grown' _ _ _____________ ____________ ____ ____ _ 
together rorm rart st ructures. These clusters a re or oli vi ne or plagioclase or a rc a combination 

t)x 1<6 

1.1(11 
45'X2 

1·04 
I X·fl9 
(1'_11 

I)X'X7 

I 17 
IS 90 
'1-.15 

'IX·95 

or oli vine and plagioclase. In several samples. the small clusters arc rormed by opaques. 
apatite. and glass (Nel . BC3. and Sc i). Pronounced trachyt ic texture and now structure' i'D, 
caused tly the alignment or plagioclase laths and now-elongated, aligned vesicles are reO 

. . linD 
conSplCll l)US 'n several rocks (c.g .. TMF2. ScI. a nd Se3}and raint in several olhers (e.g .. BDl. \1,0 
Be2. and Sell. ' ,D 

Fe Ti oxides arc ubiquitous throughout these rocks as glomerocrysts. megacrysts. 
phenocrysts. and microphenocrysts. but are mainly in the grollndmass. Locall y small 
inclusions or magnetite occur in crystals or olivine. pyroxene. a nd/or plagioclase amI are 
common as large. individual crystals in glomcf'l)cryst assemblages (Fig. 7h and eI) . In several 
rocks (D02. Hy2. and Hy3) the oxides are pred ominantly subheelra l as inclusions bUI 
euhedral otherwise. In the Serrate Rows (Se2 and SeJ). both subhedral and cuhedral crystals 
occur as inclusions a nd as individual crystals. 

MINERA LOG Y 

fil ial 

/ 'I! {' 

.1,1-44 
49 X.1 

1115 
(5·79 
0'47 

((X)·IX 

l(1·6X 
6.1 '54 

I 7.1 
4-45 
066 

lOl ·(lf> 

.1144 
4~'91 

H)X 
I "XX 
1144 

(l HI·75 

11 ·07 
6}61 

I -ilK 

4·55 
tH, I 

1111 '.11 

S(' / / 'ri .. iI"fllfl' 

Ph ,. 

.1}O.1 1 
49·99 

I'()9 
15·66 
11·47 

((XI·,S2 

<il",,. 

.1Il-'IX 
6.!-14 

I -ilK 

5·10 
(1·70 

ItXl·70 

("" or 

.1.1'34 
,SO'41 
1'12 

(5'0 .1 
() 47 

((KI .1'I 

Mphc ' 

.11 ·1>(1 
6t1-3.1 

1·60 
7·tl7 
0'54 

101·14 

(,ml 

.1.1-.1 1 
52-59 
1·29 

I 2'X7 
(1,5.1 

((KI 's1) 

S('~ Trod'l'tf' 
Alph m 

.11 ·17 
59·9X 

j '(17 

7-1)4 
1I'6!> 

ItX)'h1 

MphI' 

.11 ·56 
60'OX 

1'1>'/ 
7-114 
0·5'1 

100'9(, 

.1 I 25 
1>(1'72 

I·7X 
I>t4 
O·" X 

((XI ' 57 

G'm hi 

.11044 
61 -59 

1·1>7 
5<!3 
(l'64 

((X)·57 

( ;11110 

.1 1·54 
(,1117 

1·76 
6-52 
0·66 

((X)'65 

Olil'ill £' 
Mph.lllu.:rorh C II O~T)st. c. ClIfe, Ill . I1lI1lJlc : r, run ; Gm , grlHmdll1a~!I. . • IV, .Ivt.:fagc. hl , llIghcsl FeO ; 10. luwes t h :O; 

(inti. gmu ndll\a ~o; tlul'"d~' ~lf average : Ph . phcnocrysl: Glm . gh,)OlcrotrySI. 

The iron-rich nature of COM-A rock s is renectcd in their olivine compositions (Table 61. 
Olivine occurs in all the Rows and ranges in size from microlites (' · 2 IlIn) to phenocrysts Four Trench Mortar Flat trachybasalt s carry the most magncsian olivine in the 22 
> I mm . The compositions or olivine extend from Fa.o 10 Fa".' ror all 22 rocks (Fig. 8) . • CO M-A rocks studied (Fig. R). Only one trachybasalt (BD2) has phenocryst-sized olivine. 

Olivine in the basalt (BTl) has a n average ground mass composition or _ Fa s2 and hUI these phenocrysts arc not as magnesian as microphenocryst-sizcd olivine in the Trench 
micro phenocryst core compositions or - Fa. 7 . The ground mass also contains several oli vine Ilortar Flat fl ows. Thc phenocrysts a re _ Fa 51" but three or the Trench Mortar Flat Rows 
crystals that a re different rrom the average, reaching compositions as iron rich as Fa66 and as lave olivine markedly less Fe rich (Fa.,,). The ground mass olivine compositional range in all 
magnesian as the microphenocryst cores (Fig. 8). These olivines are much more iron rich 'he trachybasalls is Fa.n 1n. Typically. the ground mass composition overlaps those or the 
than typical olivines in SRP basalts, which range as low as Fa 20 in phenocrysts and rarel), 'nmsand oftcn the cores orthe la rger phases. but some moderate-s ized micro phenocrysts in 
exceed Fa,o in the groundmass (Stout & Nicholls. 1977). In CO M-A rocks . mosl I COM-A trachybasalh have com positions difTerent rrom the groundmass (e.g., B(,2; Fig. R). 
mierophenocryst rim compositions overlap the coexisting grollndmass compositions. but in Olivine eompositil'ns in tristanitcs span the range betwccn the tracbybasalts and 
SRP basa lts many phenocryst and microphenocryst rim compositions do not. In marked m hytcs. One Serrate trislanile (Sci) has olivine compositions that vary from Fa(d 
contrast 10 olivines in COM -A basalt, the most magnesian olivine phenocrysts in the SRP 'phenocryst )10 Fa ,," (groundmass). The groundmass olivine composition is similar to that or 
basalts. including those from Kings Bowl , carry inclusions of Mg AI-rich , brown spinel. No !he most Fe-rich grollndmass olivine in trachybasalts (- Fa(,,, 111) and also to that or the 
brown spinel-bearing olivine has been round in any COM-A rocks. megacryst and microphenocrysts (Fa", 7 0 ) in a nother tristanite (Hyl). The grounelmass 

I 
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Trachyte Hy3 ~+ 
Trachyte Hy2 

'I ','I 

Trochyte 002 
'I '~I 

• G,oundmou 

o MlcfophenoclY" 

a PhenoelYl' 

Trachyte Se3 'I 
{ 

Trachyte Se2 'I "fj: ~+ 'r 
.. Autouth groundmo .. 

