Maresch and K. Langer

wB im System Li,O—

711 (1963)
nphiboles on the join

1ces in the liquid phase.
1ydroxyl srretching fre-
. Mineralogist 58, 480-
red speélra of minerals
s. Am. Mineralogist 55,

ra of holmquistite and
ib. Mineral. Petrol. 28,

[-UberschuB im System

of natural and synthetic

2)

Contributions to
Mineralogy and

Petrology
© by Springer-Verlag 1976

Contrib. Mineral. Petrol. 56, 35—60 (1976)

Evolved Lavas from-the Snake River Plain:
Craters of tiie Moon National Monument, Idaho

William P. Leeman
Department of Ceology, @regon State University, Corvallis, Oregon 97331, USA

Charles J. Vitaliano

Department of Csology, Indiana University, Bloomington, Indiana 47401, USA
Martin Frinz ]

American Museum of Natural History, New York, New York 10024, USA

zirect. Holocene lavas from Craters of the Moon (COM) National Monu-
i are representative of ‘““differentiated™ lavas which occur around the
mzrgins of the Snake River Plains (SRP) and they range serially in composi-
“on from  alkali- and phosphorous-rich ferrobasalts to ferrolatites.
Feivographic study indicates that these lavas evolved primarily by cotectic
crystallization of olivine, plagioclase, magnetite and apatite in the mafic
raembers of the suite (ferrobasalts), and by cotectic crystallization of plagio-
clase, magnetite, clinopyroxene and minor olivine in the salic members. Quan-
titative phase relations in the COM lavas, calculated by means of a least-
squares mixing program, indicate that the observed range in composition
among these lavas corresponds to at least 70 percent crystailization of a
magma similar to the most mafic COM lavas. Anhydrous one-atmosphere
experimental crystallization studies fail to reproduce exactly the inferred
phase relations; the discrepancy is attributed to the presence of water in
.the naturally crystallized magmas. The origin of COM parental magma
cannot be unequivocably resolved. Available evidence suggests that COM
lavas do not represent melts derived directly from the mantle: (1) high
Sr®7/Sr8¢ ratios (0.708 to 0.712), (2) relatively high Fe/(Fe+Mg) and
excluded-element content in even the most mafic COM lavas. {3) occurrence
of megacrysts of inferred high-pressure origin in the Lava Creek flow. Mega-
crysts occur in the Lava Creek flow as clusters of labradoriie. aluminous
clinopyroxene, and olivine. Analogy with the experiments of Thompson
[1] and least squares mixing calculations indicate that intermediate (ca. 8
to 10 Kbar) pressure fractionation of such megacrysts from olivine tholeiite
magma may yield derivative COM-type liquids.

Introduction

Small volumes of evolved lavas of tholeiitic affinity occur sporadically along
the margins of the Snake River Plain (SRP). Thesc lavas have reccived little
detailed study. although their occurrence has been noted near the town of
King Hill [2, 3] on the west rim of island Park caldera [4] and at Craters
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of the Moon National Monument [5, 6, 7). The latter occurrence is the most
extensive and well exposed and comprises a lava field which covers more than
300 square kilometers. For convenience, and to avoid genctic implications,
all evolved lavas of the SRP are herein denoted as Craters of the Moon (COM)-
type lavas: those from Craters of the Moon lava field proper are designated
COM lavas. The ages of lavas vary from Pliocene {ca. 3m.y. old) at King
Hili to Holocene at Island Park and Craters of the Moon [8, 9]. COM-type
lavas typically are enriched in iron, phosphorus, titanium, and alkalies compared
to SRP olivine tholciites [10, 11]. Compositionally they range from andesine-
normative olivine ferrobasalt (44 to 51% SiO,, 13 to 17% Fe as FeO, and
up to 2.6% P,0;) to ferrolatite (63% SiO,, 8% Fe as FeO and 4 to 5%
of both Na,O and K,0). Compositions of these rocks vary regularly with
changes in such differentiation indices as Fe/(Fe+Mg) or MgO content. The
rocks could be subdivided into numerous categories (e.g. tholeiitic basaltic ande-
site, tholeiitic andesite. etc.) but such nomenclature is somewhat arbitrary and
is not adopted. The -COM lavas are unique in many respects and existing
classification schemes fail to represent them adequately.

Sr7/Sr®® ratios in COM-type lavas vary from 0.708 to 0.712 and are higher
than those in SRP olivine tholeiites [12, 13, 14]. Correlations between Sr®7/Sr86
and such compositional parameters as Rb/Sr, K ,0. and SiO, suggest that these
lavas have been contaminated to some degree by crustal strontium. The occur-
rence of xenoliths and xenocrysts of crustal-derived rocks (mainly one- and two-
pyroxene granulites and granitic rocks) in several lava flows at Craters of the
Moon and at King Hill demonstrates some interaction between magma and
crust.

Thompson [1] determined anhydrous liquidus phase relations in a specimen
of King Hill basalt (sample OB-2) at 35 K bar. However, his work left unresolved
the question of a genetic link between the SRP olivine tholeiites and COM-
basalts. Considerable enrichment of P,0O, and K ;O (up to 2.0 weight percent
each) in the most mafic COM-type lavas (44 to 46% Si0,) is difficult to explain
in terms of either fractional crystallization or contamination hypotheses.

A detailed study of lavas from Craters of the Moon lava field was undertaken
to help resolve the question of their origin and relation to SRP volcanism.
This suite was selected for study because it comprises the most complete com-
positional range known for COM-type lavas and because flow relations and
relative chronologies are well understood.

In this paper we present mainly chemical analyses of selected whole-rock
samples and their constituent phenocrysts. These data are used to construct
a crystal fractionation model that can account for the observed compositional
range of the lavas within this suite. We also discuss possible origins for the
COM lavas. Analytical methods used in this study are described elsewhere
[11, 15].

Geology of Craters of the Moon National Monument Area

Descriptions of volcanic features and geologic mapping in the vicinity of Craters
of the Moon National Monument have been published [5, 16, 17, 18]. The

Table 1. Summary of petrographic data for COM lavas

Analyzed flow units
(sample nos.)*

Microphenocrysts®

Oliv Plag Mt  Apat

Others

Notes

Phase One

Lava Creck flow

(69-22, 70-42, V-32)

Sunset Cone NE flow

(SBR-4, 72-25)

Sunset Cone W flow (CM-1)
Sunset Cone NW flow (72-27)
Grassy Cone flow (V-28)

XX A X SA
XX A XX X

XX A XX X
XX A X X

Contains sparse cpx-
plag-oliv-mt megacryst
clusters

Phase Two
Highway flow (62B1, 69-31,
V-26, V27)

Devils Orchard flow (69-19,
69-20, CM-2, V30, V-31)
Cinder cone at Monument
Headquarters (N-3, N-4)
Serrate flow (69-36, V-33)

TR X X -

SA X X -

thin sections not examined

SA X X —

Cpx(SA)

Cpx(SA)

Cpx(SA)

Contains sparse partly
resorbed anorthoclase
and crustal xenoliths
Contains sparse partly
resorbed anorthoclase
and crustal xenoliths

Contains crustal xeno-
liths

Phase Three

Big Craters NW flow
(SBR-5, RUS)

Big Craters SW flow

(V-19, v-29)

Flow on NW margin of lava
field (WPL-86, WPL-87)
Little Prairie flow (N-1)
Indian Tunnel flow (CM-3)

Ejecta block, Yellowjacket
waterhole (69-35)

No.rlh Crater flow (N-2,
CM-4, NCRA, TACH)
Rhyolitic ejecta blocks,
North Crater (NCP-1{,
NCP-2R, NCP-2C, NCP-3)

X XX X SA

X X X SA

X XX X TR

thin section not examined
thin section not examined

Qu(X),
Cpx(X)

Fine-grained, nearly
equigranular, holocrystal-
line with plag, oliv,

mt, apat, cpx.