Trlstanita 001 00 

hlstanita HyJ (lId- o 0 
'I 

6 Aulolllh mlClOphenoc'YI' 

B' 0 

Trlslonlte Sal 

'1 8- 'J 
0 Trachybasalt BC3 

' 1 

'I Trachybasall BC2 cJIID "00 - 0 

'I~ 
0 0 ' I Trachybasall BCI 

'I 
0 

0'1 

- Trachybasalt NC2 
'I --. 

... 0 Trochybosalt NCI 
'I 'I 

eli> 0 0 0 Yrochybasolt TMF4 
'I 

ocikJClD Trochybosall TMF3 
' 1 '1 

4It.~~ Trochybosolf TMF2 
'I 'I 

tl () .. 0 Irachyba,all TMFI 
'I 'I 

lID" oCO 0 Trochybasolf B02 

0 0 
~ I Trochybosolt BOI 

0 0 
0 

TrochVbosolt 813 

~ 

0(10 0 - Irachybasall B T2 

~Io 0 
'I 

Basall BII 

4 0 50 60 70 80 90 100 

Mole % Fo 
F,(; 8. C(1mr>o,\lthms .oroli\,lne~ . in COM·A rocks. Mole % Fa ..,. 100 - (Fo + Lu -t Tp). La and Tparc larnilcand 

tephfllltc. rcspccll\ cly. I he vertical !il:alc for CilCh rock rllns fmm () 10 1 molll~ 1I I.a . 

composition in Hy I. huwever. extends to Fa s2 and overlaps the most magnesian olivine in 
th.e trachytes (Se2). The range of only - 5 mol% in olivine compositions in Se I and in the 
tnstaOite 001 (Fa'5 _78) is more limited than that in the basalt and trachybasalts but is 
comparable with that in most of the trachytes . • 

Compositions of all four sizes of olivine crystals- ground mass. microphenocrysts. 
phenocrysts. and glomerocrysts - in 4 of the 5 trachytes fall within a small range. ~ FaR ' OJ 
(Fig. 8. Table 6).ln three trachytes (Se3. 002. and Hy2). the compositions of all sizes in each 
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I 'f the three rocks arc almost itlcntical. An exam pic is a trachyte (D02) in which all four sizes 

'

arc in Ihl! lil1litl!d ra ngl! of FaH"J RH' mol'X .. 
As expcctl!d in faya litic olivine. high ~eO contents are concomitant wit h high MnO 

I contents. Thc MnO contcnt of olivinc from the COM-A basa lt and trachybasalts ranges 
from 0·45 wI. '~. ~, (NCI ) to 1·27 WI.'Yo (RTJ I and I'n>m - I Wl.% (Sci and Hy I) to ~ I·H Wl.% 

' ISe2. Hy2. and HyJI in thc more fayalitic o livines in tri stanites and trachytes. The MnO 
I content of groundl11ass olivine generally overlaps the rim contents of larger phases except in 

Iristanites and trachytes. In thcse rocks . the M nO con tcnt of the glol11crocryst and megacryst 
olivine generally ovcrlaps that of thc micropheno<:rysts. but is - () '5 Wl.% less than that in 
grou numass oli\'inc . 

e r,OJ is below detcct ion (0'07 Wl.%,) in olivincs from all COM-A rocks but one. CrzO., 
• reachcs detection limil in a megacryst in a tristanitc now (Hy II . This olivine is the most 

'llagncsia n (Fa .. , I I11cgacryst in the tristanites and trachytes . 

j
. Pr"(J~c'",' 

Pyroxene compositions. like olivine compositions. renect the Fe-rich nature of COM-A 
. rocks. Like pyroxenes in SR P basalts. pyroxenes in the COM-A rock- arc dominantly high­

calcium augite. I/owcver. low-calcium pyruxenl!s oCClir in some COM -A rocks (Table 7) . 

TA 111.1' 7 

EIl'C/l'Cllllllicrol'roh(' lIIlrill's('S o(I'.''I'OXt'II£'. ilicillll ill!l "(Jc'.\'islill!ll'yrox(' rl<' ill TM FJ (BTl htls 110 

(/IUI/y:ed I'YI'OX(,IW) 

7MFl FMf'3 HT] S<'I .<'~I'] St'l SI!2 
(;111 (j", (;11/ (im (il", I' (j/m III (jim r 

S,O, 4:! 'M~ 40·27 4.1-R5 4:! -41 4X'X2 49·05 4X·X.1 
TlO 2 5·1111 1),6(1 6·25 (1·47 O·7J 1)'67 (I·6X 
11,0., 4·24 .1-X4 4·2(1 4·XI I ·X7 1·94 1·77 
FeO :!IH)( l~ · ~ 1 22·25 417X 2}2~ ~J-47 .n ·YO 
ItnO 1),55 0·(,5 O·4X 0·95 {)'61 (~59 0·52 

IIlg0 Y'77 16 22 4·99 5-45 o·q 6'57 6·59 
(,,0 X XX .:! ·~4 15'Y5 0·1)6 17·0 1 10·5.1 16·92 
~,,o 017 1·04 (1,5.1 0·(.(1 0-.16 ()-.1X fI·W 
TNal 100 ~5 ICX1·.19 QX '50 YY-4.1 9Y· ~ I W ·20 ~X'h9 

! Cia"ilic"I",n tll'lennn'ClI w,lll cumpuler program PX (Cchrl<l (iomc/. 1~9f11 Gm. groundmas~: (jIm. 
~!nlllcrol· l ysl : ":. (orc : m. rlllddlc: r. rilll 

I 
Although few uf the COM-A rocks have microscopically identifiable pyroxene in the 
ground mass. pyroxene was identified by automated electron-microprobe modal ana lyses in 
Ihe groundmass of all 22 samples. The extremely small crysta l siLe of most pyroxene in these 
rocks commonly prohihits accurate ana lysis by electron microprobe . Acceptable analyses of 
pyroxene were nbtained in IX of the 22 rock samples (Fig. 9). Additional identi fied 

I submicroscopic crystals were all high-calcium pyroxcne (estimated to con tai n > ~ 15 wI. % 
" CaO from I-s counts I. 
! Groundmass pyroxene in the COM-A basalt (BTl) has -17 wt.% CaO and ~ 19 Wl.% i Fe? estimated from I. -s counts. These estimated amounts of CaO and 'FeO are similar to 

typica l augile composillons m penod A KlI1gs Bowl basalts and 111 SRP basalts generally: 
I ~ 19 wt.'y., CaO and - 16 Wl.% FeO (Leema n. 1974; Stout & Nicholls, 1977). 

Trachybasalts have augite only in the ground mass; the average composition is ~ 16 wI. % 
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hl •. l) <.'mnpUSllltllh of pyroxenes in COM-A rod s. ill 011l1(.' 1\/'1 rn. Fs. Woo 

FeO, Three <,f I ~ trachyhasalls have low-calcium pyroxcne in the grollndmass, In a Trenrh 
~I"rtar I-Iat Ilnw ('I'M F~ J. enstatite coexists with augite; in Big ('ratcr Ilows. pigeonite has 
(aO from _ .1 to 5 wI. ' ~ o and FcO from - ~2 to 35 wt.':.'. (13<':2). and ferrosilite has CaO _I 
wt. % and FeO -~4 wt.% (BC3). Coexisting high- and low-calcium pyroxene in the 
groundmass (TM F .l ; Tahle 7) is unusual in hasaltic rocks of the SR r volcanic province 
(Stout & Nicholls. 1977). 

One trachybasalt (BD2) has low-calcium (-6 wt.%) pyroxene in a finc-grained autolith 
(Fig, 9)" The FeO content or this pigeonite is - 29 wt.%, The host rock has augite or two 
compOSitIOns: one IS like the average SR P augite (FeO - 16 wt.% and CaO _ 19 wt.%). and 
the otherpyn,xenc contains an amount or FeO similar to the autolith pigeonite 1_ 27 wt.%1 
but has higher CaO (- 13 wI. %). The olivine and reldspar in the autolith are also difTerent in 
composition from those in the host rock . 

High- and low-calcium pyroxenes. inc/uding augite. pigeonite. and rerrosilite. occur in the 
tristanites . All these pyroxenes have high FeO contents which range rrom FS.

18 
41 in 

groundmass augite and Fs. , ~. in microphenocryst augite rrom the Devils Orchard 
tristanite (DO I) through FS. 5 in grou ndmass pigeonite in the Highway tristanite (Hyl J to 
Fsso In ground mass ferrosilite in the Serrate tristanite (Se I ). the highest FeO or any pyroxene 
111 the 22 COM-A rocks (Fig, 9). 

. Allhough Iht" COM-A low-silica rocks generally have groundmass pyroxene similar in 
Iron composition to that in most SR P basalts. both tristanites and trachytes carry pyroxenes 
as g.lomerocrysts and in the groundmass that are more Fe rich, In trachytes . groundmass 
auglle ranges bet ween 21 and 30 wI. % FeO; - 28 wI. % ( - FS , n) is t he most common value, 
Glomerocryst augite in these rocks ranges rrom 23 to 31 Wl.% FeO; again. 28 wl.% is the 
most common value, The ('a-rich pyroxenes are all classified as augite according to I he I MA 
classification (Morimoto. 1989). 

Ti02 in pyroxene spans a broad range. rrom 0'4to nearly 5 WI. 0;" in (,OM-A rocks just as it 
docs In RP basalts. AI 20 , also spans a broad range (rrom O'l'> tn 4 wl.%). Both Ti0

2 
and 

I II V II I, I () W S () t· (' R II I IRS () I, ·t 111' MOO N LII V II I, 11' 1. () . t IlII H 0 1701 

~I/), show 11<1 di,,:crnihlc pattern with rcspe<:l to /llning or ahundance in pyroxene typc . 
('r,O, and / .n<) art' hclnw detection (0·07 and ()·24 wI. % ) In all analy/.ed pyroxenes but one; 
&17 v:,t. % ('r ,O, oecllr' in the glnmeroery,t pyroxenes in trachyte 002, 

I)ywxenc o~c\lr, a, Iwrphyrohlasts and in Ihe matrix of the two melamorphic xenoliths 
IJXK.14 and 7KK I '>Xi. Augite and enstatite pnrphyrohlasts coexi~t with rerrosilite in Ihe 
mat ri x of one xeno lit h t78K.14) , The ot her xenolith has only ensta tite in both size ranges I Fig , 
III) 

C) 

En 0 

Di Hd 

lu. III ( '(11111'''\1110''' ofpyrllJlcllcs 111 )'Clloillh~ frol11 ('()M -A rods . 

/'dd"I'''I' 

Plagioclase is the dominant groundmass phase in all the Ilows and ranges in si£c rwm 
ffilcrolite, ( - I 2 IlIll) to megacrysts > I ml11 across . Feldspars in the COM-A rocks ('over a 
compositinl1al ral1!!c that includes plagioclase (oligoclasc to lahradorite). anorthoclase. and 
13nidine iFig, II). ~eldspars in COM-A rocks are consistently more alkali rich than arc 
feldspars in SR r ba,alts. where most compnsitions rail in the labradorite field , Plagioclase in 
Kings Bowl nows . for example. ranges from a groundmass composition of An~.1 to 
phenocrysts as calcic as An" . Groundmass feldspar in o ne Kings Bowl rock. however. 
averages An" with .> 611101% Or (Stout & NiclHllls. 1977).l'lectrnn-microprobe ana lyses or 
feldspar in rOllr reprcsentati ve rocks are given in Table 8 and the compositions or all analyzed 
feldspars are illl1~tratcd in Fig, II. . . 