NCP-1 contains biotite
and sparse hypersthene

Phase Four

Fissure basalt, Bearsden
waterhole (69-33)

Big cinders NE flow (69-21)

- X - -
X X X -
- X SA -
- X X -

X XX X X

Biue Dragon flow (BD-1, BD-S) XX A X SA

Flow on SE margin of lava
field (69-17)

Fissure basalt, SE margin
of lava field (69-28)

XX - A X SA

XX A - TR

Contains crustal xeno-
liths

Sample numbers are given for chemically analyzed rocks

* Key: TR=trace amount (<0.2%), SA=small amount (<1%), X=1-5%, XX=5-10%
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lava field is situated along the northwest margin of the SRP where it abuts
the Paleozoic sedimentary and early Cenozoic (Eocene?) Challis volcanic rocks
of the Pioncer Mountains. Most of the vents in the lava field are aligned
along segments of the north-northwest trending Idaho rift [19], a tensional
feature which extends for a distance of some 50 km with a strike roughly parallel
to that of Basin and Range type faults north and south of the SRP. These
relationships suggest that the Idaho Rift may be the surficial expression of
renewed basement faulting which served as a conduit for ascending Craters
of the Moon lavas.

In the vicinity of the National Monument there are approximately 100 cinder
cones (including two which occur in the Pioncer Mountains along the strike
of the rift zone) and fissure vents and more than 50 lava flows. Murtaugh
(18] distinguished four main eruptive episodes, but noted that activity was more
or less continuous during the last three episodes. Armstrong and others [9]
obtained ““zero™ m.y. K-Ar ages for two of the oldest flows and Bullard and
Rylander [8] and Bullard [20] obtained C'* ages of about 2,000 years B.P.
for younger flows in two areas of the COM lava field. Thus, it is probable
that the entire erupltive sequence is no older than late Pleistocene.

Samples were collected from many of the major lava flows in the National
Monument and from some of the outlying flows in the lava field. The flows
studied are listed in Table | in approximate stratigraphic order.

Petrography

Flow interiors were exposed only in a few localities and as a result samples
were generally collected near flow tops. Consequently, nearly all are very fine-
grained or vitric with hyalopilitic or intersertal to intergranular textures. A
correlation exists between the type of flow (i.e., pahochoe, aa. or blocky) and
mineralogy and bulk composition: The ferrobasalts grade from pahochoc to
aa as they become more enriched in SiO, and the ferrolatites are typically
blocky flows, reflecting the relation between high SiO, and relatively higher
viscosity in the liquid state.

The ferrobasalts contain seriate microphenocrysts and microlites of olivine,
plagioclase, magnetite and apatite; the vitric to turbid residuum contains crystal-
lites of the same minerals plus subhedral to acicular clinopyroxene. The ground-
mass commonly is nearly opaque owing to fincly disseminated magnetite. Olivine
and apatite are most abundant in the more mafic flows. For example, sample
72-27 contains (in volume percent): 15-20% plagioclase (up to 1.0 mm), 5--10%
olivine (about [-2% as phenocrysts up to 2 mm in maximum diameter), 5%
magnetite (up to | mm), 2% apatite (up to 0.5 mm in length), and about 50%
glassy mesostasis.

Apalite occurs as intergrowths with olivine or magnetite microphenocrysts
and is considered to be a liquidus or near-liquidus phase based on its textural
relationships. It also occurs as euhedral hexagonal prisms in the groundmass.
Magnetite occurs as inclusions within olivine microphenocrysts, as distinct micro-
phenocrysts, and as quench crystals which comprise chains or cruciform growths
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of very smail cubic grains. Plagioclasc occurs as euhedral, occasionally skeletal,
laths which are commonly flow-aligned. Sparse megacrysts of unzoned plagio-
clase (up to | cm in length) occur in glomeroporphyritic intergrowths with clino-
pyroxene (up to 5 mm maximum dimension) and olivine (up to 2 mm diwmeter)
in sample 70-42. Aluminous magnetite is also found in these clusters as inclusions
in olivine. These clusters display no obvious reaction relationship with the
surrounding groundmass (i.e., no zoning, resorption, deformation, etc.), but
the groundmass is glassier near the clusters. The most mafic ferrobasalt (69-28)
contains no microphenocrysts of apatite, but does contain phenocrysts of olivine
and plagioclase. The only other important phase observed is ilmenite which
is found only in the groundmass of samples 69-28, 70-42, and 69-22. Rare
grains of groundmass mica were found in some thin sections of the Lava Creek
flow.

Olivine and apatite microphenocrysts are sparse or lacking in the ferrolatites
(especially those more siliceous than sample 69-19). Plagioclase and magnetite
are the dominant liquidus phases in these rocks. However. sparse tabular micro-
phenocrysts of clinopyroxene are present in the most siliceous ferrolatites (c.g.,
69-20, 69-31). Plagioclase, magnetite, skeletal olivine. and clinopyroxene micro-
phenocrysts occur together in glassy residuum of sample 69-20 (Devils Orchard
flow). suggesting that all of these minerals precipitated at near-liquidus tempera-
tures. Some of the ferrolatites contain sparse partly-resorbed unzoned anortho-
clase (up to several mm diameter) and sodic sanidine (up to |1 mm in length)
as well as sodic plagioclase laths. The partly resorbed alkali feldspars commonly
have narrow reaction rims of sodic plagioclase. Samples from the Highway
flow contain sparse microphenocrysts of clinopyroxene and olivine. The fine-
grained residuum of the ferrolatites typically contains light brown to turbid
glass, prismatic microlites of clinopyroxene, olivine, rare orthopyroxene, and
magnetite.

Pumiceous rhyolitic xenoliths from North Crater typically contain pheno-
crysts of plagioclase. sanidine. magnctite and in some cases, quartz and sparse
clinopyroxene microphenocrysts in a vesicular glassy to cryptocrystalline matrix.
One sample (NCP-1) contains biotite and sparse orthopyroxene in addition
to clinopyroxene, two feldspars and magnetite.

Plutonic and metamorphic xenoliths, ranging in size from less than | cm
up to 0.5 m in diameter, are found in some COM lavas, notably the Serrate
and Devils Orchard flows. The overall volume of xenolithic material in this
flow is much less than one percent. The xenoliths are dominantly one- or
two-pyroxene granulites and two-feldspar-quartz + biotite granitic rocks. They
will be described in detail elsewhere. Evidence of reaction between xenoliths
and host lava was not observed, but xenocrysts are most abundant in samples
of lava collected near large xenoliths, suggesting that the xenoliths have been
partly disaggregated. Usually the xenolith-lava contacts are sharp, but under
the microscope it is obvious that tiny veinlets of lava have penetrated at least
the margins of the xenoliths. In addition, a pale brown to clear glass is commonly
found along intergranular contacts. It is suggested that this glass is formed
by partial fusion of the xenoliths.
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Petrographic data for the analyzed samples are summarized in Table I.
Approximate modes were estimated visually and checked in some cases by
point counting. Most samples contain less than ;0 to 15 percent total micro-
phenocrysts. "
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Table 2, Comp(;éitional range of sel}e}iéd minerdls in COM Iavas'\\/‘/\ )[/ /l" \ [\
; , TN
Olivines  / Lé / Plagioclases - \
v 69-28 69-22 7227  69.17 69-22  T72-27 69-17 69-35
OL28 OL22 OL27 OL17 PL22 PL27 PLI7 PL3S
SiO, 359 354 34.7 333 Si0, 55.1 56.2 56.8 59.9
TiO, 0.07 0.08 0.05 0.02 TiO, 0.15 0.07 0.01 0.04
ALO, 023 030 011 0.3 ALO, 277 215 256 249
FeO 25.7 331 374 42.2 FeO 0.78 0.59 0.58 0.63
MnO 0.35 0.49 0.64 0.58 MgO 0.14 0.07 0.05 0.02
MgO 36.9 29.6 26.2 199 Ca0O 10.6 9.54 8.11 7.35
CaO 0.37 0.35 0.48 0.54 NaO 4.98 5.34 6.04 6.74
KO - - — - KO 0.49 0.66 0.82 L15
Total 99.6 994 99.6 96.7 Total ™ 99.9 9.9 98.0 100.7
%Fo 72 L. Ql 517 46 %An 53 49 41 35
LA -—[]
M;}g\lelilcs (,J.)‘" Pyroxene r)((), Apatite :"'7
P . /'l
69-22 72-27 69-20 72-27 L
MT22 MT27 CPX 20 APAT®
Si0, 0.52 0.30 SiO, 475 041
TiO, 24.7 23.5 TiO, 0.59 0.01
AlLLO, 229 30 ALO, 18 0.02
FeO 66.6 67.7 FeO 26.2 1.00
MnO 0.77 0.59 MnO 0.44 0.01
MgO 2.75 292 MgO 4.82 0.41
CaO 0.26 0.13 CaO 18.1 54.7
_— Na,0 048 -
Total 979 98.2 P,0q - 41.0
Recalculated analyses Total 9.9 99.9