Groundl11ass and microphenocryst plagioclase in the COM-A basalt (BTl) has a IlInlted 
compositional range. An41 .,. and Or contents or -4 mol% . A patchy z~ned micropheno­
eryst is slightly more calcic. having a core composition of - An. , and a rim composItion or 

I
-An•4 ' 

Plagioclase in the trachybasalts also has a limited range in composition, Groundmass 
plagiocla,c ctlmposltions generally overlap rim composi tions or larger crystals when they are 

I present (Fig, II). Only I of 13 trachybasalts. carries plagioclase phenocrysts. That sample 
IBDI) has two distinct phenocryst composllions, one which IS overlapped by groundmass 

! compositions (An, ., .,.) and another that is more calcic core to rim (An41 .5)' ThiS 
' Iraehybasall is a 1st' one of only three trachybasalts that have anorthoclase (­
. AnBAb',20r I.,('el < I to - An21 Ab(,40r I.eel < 2) in the ground mass. AJlthree anorthoclase­
, bearing rocks have coexisting plagioclase (- An. 2) in the ground mass. Two Trench Mortar 
f Flat trachybasalts have megacrysts (I -2 mm in length) or andesine composition (- An. , ). 
, The mega~rysts arc corroded and have very narrow or no reaction rims. One or these 

Irachybasalts (TM ~ I) also has a second megacryst having a uniform core to rim 
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and microphclHll:rysts (~An"Ah,"Or ,Cel,) in D02 10 san idinc microphcnocrysts :onlai ns sanid inc. anortllllciasc. and andesine phenocrys ts. The andesine phcnocryst has an 
( ~ An"Ab",Or '.l( el,) 111 Hy3.A northociase in trachytes also has a high celsian componenl Jnonhoci ;lSe rim and one anorthoclase micrnphenocrysl has a sanidinc rim (Ce l.1)' which is 
II 2 lllol"',,) in mosl nf lhe g roundmass hUl up 10 3 5 mol% in the groundmass of some Ilmilar 10 the com lll" ili (ln of the gnlundlllass felds par. Two other pumiceous rhyolile 
samples. as in D02 (Cd , h , . ,) and Se3 (Ccl , .1 .,). Three of the five trachytes ca rry ,enol iths contain lab rado rit e, one 17XK 159- 1) as phcnocrysls and the other (7XK 159-2) as 
megacrysts of andeSine. The megacrys ts range from ~ An,o to An)", ha ve corroded centers :oex ist ing microphenocrysts of lahradorite and san idine, which have cc lsian rim composi­
and react Inn rims , and, In o ne of lhe trac hytes (Se2), c rysta ls of zi rcon are adjacent to or' <Ions o f 3 4mol".; •. rhe fourth pumiceous rhyolite xe no lith 17XK 157RI h;l:: anorthociase and 
ITltergrown wnh till' megacryst rims. Megacrysts 01 anorthoclase also occur in three ian idine micrnphenocry"s (CeI , 4) in an andesine groundlllass, _ An

4
, . 

trachyles, o ne of which (ScJ) also carries an andesine mcgac ryst. T hc cores of anort hocJase The granulite xenoliths I7H K 34 and 7RK 15R) have oligoclase as porphyroblas ts and in th e 
megacrysts ra nge from ~ An 14Ab""Or , -,Cel, (Sc3) to - An"Ah -"Or,xCel, (D02, Fig. 7e. matrix. Coexist ing sa nid inc occurs in the ma tri x of 7X K ISX. The host lava now of one 
/.I rcon ,ntcrgnHvn In th e reaction rim) . Thesc megacrys ts show odd zoning . Loca lly , the xenolith (7XK34) has anorthoclase as hoth phenocrysts and grountilllass. 
I11lddle ,'r 1'1111 COI11POslilon is highe r in An and lower in Or than th e cores. None of these 
cllmpOSi tlons matc h the compositions of ot her anorthoclase feldspa rs prcsent in the nxks. 
Leem an."/ or ( 1976) ohserved ' resorhed' ano rthoclase in seve ral COM- A rneks. 

Xcn o liths In some COM-A n,HVS carry a va ri ety of feldspars as phc nocrysts. 
mil'l" 'phcnoc rySis. ;Ind in th e gl'l) undmass (hg. 12). O ne pumiceous xeno lith (79K251 

An An 
Rhyo lites 

• Groundmoss 

o MlcroPhenocrySI 

o Phenocryst 

100 60 

°0f--L~--~4~O~~6~O--~~--~IOO 
Ab 

FI(;. I.::! Compnsllu.HIS of fc ldsrars in xenolllhs from COM.A rncks, Mole % t\h _ IOn 

80 100 

Or 

III,,, Or,Cdl 

/-(' Ti oxid,'s 

Ali COM-A nnws conlain I'e Ti oxides: magne tite is ahundant, ilmcn ite is scarce. I.ike 
pyroxe ne , some sma ll c rysta ls of ilmenite we re identilied hy microprohc modal ana lysis hut 

''''lI ld not he located or sllccc"fll ll v a na lyzed. Re p resentative e lectron microprohe analyses 
i "ri llllenitc hcmatil,' and nl:lgnet it ~ ulviispinel so lid so ilitions arc given in Tables 9 and 10. 

,\11 Fe Ti oxide ;ll ial yscs oh tai ned are illustrated in hg. 1.1. 

TA III.I l) 

IJI'c /fol/ mi('/""pro/J(, (lI1l1/rst!s ori/mt'nil(' Cllld IlIllUI1 £'lit t'. ;IIc/wIiIlY BIJI 
(lit! i/ lllellife ,i"" ltl ill SeJ) 

11111(,11;((' 

)\1 l1tll/('I II( ' 

/lrt In! /In! ,';/,; IJrJllu 'illf l 
(,m .111'11(/ (;/11 A1"'I1I (;1110,. ---_ ..• _--

SI() .' 11111 ·0·11'\ l)-'if) , IHII 11111 
riO, 4X·22 <lx·l ) I 47 ·711 4')-57 24,X7 
III , (), () 211 (1, 17 () '2\) (1,15 2·07 
l ' c~ ()1 H' P< x' 7(1 X·()4 4·K2 19-06 
I' d) 40'411 .1X·O.1 411'<) X 41 94 )( 1·94 
MnO 0·70 0·59 11·711 O·7() 11·6.1 
M~() III 2'<)K 0 ·65 1·1l2 I X I 
(,,,{) (HI 11'0.1 (1,50 (H14 11· 15 
I n l ~d I)t) 22 99-41 99, .'6 'JH .111 99'61 

Hol,'''"I'/I(I-lIIt'11II,I'/' 
II , X· 14 x·40 <) ·.14 4·x5 

(illl. l!I"tHlndl11a ... , : Mc~a. rn('g.lcry~l : all ilmenite crystals I.:OC,I( ''it wilh m agnetite , 
I'd) IIml l e,() t l'a1cublctl from ~ I(lil:hlolllclry; (irn av. avcrage grou lldlil ilS<.;, 

Ilmenit e was idcnlilied in th e groundmass of th e basalt and 9 of the l.1trachybasa lts, hut 
not in thc g rounumasscs of the tri s tanites o r trachytes. Ilmenite docs not occur as 

• elome rocrysts , phenllcrysts. or ll1icrophcnocrysts in any o fthc COM-A rocks . Megacrys ts of 
I ;ocxis tin g ilmen it e a nd ma g nctit e OCClir in two rocks, a trachybasalt iRT2) and a trachyte 
I ISc2). In contrast , bo th ilmenite and coex isting magnetite arc common in the ground mass 
' Jlld as microphcnocrysts in SRP rocks (Stout & Nicholls, 1977). 

The hematite wmponent in ilmcnit e in CO M -A rocks ranges fr o m 2 to 9 mol'Y. ; the most 
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frtll11 - ().(, 1(1 - ()·x WI." ". MgO. howcvcr, shows some varialion (from < I 103 Wl.%) bUI GllI.\ ., 

Ihcre is no correlalion wilh rock typc or crystal sizc. These minor oxides cover ranges similar Glas, is present in all COM -A rocks and ranges from _ 4'1., hy volume (Hy I) to _ 65'!!0 hy 
to those in SR P basalts. Tcrnary diagrams illustrating the cations of minor oxides arc shown ;olume (/)()2) (Tahle 41. rhe r'lIlgc of , ili ca contenl in the glass is ,(, (,2 wI. % 111 I he hasalt 

in Fig. 13 . IBTI) and ,(, 71 IV I. n n in tral:hyhasalts. The range in silica content In the trachybasa lts 
Magnetite in the groundmass of the hasalt is - Usp" , . This is within the range of many ncompasses Ihe SIO , ranges III gla~scs from both tnstanJlCS and lrachytcs, -63 68 wl.% . 

SR P hasaIts (lisp" I ,.1. including the Kings Bowl basalts (Stout & Nicholls, 1977). 11/1 an,IIYl.ed OXides ,1;,1\\ S"llle va I iatl('n wlI hln a rock, rcrhaps rencl:ling lSolatcd ratches of 
Magnelltes In COM-A trachyhasa/ts encOlllrass the TiO , range found in magnetites in glass haVing dln'crent cllmposJ{ions Howcvel, analysIS of glass In thesl: rocks IS problematll: 

most SRP basalts. hut also include amounts both larger and smaller (- lisp"O to - UsrHol because much "fthc gl,lss" very dark and includes many Illicroiltcs, It IS a dlStmct pOSSibility 
with the exception of one traehybasalt (BT3). In this rock, the mierophenocrysts arc in the ;/tat some Ill' thc mcasurcd variation in gl'lss composit ion is due to l:ontalnJnalJon by 
same TiO , range as in the othcr trachybasalts, but magnctitc in thc gro undmass is .neluded microlites . 
signilicantly IOlVer. ranging from USP.o to UsP.,,,. 

Magnetite in two tristanilcs (Sci and Hy I) OCl:urs as rare , subhcdral to euhcdral . 
micrnphenocrysts and as moderately ahundant small crystals in the groundmass. The 
composilion in both crystal si7.es ranges from UsP". 10 Usp,,, in Se I and from Usp"" 10 
UsP,Q in Hy I. This sma ll range includes a magnetite megacryst which coexis ts wilh an 
apalite mcgacrysl. in addition to the microphenocryst and groundmass phases in lI yl. In 
c"ntrast , nwgnetile in the tristanite DOl. which "Ccurs only in the groundm'lss, has Ihe 
1(lwesl TiO, content of the Ihree tristanites. _ Usp" . 

M(lsttrachyles have gf<lundmass magnetite composilions at or below lisp,.", drorrin!! as 
low as lisp .... in one Highway now (HyJ). Magnetite found in gl()merocrysts, and as 
inclusions in rlIcgacryst' in the trachytes arc USP"' .. ' J ' One trachyte (D02), has two distinci 
magnetite compositions in the same glomerocryst: a magnetite indusion in an olivine crystal 
in Ihe glomertlcryst has a C"rc c(lmposition of lisP 72' which is approximately the same as the 
cOJllpnSili(ln of a magnelite phenocryst in Ihe host rod , whereas magnctile in a pyro,\cnc 
crystal in the same gl(lmerocryst is IIsp,.l' 

/I('n'.\Sllr), 1'/"',\(',\ 

Apatite is ubiLJ Uil(lUS ill I he groulldmass of SI{ I' basalis and in the ground mass of COM -A 
rocks. In COM -A rocks. however. ap,tlite also occllrs as microphenocrysts or phenocrysts In 
'hc basalt and ill 1Il,\\t Irac hyha,alls . Aratite is also fOllnd as mcgacrysts assOCiated With 
magncti tc (Nt t 'JIld ".vII and in glol1lcrol:rysts a""l:iatcd with nlivinc ± pyroxcne and 
magneti tc in trachyles . . . . .. 

The hasalt (liT I), four trachybasalts (HD I. TM Fl . TM F2, and 'I'M 1-4), and one Iradlyle 
(D()21 have only groundlllass Fe Ti oxides, -I 2S,'Ill. The olher 16 ('OM-A rocks hnvc 
magnctite glonll'rocrysts and,or lIIegacrysts. phcnocrysts. and/or mil:rnphenol:rysts in 
addition to sl1lall crystals in Ihe ~'''u ndlllass. These significant sil.e differences among the 
Fe Ti oxides arc accompanied by dilTerences in magnetite composition in all rock s but the 
trachytes. Highcr amounts of both AI 20, (up to )'6 w'1.%) and MgO (up to 2.X wl.%) 
generally occur in larger crysta ls (Fig. IJ). However. when only groundmass magnetite is 
present in the rock. both AI 20 ., and MgO arc distinclly highcr than they are in groundmass 
magnetite which coexists with larger crys tals . 