Fe,0, 189 202

%Wo 40.0

9.7 49.5
Feo ————-——————-4 %En 14.8
Total® 998  100.2 %Fs 452

%Usp 60.5 60.8
%Mt 231 26.0
Others  16.4 13.2

¢ Data by electron microprobe
* Cl not determincd, total includes 3.92%F and is corrected for F=0,
¢ Calculated assuming magnelite-ulvospinel stoichiometry
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The observed compositional ranges of olivine and plagioclase microphenocrysts
throughout the COM suite are Fo,, to Fos and Ang; to Any,. respectively.
Phenocryst-groundmass compositional ranges for these minerals in individual
rocks are shown in Figure 5. Zoning in olivine and plagioclase phenocrysts
is typically less than five mole percent of Fo and An respectively. Titanomagne-
tite microphenocrysts typically contain about 60 percent ulvospinel component
throughout the suite, but MgO content decreases systematically in going from
the mafic to silicic lavas. Other minor elements in the magnetites display no
systematic trends in composition. Apatite microphenocrysts analysed in three
COM ferrobasalts are similar in composition. Clinopyroxene microphenocrysts
in the ferrolatites range in composition from ferroaugite to magnesian heden-
bergite. Representative analyses of olivine, plagioclase, magnetite, apatite, and
clinopyroxene phenocrysts are given in Table 2. More detailed descriptions of
these minerals and the megacrysts in the Lava Creek flow are given in Leeman
[15).

Table 3. Glass and groundmass compositions in craters of the moon lavas

69-28 69-22 72-27 69-21 BD-1 69-17 69-19 69-20 Vi3I NCP-1
GM GM GM GM GL GL GM GL GL GL

SiO, 469 493 490 505 519 559 598 629 653 70.5

TiO, 346 3.4 329 326 273 1.53 060 055 055 037
Al;O, 14.3 13.4 13.8 124 13.0 13.0 139 143 131 14.2

FeO* 13.1 13.25 151 14.1 15.0 934 B840 879 792 043
MnO 0.2t 017 02 028 029 017 010 015 018 000
MgO 313 3.31 2.76 19 274 083 031 025 019 004
CaO 9.91 8.89 7.33 769 674 587 396  3.26 2.82 1.31
Na,O 358 438 42 399 380 401 475 432 kXX 2.53
K,0 1.36 170 244 235 217 406 438 448 522  6.65
P,0, 220 260 240 2.42 LN 110 068 015 0.1l 0.05
Total 98.8 1005 100.5 990 1000 957 968 991 986 96.0

Fe/(Fe+Mg) 0.781 0802 0849 0880 0848 0919 0946 0973 0977 0912

Molecular norms (Fe3/Fe2=0.15)

AP 4.1 552 sat 526 368 24 1.50 032 024 010
IL 499 487 4.67 472 392 226 088 073 079 054
MT 206 204 233 222 234 1.50 0.86 1.36 1.24  0.07
OR 832 1020 1469 1444 1320 2547 21.07 27.04 3193 414
AB 3331 39.96 3852 3727 3512 3824 4500 39.63 3096 24.29
AN 19.62 1210 11.712 949 1236 568 1278 6.43 549 668
QzZ - - - 113 1.67 465 942 952 1597 2632
DI 1315 1236 749 1100 845 1410 261 728 660 —

HY 6.08 589 418 1447 1926 567 58 763 678 0.4
OL .71 704 1129 - - - - - - -

COR - - - - - - - - - 0.46

* Total iron as FeO
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Residual Mesostatis

Analyses and molecular norms of residual glasses or fine-grained groundmass
in nine lavas and one pumice xenolith are given in Table 3. These analyses
display increasing Fe/(Fe+ Mg) and normative Or which parallel trends of in-
creasing Fa in olivines and Ab in plagioclases from the respective samples.
MgO, CaO. TiO,, and P,04 decrease monotonically with increasing SiO, con-
tent in accordance with removal of observed phenocryst phases.

Major and Trace Element Compositions

Chemical analyses and molecular norins for 17 representative whole rock samples
of lavas from COM lava field are presented in Table 4. Analyses of all 39
analyzed samples are available from the authors upon request. Major element
compositions range serially from ferrobasaltic lavas with low SiO, and relatively
high TiO,. FeO* (total iron), P,0s, and K,O to ferrolatitic lavas with moder-
ately high SiO, and FeO*, high K,0 and Na,0 (with K,0/Na,0=1.0 10 1.2),
and low MgO, TiO, and P,0,. Al,O; content varies little throughout this
sequence, as is characteristic of many tholeiitic suites. Trace elements show
variations in abundance that are sympathetie.with the major element trends—
e.g., concentrations of the included elements Ni, Cr and Co decrease with
increasing SiO, content (Cr and Ni are essentially depleted in all samples with
more than 49 percent SiO;) while those of the excluded elements increase
throughout most of the sequence.

Several features of the COM suite are notable. In particular, the content
of P,O; in the most mafic COM lavas is about five to ten times that observed
in most tholeiitic lavas. Some alkalic lavas (mugearites, hawaiites and nephe-
linites) from Hawaii {21] contain as much P,05 as COM lavas. but these rocks
do not display comparable enrichment in iron and their K,O/Na,O ratios
(<0.5) are distinctly lower. Similarly, some differentiates of tholeiitic liquids
(e.g. filter-pressed ooze from Alae lava lake [22]) are relatively enriched in
P,0;. alkalies. and iron, but not to the extent of COM mafic lavas. The occur-
rence of basaltic lavas similar to those at COM have been documented only
for other localities along margins of the SRP (2, 3, 4, 6]. Compared with typical
SRP olivine tholeiites the mafic COM lavas are markedly enriched in alkalies,
P,0s. iron, and large-ion lithophile elements such as Zr, Ba and REE.

In an AFM diagram (Fig. 1) compositions of COM lavas define a coherent
iron-enrichment trend coupled with strong enrichment of alkalies (with K,0/
Na,O increasing progressively). Groundmasses and residual glasses from these
samples define the same trend indicating that the whole rock samples lie essen-
tially on a liquid line-of-descent.

Also shown in Figure 1 are projected compositions of a wide variety of
materials that may underlie the COM area. These include crustal xenoliths
and pumice ejecta from COM (see Tables 4 and 5), a quartz-monzonite from
the north margin of the SRP, SRP rhyolites, Precambrian metasediments of
the Albion Range, south-central Idaho, and estimates of average crustal compo-
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Fig. 1. AFM diagram s.howing tinge in composition of COM samples. SRP olivine tholeiites and
SRP “ldavada™ rhyolites. Tie-lines connect whole rock and glass compositions from the same
rock. Also shown are compositions of xenoliths from COM lava field. a monzonite outlier of

the Idaho Batholith, and estimated upper crust compositions: these points are keyed to analyses
in Table 5

sition (Table 5). These rocks all lie well off the COM trend indicating that
addition of such material to any SRP or COM lavas cannot be responsible
!‘or the COM trend. On the busis of trace element data for these rocks (Table 5),
it can be argued that the compositions of the COM lavas cannot be obtained
simply by admixture of any of the analyzed crustal rocks with more primitive
basaltic magmas such as the SRP olivine tholeiites. In fact, some trace elements
(notably Hf, Zr, Ba, Th) are enriched in silicic COM lavas in concentrations
much greater than found in any typical crustal rock.