Although magnetite glomerocrysts a nd megacrysts have a similar range ofTiO, conlcnts 
(22 28 Wl.'~o) thrnughoulthe COM-A rocks . they genera ll y have low MgO contents in the 
trachytes, averaging only - 0'5 wl.% . This is approximatcly equal to the MgO contents of 
other magnctite in the tral:hytes , but megacrysts in the tristanitc and groundmass magnctile 
in the hasalt and trachybasa lt s have three times that amollnt. Rare megacrystic and 
glomcrocrystic magnetites in the hasalt and trachybasalts consistently have> 2% MgO. 
AIOO J contents of magnetite glomerocrys ts and megacrysts gencrally show a similar, but less 
extreme. di(fercnce with rod type compared with MgO. 

An obvious dilTerence between SR P hasalts and COM-A rock s is that a coexisting Cr-rich 
(- 5 wtO/o Cr,O.,) ground mass magnetite typically Ol:Cllrs in the SRI' basalts but not in the 
COM-A rocks. In COM-A rocks, Cr 20 j is generally below detection limit (0'08 wl.%). 
Additional differences between spinels in the COM-A rocks and spinels in the SR P basalts 
are occurrences of Mg AI hrn\\n spinel and CHich spinel (> 10 wl.% ('r

2
0.,) as inclusions 

in some oli \'inc crysla ls in period A Kings Bowl and other SR P basalts , but not in COM-A 
rocks (Leeman, 1974; Stout & NichOlls, 1977). 

Zircon (10 5() ,,111) "ccurs in tri stanites and trachytes where It IS ""oclated With elthcr 
!cldspar IIlcg:tcrysts or wil h glol1lerocrys ts of olivinc 1. pyroxene, magnet ltc, and aratlte . 

SUMMARY OF CI.ASSIFICATIONS 

The data presentcd ill Ihis paper sll gges l lil:lt the Craters of the Mooll period A r~lcks 
:eprescnt magma, related to SR P hasa lls and to cach other. Thc. data from rock chcml~try 
,rigs. 3 and 4). modal ahundances (Fig. (, and Table 41. and IIlllleral C<lm posllions (hgs . 
! 1.1) sugge't Ihat Ihere arc rOllr rnd I v pes reprcscnled ill Ihe ('OM -A la va /lows : 

(I) Basalt s ha ve an c,llmated cnlm Indes , HI,Si()! l'nntcnts .' 4X IVI.%, I',(), conlenls 
> 2 wI. ";n . Ti(), eonlcllts ,. J wt. n ;" n!Od,d feldsp:lr plu, glass .-: XO" ". hi contcnts of oliVine 
microphclHlcry~ls < 50" ". and feldspar compositions in thc andeSine lab radorite range . 

J 
(2) Trachybasalts have cst imatcd color indices "> 20 and llIay overlap the range fo~ basalts, 

SiO, contcnts in the range 49 52 wt.%, P,O, contents hClween 1·5 lind 2 wl.!!., TI0
2 

(ontents hetween 2 'Illd J \\'t. %. modal feldspar plus gl:tss <X5%. hi contcnts of oilVille 
microphcnoc rysb ~ 6(),~0, and feldspar l:omposi tinns typically in t he al~dcsine anorthoclase 
range. hut wit h mino,. extensions into the lower lahradol'ltc rang~ (!-tg. II) . . 

(3) TriSlanites have eqimated color indices helween 10 and 20. SIO, contcn ts In the ra~,ge 
'457 w1.°;". 1' , 0 , contcnls helwcen I and ().) W1.%. riO, contents hetwecn I and 2 wI. X" 

I modal feldspar- plus gla s> between XO and 9()'Y." Fa contents of olivi~c microphenol:rysts 
IJetween 60 and xon n. and feldspar compositions in thc a ndeSine, oilgoclase. and 
Jnort hoc/asc rangcs. 

(4) Tr,lchYles ha vc cst ilJlated color indices < 10, Si(), contents > (,() wI. % , ~ ,0, contents 
<0·.1 wl.%. Ti(), c,'ntents < 1·0 w1.'Y •. lJlodal feldspar plus gl,JSs > 9()%, I'a contcnts of 

lolivine micrnphe-IH1CJ'}SIS . > XO" n , and feldspar composilions in t he lower andesll1e, 
JIlonhodasc. and /or sllllH.lJnc ranges . 

I 

I 

I 

DISCliSSION 

Rl'III/irlll"hil''' h<'/II'(' <'/I /h <' COM-A lllIil Stu' I/J(/i/I/J(/" 

Pelrographical. mincral(lgical. and chemica l data constrain interpretations concerning 
Iheorigin oflhe ('OM-A mHgmas and their relationship tllmagmas Itke those that supplied 
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the SRP basalt nows. Features suggesting a genetic link between the two kinds of magmas are 
as follows: 

(I) distinctive chemical features common to both the COM-A nows and the SR P basalts­
relatively low Sial and high total alkali and iron contents; 

(21 a phenocryst assemblage dominated by plagioclase and olivine and a paucity oi 
clinopyroxene: 

(3 I Thompson space configurations (Fig. 5) suggesling a progressive chemical cha nge from 
SRP basalts to COM-A trachytes. 

Some mineralogical difTerences between the COM-A rocks and the rocks of the SR P can 
he att ributed to different differentiation stages or to different P T paths of crystallization 
For example. the SRP basalts contai n magnesian olivine with Mg AI spinel inclusions and. • 
commonly. coex isting ilmenite and Cr-rich magnetite whereas the COM -A rocks contain Fe· '. 
ri.:h "Iivine. lack the Cr-rich and Mg AI spinels. and wntain little ilmenite. I 

LAVA 1· 1 ()WS (H CRATERS 01· TilE MOON LAVA FII · LD.IDAHO 
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FI(; , 14. Saturali Cl Il t.:unc" ror COM-A ha!\.II1. BTl . ca lt.:ulatcd from ,data or.GllIor~o f." al. (19~~): Clin(:pym~cnc is 
;hc lilluitiu!'I r ha ... c al pi cV" urc'" ~r~<llcr than _ 1)-6 (j POI whcrc;ls rhlglfH.:lao;,c IS the IIquldu" (lhusc ,Il lower pr~:'i~urcs. 
Olivine L:all hI.: tht: liqlllllu ... ph" ",c ~lnly if the plagll>l.:lasc (II clinopyroxene sa I.U 1'<1 lIllll h:mpcralurcs arc depressed hy 

ut her cOllstitucnt .. such <I S II !() illid f . 