Variation diagrams (Fig. 2) show decreases in TiO,. FeO*, CaO, P,0;,
and included trace elements, and increases in Si0,, AL 0,, Na,0, K,O and
excluded trace elements with decreasing MgO. All of the variation trends are
regular except those for Zr and Hf (not shown). These two elements are markedly
epriched in the most mafic ferrolatites (CM-2 and 69-19) and become progres-
sively depleted in the more silicic ferrolatites as Mg decreases. Zr/Hf ratios (44
to 55) remain roughly constant throughout the suite indicating that discontinui-
ties in the variation trends for each of these elements are caused by the same
mechanism. K/Rb (380 to 440) and K/Ba (12 to 15) ratios also vary little
throughout the suite, whereas Rb/Sr (0.09 to 1.55) and Ba/Sr (2.5 to 27.6)
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Table 4. Craters of the moon lavas

69-28 69-22 WPL-87 SBR-4 CM-1 72-27 69-21 SBR-5 69-17 69-35 CM-2 69-19 69-20 V-3 v-27 NCP-1  NCP-3
Sio, 45.1 4.4 45.7 45.9 46.04 46.7 48.7 515 i 52.1 56.9 56.8 58.1 62.1 62.6 63.5 63.3 722
TiO, 3121 4.03 331 345 3.11 3.27 318 2.56 : 223 1.30 1.29 1.30 0.77 0.73 0.48 0.64 0.4
AL O, 143 133 139 133 13.9¢ 13.6 12.8 13.5 : 144 15.3 14.5 14.4 14.8 148 14.4 16.4 12.0
Fe,0, 0.15 - - - 2.76 - - - : - - 2.39 - - 1.79 1.14 - -
FeO 15.1 17.12 16.9 17.5 13.91 16.3 16.5 15.0 l 143 10.7 10.6 123 9.28 145 7.14 3.69 282
MnO 0.27 0.30 0.31 0.31 0.30 0.30 0.30 0.28 | 0.26 0.22 0.25 0.24 023 0.20 0.19 0.06 0.01
MgO 6.26 4.90 4.01 416 3.89 397 3.74 2.79 ! 2.33 1.61 112 1.02 0.41 0.35 0.30 1.29 0.13
CaO . 955 8.53 7.69 7.68 7.45 7.56 7.59 6.58 ! 5.98 4.92 4.56 4.38 3.20 3.9 291 3.42 0.85
Na,O 2.55 3.34 3.46 3.52 3.45 3.39 119 3.76 i 4.29 4.58 4.02 3.65 4.55 4.05 4.11 ité 2.87
K, 0 1.21 1.59 2.05 1.94 1.88 2.08 1.94 2.34 i 2.70 335 332 3.63 4.50 467 4.81 5.12 5.16
P,0y 2.08 248 2.51 2.44 228 2.41 2.13 1.65 ) 1.40 1.00 0.63 0.62 0.25 0.19 0.09 0.24 0.06
H,0* 0.20 - - - 0.74 - - - - - 0.15 - - 0.18 0.07 - -
H,0" 0.09 - - - 0.13 - - — - - 0.03 - - 0.01 0.04 - -
CO, 0.05 - - - 0.02 - - - X - - 0.01 - - 0.06 0.01 - -
Total 100.1 100.0 99.7 100.1 99.87 99.6 100.0 100.0 100.0 99.6 99.7 99.7 100.0 100.3 99.2 97.3 )_—
Fe/(Fe+Mg) 0.712 0.780 0.811 0.810 0.815 0.807 0.818 0.845 0.860 0.872 0923 0.925 0.959. 0.964 0.966 0.744 0.956
Molecular norms (Fe;/Fe;=0.15)
AP 4.47 5.35 5.56 *$.26 4.95 5.21 4.61 3.55 293 211 1.35 1.33 0.53 0.40 0.19 0.51 0.14
IL 4.59 579 4.74 4.96 4.50 4.71 4.58 3.67 ! 37 1.83 1.85 1.86 1.08 1.03 0.69 0.92 0.64
MT 236 2.68 2.63 273 2.66 2.56 258 233 i 2.23 1.65 2,04 1.92 1.42 1.40 1.32 0.58 0.45
OR 1.34 9.68 12.45 11.57 11.54 12271 11.86 14.21 16.14 20.00 20.15 22.05 26.87 28.02 29.14 31.19 3217
AB 23.52 30.92 33.80 32.59 32.18 31.49 29.64 34.72 . nmn 41.46 37.08 33.69 41.30 36.94 35.27 29.23 27.16
AN 24.65 17.06 15.77 15.23 17.58 16.35 15.40 13.42 12.29 11.53 12.06 12.53 6.61 8.74 8.10 15.93 4.03
Qz - - - - - - - 0.60 - 2.18 4.19 117 6.95 9.31 11.57 14.07 31.61
DI 8.05 7.89 4.85 6.10 4.28 493 7.34 1.25 7.26 5.23 5.56 4.52 6.24 4.86 4.89 - -
HY 13.10 2.44 1.78 5.84 8.76 1.4 23.49 20.26 16.69 13.92 i5.72 14.93 9.00 9.30 8.84 1.57 347
oL 11.93 18.19 18.41 15.72 13.55 10.89 0.50 - 1.53 - - - - - - - -
COR - - - - - - - - - - — - - - - 0.01 0.32

Trace element abundances

Ni 59.0 10.0 6.0 6.0 50 1.0 1.0 - : - - - - - - - - -
Co 48.0 420 35.0 36.0 350 36.0 360 330 , 29.0 15.0 120 1.0 - 2.0 0.5 7.0 20
Sc 29.0 24.0 26.0 23.0 24.0 240 210 280 26.0 220 27.0 250 240 200 17.0 8.0 50
Cr 65.0 16.0 140 11.0 40 5.0 30 - - - - - - - - - -
Ba 700.0 980.0 1,000 1,1800 11,2300 L1700 12100 1,360.0 1,680.0 11,8300 20100 21000 3,000 32600 32000 1,960.0 1,350.0
Sr 274.0 330.0 3150 317.0 319.0 326.0 291.0 285.0 282.0 259.0 228.0 217.0 184.0 175.0 116.0 - )
Rb 24.0 30.0 41.0 41.0 39.0 41.0 39.0 48.0 55.0 7.0 76.0 79.0 94.0 97.0 104.0 184.0 .

Cs 0.27 0.34 - 0.6 - 0.48 - - - - 0.9 095 1.5 1.5 1.3 7.1 23
Ta 4.1 6.0 6.5 8.4 6.6 6.5 6.3 15.0 20.0 23.0 8.5 8.6 210 9.6 220 1.6 37
Hf LS 16.0 23.0 210 20.0 20.0 18.0 24.0 280 33.0 45.0 42.0 4.0 370 36.0° 6.4 13.4
Zr 626.0 8570 1,0630 11,0600 11,0670 10510 968.0  1,180.0 1,300.0 11,6200 2,5000 22500 1,840.0 1,830.0 1,572.0 3100 610.0
Th 26 38 53 5.0 54 52 53 6.6 73 9.0 10.0 10.0 13.0 - 15.0 18.0 28.0
La 66.0 85.0 98.0 104.0 100.0 1010 102.0 13.0 124.0 134.0 1310 134.0 150.0 154.0 166.0 49.5 75.5
Ce 143.0 182.0 224.0 218.0 203.0 2120 208.0 253.0 2570 264.0 2720 274.0 292.0 298.0 330.0 88.0 154.0
Sm 17.2 225 230 249 229 250 232 289 290 299 250 26.2 320 320 350 1.2 14.2
Eu 53 6.6 76 - 17 7.0 7.1 6.6 7.5 1.6 117 7.0 1.2 8.1 8.2 7.54 18 L77
T 22 2.85 38 3.6 3o 32 29 38 35 3.8 33 33 4.2 4.0 44 0.65 2.6
Yb 6.5 8.3 94 9.46 9.13 94 9.0 9.8 10.7 11.5 124 12.6 130 13.0 13.5 2.1 10.0
Lu 111 1.36 1.58 1.60 1.53 1.56 1.51 1.57 1.83 1.94 211 2.08 224 22 2.38 04 177
Se*7/se0 0.7079 0.7081 0.7090 0.7098 — - - 0.7101 0.7104 07124 — 0.7107 0.7108 0.7111 0717 - -
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Table 8. Compositions of selected crustal rocks

1 2 3 4 5 6 7 8 9 10

Si0, 64.9 61.2 60.3 74.6 67.4 69.1 70.1 72.5 66.6 62.4
TiO, 0.5 0.6 1.0 0.4 1.03 0.29 0.09 0.01 0.26 0.76
ALO; 146 16.4 15.6 12.8 10.9 15.8 16.1 144 17.4 17.1

FeO 4.1 56 6.5 23 10.2 2.59 1.05 0.36 2.6l 8.31
MnO 0.07 0.1 0.1 0.2 0.13 006 — - 0.03 0.12
MgO 22 30 39 0.5 4.09 1.39 0.23 0.01 0.55 4.52
CaO 4.1 44 5.8 34 1.68 4.32 2.89 0.82 1.43 1.93

Na, O 35 4.0 35 4.0 3.00 3.63 5.20 4.18 341 2.27
K;0 31 3.0 25 44 1.03 2.63 242 6.36 5.90 237

P,0, 0.15 016 - 03 0.03 0.16 0.10 0.09 0.12 0.17
Co - - - 2.0 - - - - 35 19.0
Sc - - - 5.0 210 30 20 1.0 4.0 18.0
Cr - - - 7.0 5.0 16.0 1.0 Lo 220 27130
Ba 10700 1,1620 4250 1,1000 12300 680.0 1.360.0 68.0 1,180.0 450.0
Sr 3400 5720 3750 590 3250 2350 70.0 420 1490 1150

Rb 118.0 56.0 9.0 l67:0 220 30.0 60 1650 2360 1140

Hf - - - 13.0 120 6.0 4.0 4.0 8.0 40
Zr 400.0 1440 165.0 - = - - - - -
Th 103 S 9.6 28.0 330 0.1 6.1 49.0 62.0 9.0
Pb - 15.1 12.5 - 9.0 15.8 224 300 - -
la - - - 780 1010 220 29.0 250 96.0 21.0
Ce — - - 161.0 2300 320 49.0 520 1920 420
Sm - - - 14.0 13.0 0.78 1.2 36 19 4.3
Eu - - - 1.7 3.0 0.96 0.95 0.35 0.82 0.9
Tb - - - 20 1.5 - 0.10 0.71 113 0.6
Yb - - - 5.8 4.2 0.43 0.20 1.6 1.08 1.9
Lu - - 1.0 08 - 0.04 04 0.28 0.37

K/Rb 2180 4450 2320 2180 389.0 7280 33500 3200 2080 173.0
K/Ba 24.0 220 49.0 330 7.0 320 150  776.0 41.0 44.0
Rb/Sr 0.35 0.12 0.24 2.84 0.07 0.13 0.09 393 1.58 1.00

Avg. Canadian Shield of Shaw and others, [31]

Avg. Lofoten banded granulite, [31]

Avg. crust of Taylor, [31}

Avg. SRP silicic volcanics (Leeman, unpublished data)

Xenoliths from COM lava field (#'s SI-1, CKI-1, 70-40, respectively)

Quartz monzonite, north margin of SRP (#70--14), (Leeman, unpublished data)

Avg. biotite gneiss. Precambrian Green Creek complex, Albion Range, south margin of SRP
(¥'s YAG-798, -800, -822), [32)

10 Biotite-otigoclase-quartz schist, Green Creek complex (#YAG-799), [32)

w
- SN S
-] 1,

ratios increase progressively with increasing K,0. A trend not commonly ob-
served in differentiated lava suites is the strong depletion of P,O4 with concomi-
tant enrichment of La and other REE as K,O increases. It is shown below
that these trends in composition can be explained in terms of fractionation
of observed phenocryst phases.
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Fig. 2. MgO-variation diagram showing major-element compositional variations in COM tavas

Phase Relations and Experimental Studies

Compositional variations within the COM lavas are reflected in their molecular
norms. The mafic ferrobasalts all contain normative olivine and hypersthene,
whereas the silicic ferrobasalts and ferrolatites contain normative quartz and
hypersthene. Approximate phase relations for this suite may be i.nl'erred lhrpugh
use of the pseudoquaternary basalt-tetrahedron of Yoder and Tilley [23]. Fx'gv._lre
3 shows the normative compositions of COM lavas projected from ohvnqe
and plagioclase. Compositional trends defined by the ferrobasalts and their
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Fig. 3. Analyses of COM lavas projcted into normative basalt-ictrahedron. Stippled arca shows
range of all whole-rock analyses. Tie-lincs connect whole-rock and groundmass (or glass) composi-

tions from the same rock. Squares and diamonds denote glasses formed by crystallization of two

ferrobasalts at a pressure of one atmosphere (sec Table 6)

residual groundmasses are compatible with dominant olivine and plagioclase
fractionation. The ferrolatites and their groundmasses define a separate trend
at a high angle to the ferrobasalt trend which is compatible with dominant
olivine and plagioclase fractionation. The ferrolatites and their groundmasses
define a separate trend at a high angle to the ferrobasalt trend which is compat-
ible with entry of clinopyroxene as a liquidus phase.

Phase relations in the projection from olivine are less clearly displayed but
are also compatible with cotectic plagioctase and olivine fractionation in the
ferrobasalts followed by dominant clinopyroxene-plagioclase control for ferrola-
tites. It is clear that thesc projections do not completely represent the COM
bulk compositions since there are no fields for magnetite or apatite which
are inferred to be cotectic phases with olivine and plagioclase.

The crystallization behavior of two COM ferrobasalts was experimentally
studied under conditions of controlled oxygen fugacity and one at total pres-
sure. Previous studies [7, 24) have shown that the order of phases crystallizing
from COM lavas is strongly dependent upon values of oxygen fugacity. However,
they were unable to reproduce the naturally occurring near-liquidus mineral
assemblages in these rocks under anhydrous conditions, and suggested that
COM lavas crystallized under water-undersaturated conditions. With these limi-
tations in mind, our cxperiments were run ncar the synthetic QFM buffer,
under which condition olivine, plagioclase and ilmenite crystallized within about
20° to 30° C of the liquidus in compositions 70-42 and 72-27. Glasses and
selected minerals from four of these runs were analyzed using an electron micro-
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Table 6. Analy;éfs\ of products from experimental runs at pressure =1 Bar