Location "fthe vents f()r the COM-A and SR P rocks seems to correlate more strongly with 
the mineralogical and textural diversity than does age . Both the COM-A and Kings Bowl 
lava flows erupted - 2000 ·2500 yr B.P. but the Kings Bowl lava field is located near the 
centre of the SR P not along its edge as is the COM lava field. The difTerences between the 
magmas that formed the rocks at the two locatio ns may be due to difTerent compositil'u, of . 
the source rocks. din'crent difTerentiation processes. or the COM-A magmas reaching later I 
stages of the difTerentiation processes . 

The existence of large crystals of pyroxene in glomcrocrysts al~ng w!th large crystals of orthopyroxelle alld clilltlpynHcnc but only clinopyroxene is found ill the glomerocrysts in 
oliville. apatite . and magnetite In the COM-A tr_achytes IS very dlnerent from the occurrence Ihe COM-A trachytes . Matt y (19X4) rcported minor amounts of cllIlOpyroxclle (0·2 :I nd 
ofpyrnxene III SRP basalts . Although 'starburst glomerocrystsconslstlllgofslllallercrystals ~ ' I%I without coexisting orthopyroxene in 2 of 31 COM xenoliths, but these xenoliths do 
of oilVille and pyroxene With plagioclase arc fairly common 111 SR P basaltiC rocks,large early not contain o livine. l.ircon , or apatite. 
crystals of pyroxene are rare to nonexistent. The rol~ clinopyroxenc might play . ill any The possibility of deriving the (,OM-A basalt. BTl . from an SR P mag~a can be tested by 
dlfTerentlatlon process. howeve r. could be complex. Clinopyro xene would be the li411ldu\ lTIass balance calculatiolls (Bryan ,'I 11/ .• 1969 ; Wright & Doherty. 1'170: Stormer & Nicholls, 
phase in a dry mdt with ,the composition of BTl at pressures above. n (. G l'a (Fig . 14). 1978). An o li vinc basalt. co llected from a depth of - 45 m in Crystal ke Cave, KlIlg' Bowl 
whereas pressures > O·g (JPa arc reqUired for clll1opyroxene to be the liqUidus phase 111 SRP lava field (IV -7: Stout & Nicholls _ 1977) may represent a pOSSible precursor to a COM-A 
basalts. It is possible that the large clinopyroxene phenocrysts in the COM-A rocks arc the basaltic rock (BTl I, because it has a P/ K ratio (O'H63) approximately the same as that III the 
products of crystallization at intermediate crustal levels and that the habits and settings of COM-A basalt (O'X71 I. Mass balallce calculations (Table II I give a sum of squares of 
clinopyroxene in rocks derived from the two kinds of magmas are the product of difTerenl 1 'd' I ' of ().5U as '1 I'esult of fnctionating the phenocryst assemblage in the oliVine basalt: resl Ud s 0 . < . < • I t 
differentiation stagcs rather than separate source rocks.. .. . ..: oliv ine (_ Fa "I. plagitldase (_ An ",). and '1IIgite_ and a typical magnetite p lel~Ocry~ 

Other mineralogical dlfTerences are not easily reconciled With Internal dlfTerenttatlOn composition ~)f _ UsP" •. Calculations with a slightly more magneslan-nch (earlier 1) 
processes. and may indicate the possible in nuence of externa l proccsses such as crustal 
contamination . These include lircon inclusions in feldspar megacrysts and as part of the 
glomerocryst assemblages in the COM-A rocks: the presence of alkali feldspar megacrysts : 

TAIIL.I: II 

: Res"IIs oflllass hll/Wln' n rlc"I,,' iOlIS 10 Il'sl/ellsil)i/jly "fderil'illY BTl/i'om all SRP nasall (/ V7, 

and contrasting compositions of magnctite inclusions in olivine and pyroxene from one • 
glol11cfl)cryst. SllIali s4ua re prisms and dipyramids of zircon accompany hoth feldspar 
megacrys ts and glomerocrysts of olivine. pyroxene. magnetite. and apatite in the COM-A 
rocks. Coexisting alkali feldspar and zircon arc found in pumice xenoliths in COM-A rocks. 
and the source rocks for the xenoliths may be the source of sim ilar mineral pairs in the lava 

I SI"I/I & Nichol/s, I(77) hy "rysllll sorllllY 

MI 
Slim squares 
o(resi(/uuls flows. Zircon occurs in embayments within large crystals of olivine in the glomerocrysts, is 11"'lw/ ali.. Play Cps 

partly included by olivine (Fig. 7a). and shows no evidence of being resorbed. Olivine. 1 ~""~III:"'~' ___ ~":"~11:",:::a.-_-__ -.::.:.::..----~:...---~~:----:-::-----;::---
however. does not occur in any of the xenoliths. Similarly. o livine does not occur in any of31 IRP ha,,, 11 nJM-A h;"all - 12-2 - 12-6 - 20·5 .1-9 0·58 

COM xenoliths studied by Matty (1984). Interprctations consistent with the textural ,iV7 In I11I 
. IRP I It CIIM-A hasall occurrences of zircon are : contamination by the feldspar +zircon-bcaring xenoliths found In li.'" 111'1121 

- IN - 19·7 0'.10 

these rocks_ or primary crystallization from the melts. or both . IV7 

Crustal xenolith may not be a source for the large crysta ls of pyroxene in COM -A rocks 
because some xenoliths contain only orthopyroxene whereas others contain both 

) <, N C_ . • . ' ,r so rleu phase per 100 g or inillal , !I) pyroxcnc J'c:Mg --: n'5N : (:!) Pyroxenc l-c:,Mg. = < ._>. Umll\:l~ Me gr<lllls ( . . 
:nagmil . Negativc val ues intih.:4Itc rha~c IS rractHlnatcd III the mudel . 
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pyroxene lowers the sum of squares of residuals to 0·3 The hl'gh a m t f '31 f . d . . . oun s 0 matefl 
ractlonate ~n rh,s model (60 65%) is consistent wi th rare earth concentrations (Kuntze! 

;": ' 1992) whIch suggest that sign ificant amounts offractionation are required to derive Ill( 
east evolved COM basalts from SRP basalts and to account 'or the I 8 8 t" . 

• • I' . Imes IOcrease In 
co ncentratIon of rare earth elements in COM-A rocks relative to SR P oli vine basalts Ifthr 
mass ~alance model for deriving COM -A basaltic magmas from the Kings Bowl m~~ma is 
correct. then the rare earth elements should be concentrated in COM -A basalt by a fact or of 
- 3 over the concentnttlons in the SR P lava 11 0 ws. 