70-42,) 70-42; 72-21, 72.27.
1,100°C, 1,077°C, 1.100°C. 1.077°C.
QFM QFM QFM QFM

Glass Plag Oliv  Glass Plag Oliv  Oxide Glass Plag Oxide Glass

SiO, 455 544 366 441 556 357 010 474 549 032 51.0

TiO, 419 019 010 433 015 009 535 345 0.18 532 295
AlL,O, 13.9 285 0.07 1.2 276 009 034 139 281 0.32 11.7
FeO 14.7 062 327 176 043 31.0 415 145 067 398 155
MnO 0.322 - 0.58 037 -— 0.72 056 033 — 065 0.32
MgO 474 014 314 375 0.07 258 442 424 010 441 199
CaO 8.70 11.0 037 989 963 0.54 029 795 104 0.60 8.0
Na,O 337 5.08 - 312 565 — - 353 5143 - 133
K,0 155 051 — 202 095 — - 188 081 - 313
P,0s 264 — - 416 — -  — 262 - - 193
0y, - - - - — - 04 - - 018 - )
Sum 99.6 100.5 101.7 100.5 100.1 101.9 1009 99.8 1002 995 999
Fe/ 0.755 — - 0.824 — - — 0774 — - 0.888
(Fe+Mg)

Molecular norms (Fe®* [Fe?* =0.15)

AP 5.69 9.04 5.63 4.19
IL 6.02 6.27 494 4.27
MT 229 21 2,26 244
OR 9.44 12.40 1.4} 19.22
AB 31.21 29.10 32.56 31.08
AN 18.77 11.03 17.04 8.10
Dl 6.37 9.37 4.72 16.08
HY 9.91 10.67 14.39 14.01
oL 10.31 9.36 1.07 —
(874 - - - 0.62
mole% An — 528 - - 459 - - - 502 -

mole % Fo _ _ 63.1 _ _ 54.1 _ _ - _

probe and the results are presented in Table 6. In the experiments with ?0 it
olivine (Fo,,) and plagioclase (Ans;) were the only phases o crystull_lz

1,100° C; their compositions are identical to those of microphcnocrysts.m the
actual rock. At 1,077° C ilmenite had joined olivine (Fos,) and plagioclase
(Ange). but magnetite failed to crystallize in any of the runs near QFM.as
was observed by Thompson [24]. With composition 72-27 a similar crystalhzauo.n
sequence was observed but the liquidus plagioclase at 1,100° C was more sodic
(Ang). Apatite was not observed in any run. It is clear that our experiments
have not reproduced the natural crystallization behavior of COM ferrobasalts.
Thompson [24] showed that crystallization of magnetite in these rocks was
critically dependent on the prevailing oxygen fugacity, requiring values close
to the NNO buffer under anhydrous conditions. We conclude that the discrepan-
cies between the experimental and natural crystallization behavior of COM
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lavas may be attributed to the role of water in the natural system. The presence
of water in crystallizing silicate melts tends to reduce the liquidus temperature
of plagioclase relative to that of other silicate and oxide phases [25] and may
favor higher oxygen fugacities. The latter effect would increase the activity
of Fe** in the liquid, favoring precipitation of magnetite over ilmenite. The
absence of apatite in the experimental runs is not so easily rationalized, but
may also be related to the anhydrous nature of the experiments since apatites
generally contain OH™ radicals in their structure.

Empirically Derived Fractionation Model

An empirical method has been used to evaluate the phase relations that obtained
in the natural COM liquids. Accumulated evidence suggests that the COM
lavas are genetically related through fractional crystallization of a series of
magmas of common parentage. The chemical evolution of these lavas cannot
be a simple process since the eruptive sequence does not correspond directly
with compositional changes. For example, the first eruptive phase includes the
most malfic lavas (Lava Creek, Sunset Cone, and Grassy Cone flows), with
exception of 69-28 which was collected from one of the youngest flows (see
Table 1). The second phase includes the most siticic lavas (Devils Orchard,
Serrate and Highway flows), and subsequent cruptive phases reverted back
to more mafic compositions. It must be remembered that all of these phases
occupied a relatively short time-span. during which batches of magma of differ-
ent compositions probably coexisted in different reservoirs.

If it is assumed that the same differentiation processes operated on each
discrete batch of magma and that the cxtent of such differentiation was propor-
tional to residence time in some subsurface reservoir prior to eruption, it can
be postulated that the erupted lavas provide a sampling of compositions along
the liquid line of descent of the parental magma. This model was employed
to estimate the proportions of phases that must be removed to obtain derivative
liquids corresponding to observed compositions of COM lavas.

A least-squares mixing program [26] was used to determine optimum compo-
sitions and proportions of phenocrysts that must be removed to derive successive
COM lavas from an assumed parental liquid equivalent in composition to sample
69-22 (Lava Creek flow). This sample was chosen as the parent because it
is one of the earlicst Mows and also has the features of being the most mafic
(i.e., highest concentrations of included trace clements, lowest Fe/(Fe+Mg),
etc.) lava in the sequence (with exception of 69-28). The Lava Creek flow
has a microphenocryst assemblage which, with exception of rare megacrysts,
closely resembles that in other more evolved ferrobasalts. Sample 69-28 was
rejected as a hypothetical parent both because it is one of the youngest lavas
and its phenocryst assemblage and composition do not closely correspond to
other COM lavas. We do not necessarily imply that 69-22 is itself a primary
liquid (derived by direct partial melting of the mantle), but only that it may
serve as a reference point along the liquid linc of descent of the COM parental
magma.

— S
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Table 7. Representative cumulative fractionation models
5
Mix 69-22t0: F Xov Xor Xur Xap Xex n
5
1 SBR-4 0.7707  0.0412 0.1302 0.0486 0.0165 - ?;53
2 CM-1 0.7957 0.0433 0.1043 0.0567 0.0189 - ‘.071
3 72-27 0.7546 0.0462 0.1302 0.0596 0.0186 - 0.714
4 69-21 0.7042 0.0540 0.1564 0.0683 0.0247 - 3. 0‘”
5 SBR-5 0.6485 0.0757 0.1384 0.0905 0.0384 - |. "o
6 69-17 0.5563 0.0870 0.2116 0.1086 0.0446 - lAW
7 69-35 0.4646  0.1018 0.2465 0.1378 0.0532 - 1'319
8 CM-2 0.4458 0.1071 0.2687 0.1342 0.0566 - 1.6.32
9 69-19 0.4181 0.1092 0.2878 0.1377 0.0570 - » 0.488
10 69-20 0.3427 0.1088 0297 0.1472 0.0585 0.05 6 0.695
" V-31 0.3332 0.1098 0.3069 0.1487 0.0588 0.051 0.774
12 V-30 0.3425 0.1099 0.3054 0.1493 0.0594 0.0453 (). m
13 v-27 0.3200 0.1103 0.3195 0.1528 0.0596 0.0493 ! .57’
14 69-28 0.7662 0.0694  0.1472 - 0.0068 - . )
to
69-22
Notes:

Mineral compositions used are as follows: OL28(F0,,), PL22(Any). MT22, APAT, and in mixes

10-13. PX20 I
Mixes were weighted according to analytical errors for each component as follows: Si: 1% Ti, Al,

Fe. Mg. Ca: 2%; Na, P: 3% K: 5% Mn: 10%

Table 8. Representative incremental fractionation models

X, X, bR Minerals
Stept F Xor oo . At . fractionated

69-22 to 72-27  0.7546 0.0462 0.1302 0.0596 0018 1.071 OL28, PLZ% KITEE. Q:’)
69-2210 69-21 07042 0.0540 0.1564 0.0683 00247 0724 OL28.PL22. :\\ATE;. o
72-271069-17  0.7192 00548 0.1198 0.0696 00356 0179 OL28. PL':’7. h IT’7. b
72-27 10 69-35  0.6086 00727 0.1591 0.1073 0.0471 0872 OL28. PL27. .\iT;S. ;S
69-3510 6920 07277 00435 0.1823 0.0325 0.0200 0.07F OL22, PL17. MT s. ~
69-35to V-31 06702 00517 02238 00353 00211 0214 OL22, PL17. MT35, N
69-35 to V-27 0.5940 0.0697 0.2799 0.0461 0.0226 0.577 OL22.PL17. MT35.