LA VA FLOWS OF CRATERS OF TH E MOON LA VA F t ELD. IDAHO 17 1 ) 

inated , suggesting processes of cryst a l sorting overprinted by contamination by 
rhyolite as causes of the chemical diversity in the COM-A lava nows (Stout el ai., 

Contamination is also supported by Sr and Nd isotope contents (Leeman, 1982c: Futa 
al., 1988). 
The chemical variations in the COM-A lava nows , renected in the presence of several rock 

Iypes (basalts . trachybasalts, tristanites. and trachytes), are evidence o f one or more 
differentiation mechanisms. Chemical variations among rocks with the same intercepts (Fig. 
Il)cannot he explained by olivine and plagioclase alone but must include augite and Fe- Ti 

R i . h' I oxide accumulation as well (Stout £'1 ai., 1989). Both Pearce element ratio plots and mass 
e aI/OilS IpS Je/ween COM-A 1II1Iymas balance calcula tions indicate the involvement of pyroxene and Fe Ti oxides. The amount of 

NC:~~re~~~~ends and nonzero i~tercepts onPearce element ratio diagrams (Pearce. 1968: Imctionation required to produce melts in equilibrium with Fa ,o (trachybasalt stage, Fig. 8) 
h'c 0 .. 5

1
, . '. ). ar~conslstent With genetIc links belween the COM-A rock types . If the '!xceeds 30% . This numhercompares with an inferred fractionation of more than 22% of the 

c f e~llca Vt~'t,ons m nle COM -A sUite are due to sorting (fractionation and accumulation ) original mass to produce tholeiite basalts from picrites during the I96R eruption of Kilauea 
0

1 
o.,vme

l 
(h· e.Mg)2SI04J, plagioclase, clinopyroxene [Ca(Fe.Mg)Si020.J apatite and 'olcano . Hawa ii [calcula ted from data of Nicholls & Stout (1988)]. The distance between the 

~sv:s~me i . ~ ~n the data for the rock suite should fall on a line with a slo pe of o~e on a pl~t 0/: vents that erupted the picrites and tholeiites was - 10 km . 
~ 1+ h )/ K vs. [0'25 AI +0'5(Fe + Mg) + 1·5 Ca + 2·75 Na]/ K. Thermodynamic modeling suggests that olivine and plagioclase phenocrysts and microphe-

. t 0 test w
f 

either the data actually conform to this sorting hypothesis. one can calculate the nocrysts in COM-A rocks were not in equilibrium with enclosing melts at surface pressures. 
In ercept 0 a Ine Wi th a slope o f one thro h h d . . . . . .. th I . ug eac ata pomt on such a plol. The intercepts Pressure affects the order of mllleral saturation and the ensulllg order of crystallizatIOn (FIg. 

emse ves are plotted on the ordinate of Fig. 15. There are obviously seve ral rocks with 14). A high-pressure sorting stage is consistent with indicators from chemical data that 
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;'~~lfr ~~~~ ~il.:~2i.~ :~;~~:~ r[~~~i~~~~~~; :~~:[ :~~ 5d~~:n2' ~ ;o~~~/~.Cthr ~~ ',~~~~~~ ~o: r~h~r~~n~ ;:n~~~~ ~~ 
g bal~~~ c~;r~l~~I.iJ. ~O~lI ~h7uld have the s~mc J .nl c rcc~( (i.e .. the dal;.! points should rail on II hori7(HlIallin~) . 

ars s ow t lC ± u unccrl,lInty In the Intcn.:cpl owing to analytica l ullCCriailllics. 

i:trcepts that are within analytical uncertainty of each other (BTl , TM F I, BTJ. BC2. Be3. 
S . Se2, Hyl, and Se3). Just as obviously, there are others that tlo not share the same 
'~terc~pt (BDl. TMF2. DO I: 002, Hy2, BCl, BD2, and possibly BT2). The rocks with the 
same Intercept. Within analytical uncertainty, probably form one magma ba tch (Nicholls & 
Russell , 1991) whereas the others either belong to different magma batches or have been 

augi te + Fe Ti oxide phases participated in the derivation of COM-A rocks from a basaltic 
paren!. The modeling also shows that augite could appear on the liquidus with plagioclase at 
high pressures (Fig. 14). The gaps in the compositional spectrum of COM-A lava 110ws (e.g., 
absence of rocks in the Si0 2 range 52 55% and the separated position of the Thompson space 
rolyhedron for the trachyte : Fig. 5) suggest residence periods at depth to allow time for sorting 
md contamination processes to run to near-completion . 

Euhedral Lircon may either indicate contamination by country rocks o r that the source 
rocks had higher than usual Zr concentration . The ncar-constant com position of olivine in 
Ihe Irachytes in habits of several sizes suggests either unusual fractionation conditions or 
,pecial ci rcul1lstances during contamination. Ahundant brown apatite sugges ts that I: and 
Hp arc factors that inlluenced the crystallization and dilTercntiation processes . Finally. the 
paucity of pyroxene in the SR P hasall s in general a nd in the CO M lava nows in particular 

I
, also suggests either unusual source rock compositions or specia l processes of formation. The 

rhompson space diagram (Fig. 5) illustrates that chem ica l compositional spaces exist where 

j
Pyroxene will not crystallize (the Di = O boundary). 

It has heen established (Stone, 1969; Leeman el al. , 1976; Stout & Nicholls, 1977; Leeman, 
1982£': Menzies e/ ai .. 1984: Kuntz 1'1 al., 1985. 1986a) that the SR P and COM-A lava 110ws 

':an be related tn each other to a large extent by crystal sorting and some contamination by 
1 country rocks. Detailed petrology of the COM-A suite of rocks shows that petrogenetic 
,processes and relationships between specific rocks are complex a nd warrant future study . 

The specific P T asccnt paths followed by individual magma. the number of individual 
Imagma batches , relationships between magma batches. and the role of con taminants can 
i perhaps be further constrained by delineat ing which rocks originate from separate magma 
, batches , constraining possible dilTerentiation sequences within and between these batches, 
and by more extensivc thermodynamic modeling to predict coexisting mineral assemblages 
along different P T paths. 
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