+ Each step is calculated assuming that first sample is parent al!ld second sample is df.‘.f.l\'( | )u:
F is fraction of parent remaining after each sep. X; is fraction of parent that crystaluees as
mineral i during cach step

In constructing a fractionation model it was assun‘md‘ that phen_ocrysl§ were
removed from a liquid A to produce a derivative liquid which is eqylvulent
to a more evolved lava, B. The calculations were performed by assuming that
proportions of derived liquid B and removed mi_crophenocrysts sum Hp to the
composition of A such that the squares of the differences for eac.l} oxide com;‘
ponent between calculated and observed A are minimized. The goodn;ss o
fit” for each calculation is expressed as the sum of the squared resndua}s
(r,=difference between calculated and observed values for each component i).
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Thus, small values of Zr? indicate a good mathematical solution. The mixing
calculations were performed after weighting each component according to the
analytical uncertainty associated with its determination. This insures that poorly
determined elements receive the least weight, while those which are well determined
receive proportionately greater weight.

Input data consisted of chemical analyses of the rocks A (=69-22) and
B and the microphenocryst phases. In all cases the mineral compositions used
were determined by microprobe analysis of phenocrysts in the COM lavas
[15]). It cannot always be assumed that microphenocrysts in A are those which
were removed to obtain B. In the case of relatively dense minerals, such as
olivine, it was assumed that the microphenocrysts actually removed were slightly
more Fo-rich than those observed. For each mixing model a range of mineral
compositions selected from analyzed COM phenocrysts (see Table 2) was tested
to optimize the solution. The mixing calculations for a sequence of lavas may
be carried out in two different ways: (1) in incremental steps—e.g.,
“AT=“B"-“C” ..., or (2) in cumulative (or successively larger) steps begin-
ning with the same parent—e.g. “A”—>“B”, “A”—>"C", etc. Both methods
were used and found to yield essentially identical proportions of the various
phases, however, the first method consistently gave smaller values for Zr?.
In order to maintain consistency between different sets of calculations, the
second method was arbitrarily used to evaluate the proportions of phenocryst
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Fig. 4. Crystallization model for COM lavas as deduced from major-element mixing model calcula-
tions (sce Table 7 and text). Uncertainties shown are those associated with the mixing calculations
only

i 53
Evolved Lavas from the Snake River Plain

phases and residual fiquids (" B™) throughout tll1e COM suite.. R(;;:;cs;r:;)\lt;:/c; )
i incre al fractionation models are summarize ables
cumulative and incremental fractionation ' es 7
ati arri { for all COM lavas and the proporti
nd 8. Such calculations were carried ou . / the tio
?)f fractionated phenocrysts were plotted against the fraction of liquid remaining

(F) at the stage represented by each sample (Flg. 4). Dllﬁferepcl:]gs ?ﬁ;wlﬁf:e:f;:\l:;
of incremental and cumulative calculations consistently lie within
imi own in Figure 4. o . ) o
hml';'shzhslriking fe%uurc of this diagram is thc': implied fracuonatlo?oonfso:lll\l/rlgleg.
plagioclase, magnetite, and apatite in c_:ssephglly constunt' pr‘(:'pon B
the first 55 percent crystallization of initial liquid 69—2?. .Near tddth stagro onigns
roxene entered as a liquidus phase at the expense pf olivine. aln t ; p i ;[;creased
of magnetite and apatite decreased nquceubly. while that of p aglodc a‘se Incréased
slightly. The entire range in comp;)sit{(()in qf ClOMt;a\(Jgs ;:‘?rrlc'?;::g 'sn ao solidifica-
i ercent of a liquid simiar -22. )
::l(()):':p%fsiiioomnetgo69p-28 was a mo?e primitive predectess?r of the C(g(l)\d suite,
it is inferred that the observed lavas represent crystallization of about 80 pe )

hat liquid.
of tTal‘le I::]mpirically derived fractionation model closely resembles the phase

relations inferred from the textural data and is by flchnmo'n COT‘pal]l(bleTv}:::;
compositions of olivine and plagiocl?w phenocrysts in the natura r(?c' ls. hese
minerals display regular decreases in Fo an'd An ‘coment, .respec{ll\e ){;(a‘ned
decreases (Fig. 5). The model is also compatible with experimentally obtai
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Fig. 5. Variation of mineral compositions in COM lavas as a function o ) ati
ol'grespeclive samples (relative to sample 69-22). Dashed lines approximate the trend in compo?lflon
of phenocryst cores. Solid bars indicate the range between phenocryst and groundmass compositions
within cach sample
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compositions and crystallization proportions of olivine and plagioclases. It
should be noted that megacryst minerals occurring in the Lava Creck flow
are not included in the fractionation models presented because (a) such mega-
crysts are not present in any other flow we examined, and they are rare cven
in the Lava Creck flow, and (b) major element trends as represented by normative
compositions (sce Fig. 3) are not consistent with significant clinopyroxene frac-
tionation among the ferrobasalts. Model calculations involving the megacryst
minerals did not yield significantly better mathematical solutions than those
presented, and in any case the maximum amount of clinopyroxene that could
be tolerated was less than two to three percent.

» Also it was found that our model calculations for the ferrolatites were
not significantly improved by including the partly-resorbed anorthoclase xeno-
crysts. At the most, no more than one to two percent of anorthoclase could
be tolerated in obtaining a good mathematical solution. However, those models

indicated that anorthoclase must be added to the melt rather than fractionated
from it.

Trace Element Behavior during Crystallization of COM Magma

Treating the COM lava suite as a rcprcscnml‘i'vc sampling of liquids formed
by crystal fractionation of a single type of parental nugma has yiclded estimates
of the fraction of liquid remaining at any stage in the differentiation of that
magma. It is widely recognized that the concentrations of trace elements in
such fractionated liquids are dependent upon (1) their concentrations in the
initial magma, (2) the magnitude of the effective crystal/fliquid partition cocffi-
cients (which are themselves functions of temperature, pressure, bulk composi-
tion, and. in some cases, oxygen fugacity), (3) the proportions of fractionated
solid phases, and (4) the extent of fractionation.

The latter two factors were quantified for the COM suite in the previous
section. The relative concentration of an element in a fractionated liquid may
be expressed as C,/Co=FP"Y according to the Rayleigh fractionation model
(c.f,, [27)) which assumes that equilibrium is maintained only at crystal-liquid
interfaces. C, and C, are respectively concentrations of the element in the
initial liquid and the derived liquid, the proportion of which is F, and D is
a composite bulk partition coeflicient which is weighted according to proportions
of the fractionated phases. In the case of elements which are usually excluded
from early crystallizing phases (e.g., Rb, K, Th, Cs, Zr, Ba and the REE),
the value of D approaches zero. Thus for a perfectly excluded element, C,/Co=
F ! (i.e., the inverse of the proportion of liquid remaining). This relationship
also holds for excluded elements in the case of bulk (Nernst) equilibrium frac-
tionation. Crystallization of such phases as zircon, apatite or micas may cause
D to be greater than zero for some elements such as Zr, Hf, the REE, or
Rb and K in which case these elements may no longer be perfectly fractionated

_into the residual liquid.

Data for selected excluded trace elements in COM lavas have been normal-
ized to the concentrations in sample 69-22 and plotted against F in Figure 6A.
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size would make the identification difficult. The excluded clement data provide
strong support for the basic postulate that all COM lavas are genetically related
through fractional crystallization of magmas of common parentage.

Data for several included elements are displayed in the same fashion in
Figure 6 B. Sr and Co are steadily depleted throughout the sequence, whereas
Sc is slightly enriched in the early stage liquids, then behaves us an included
element after about 50 percent crystallization. The distinct breaks in the Co
and Sc trends may be related to entry of clinopyroxene as a crystallizing phase.
Other elements not shown follow predictable trends —e.g., Ni and Cr are substan-
tially depleted by the time F reaches a value of 0.65. The REE behave as
partially included elements owing to fractionation of apatite for which REE
partition coefficients are high {28]. REE abundances in COM lavas, normalized
to those in sample 69-22, increase with degree of crystallization. but with only
slight enrichment of Sm, Eu and Tb compared to La and Lu. This type of
fractionation results from removal of apatite, for which middle REE partition

coefficients are greater than those for the lightest and heaviest REE (Leeman,
in preparation).

Crustal Contamination e

Major and trace element compositions of COM lavas are well-explained in
terms of the crystal fractionation model presented here. Admixture of crustal
material with COM magmas may have occurred to some extent, but cannot
be called upon to explain the main variations in composition in these lavas
(c.f., Fig. 1). Such features as extremely-high content of the elements Ba, Zr,
Hf, Th, and U (in concentrations greater than those observed in most crustal
rocks) and near-constancy of K/Ba and K/Rb ratios (both of which would
tend to decrease with addition of average crustal material) argue against total
assimilation of crustal rocks.

On the other hand, Sr and Pb isotopic ratios [14; Leeman and Manton,
in preparation] vary systematically with chemical composition of COM lavas.
In Figure 6 B it is seen that Sr®7/Sr% ratios increase progressively with decreasing
F. Also, the ferrolatites from the Devils Orchard, Serrate and Highway flows
are heterogencous and define a trend of increasing Sr®7/Sr®¢ which is distinct
from that of the ferrobasalts. These relationships are not expected to result
from fractional crystallization as the two isotopes have the same chemical proper-
ties. The simplest explanation for these trends is that increases in Sr37/Sr®¢
reflect progressive crustal contamination of COM magmas as they differentiated
in sub-surface reservoirs.

The available data suggest that if such contamination occurred, it must
have been relatively selective with respect to Sr (and Pb) so as to preserve
the major and other trace element characteristics of COM lavas. Alternatively,
assimilation of small amounts of highly-radiogenic material is plausible. Lead
isotopic analyses (Leeman and Manton, in preparation) show that some of
the crustal xenoliths found in COM lavas are derived from terrains of Archean
age. These xenoliths commonly contain abundant potash feldspar or plagioclase
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and many contain (now-relict or partly resorbed) biotite. In .rocks. of Archem.\-
age alkali feldspars typically have high Pb/U and non-radiogenic .leafi [29i.
whereas biotites are characterized by high Rb/Sr and very radiogenic Sr {30}
It is conceivable that selective melting of small amounts of these minerals can
account for the isotopic anomalies observed in COM lpvas \',vuhout gl.'e.ally
affecting their bulk compositions. It is concluded that the isotopic compositions
of Pb and Sr in COM lavas have been perturbed by some form of crustal
contamination which did not significantly affect the concentrations of most
other elements in these rocks.

Origin of COM Lavas

The evidence presented here strongly suggests that COM lava§ are related by
fractional crystallization of a common parental magma-type. if not the same
magma. Even the Jeast-evolved samples are strongly fractionated in comr )on
to SRP olivine tholeiites, such as the McKinney Basalt [7. 11} For. ' ns
given earlier it is not likely that the high excluded clement contents in QONI
lavas are the result of contamination. Two main possnt.)iljucs remain: COM
lavas may (1) indeed be derived by fractionation of SRP olivine lholcmg magma.
or (2) be derived as separate partial melts that were not related directly to
the SRP olivine tholeiites. _ .

The first possibility was tested in terms of crystal fruclnonatnon quels.
Mixing calculations. such as those described earlier, fail to reveal a v:uple
path from typical SRP olivine tholeiites to COM ferrobasalts by. fractionation
of low-pressure phenocrysts (olivine, plagioclase. spinel) obsgrvcd in lhqse rocks
or by fractionation of phases (clinopyroxene, garnet) \\.'hICh crystallize from
an olivine tholeiite at a pressure of 26 kbars {1]. A high-pressure path can
be defined, though imprecisely, using compositions of minerals (olivine, clinopy-
roxene, plagioclase) formed in the 8 kbar experiments of Thpn,pson M. Ac'cord-
ing to this model, 22 percent of a parent tholeiite liquid similar to McKinney
Basalt pillow lava must crystallize to obtain a liquid equivalent to 69-28: 41
percent must crystallize 1o obtain 69-22 liquid. .

Abundances of excluded trace clements provide important constraints on
the postulated fractionation of olivine tholciite magma to yield COM ferro_ba-
salts. Calculations were made to estimate the degree of fractionation )lred
to account for observed contents of some excluded elements in fericgasalt
samples 69-28 and 69-22, assuming that these lavas were derived direfrtly by
fractionation of average McKinney Basalt magma {11]. As noted carlier. the
relative concentration (C,/Co=conc. in COM lava/conc. in McKinney a\:g.)
for an excluded element is approximately equal to 1/F, where F is the fraction
of liquid remaining. Using observed trace element contents, values of F were
calculated (F=C,/C,) for COM lavas 69-28 and 69-22. The clements 'Ba.‘ Ta,
Hf, Zr, and the REE yield reasonably concordant values of F which indicate
approximately 55 percent (69-28) and 66 percent (69-22) crystallization of average
McKinney magma to obtain the observed abundances of these elements in
the ferrobasalts by the postulated model (see Table 9). These values are substan-



oy -

58 W.P. Leeman et al.

Table 9. Excluded trace element modcls for derivation of COM ferrobasalts by fractionation
of McKinney basalt magma

McK®  “FUh wpe McK?*  pvh e

avg. 6928  69-22 avg. 69-28  69.22
%K ,0 080 067 0.50 La 240 036 0.28
%P,0, 0.55 026 0.22 Ce 540 038 0.30
Rb 166  0.69 0.55 Sm 76 0.44 0.34
Ta 1.7 042 0.28 Yb 4 082 0.41
Hf 58 050 0.36 Lu 0.5 0.50 0.41
Zr 2780  0.44 0.32 Ba 3800  0.54 0.39
Th 22 085 0.58

Average values for McKinney Basalt {11, Tuble 7] used as hypothetical parent
b

* F" denotes the fraction of liquid remaining if the respective COM lavas were derived
from “average McKinney Basalt ™ by perfect Rayleigh or Nernst fractionation. assutning
that solid/liquid partition coefficients are essentiaily zero for each element: ' F * —1/C,,, =
conc. in McK avg./conc. in COM lava. (1-F)=fraction of hypotheticul parent that
crystallized

tially greater than those inferred from the major element mixing calculations.
It is also apparent that values of F in Table 9 are quite variable for other
elements (e.g. K, Rb, P). These discrepancies likely indicate that the proposed
model is not correct; i.e., average McKinney Basalt is not the purent of the
COM ferrobasalts. Of course, this conclusion does not rule out the possibility
that other olivine tholciites (or their precursor liquids) could be parental to
the COM lavas.

It is concluded that detailed refinement of the fractionation calculations
must await more extensive experimental studies of SRP basalts. For the present,
derivation of COM-type lavas from SRP olivine tholeiite magmas remains a
viable possibility, particularly under conditions of moderate pressure (ca.
10 kbar) and water content {1, 24].

The second possibility, i.e., that COM-type lavas are derived as direct partial
melts of the mantle, scems unlikely since COM lavas have: (1) high Sr®7/Sr®®
ratios in contrast to those of SRP olivine tholeiites; (2) relutively high iron
enrichment (Fe/(Fe 4+ Mg) ranges from 0.7 to 0.8 in the most mafic COM lavas);
(3) REE abundance patterns which display strong enrichment of light REE
relative to heavy REE and overall enrichment in REE relative to SRP olivine
tholeiites, and (4) strong enrichment in excluded elements and depletion of
included clements such as Cr, Ni, and Co. This combined cvidence is more
compatible with an origin of these lavas by fractionation of some precursor
magma(s) than by dircct melting of the mantle.

Conclusions

Mineralogic, petrographic, and geochemical evidence suggests that COM lavas
are members of a genetically related suite of liquids that were derived from
a common parental magma (or magma-type). These lavas evolved in composition
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by cotectic crystallization of olivine, plagioclase. magnetite. and apatie in the,
mitfic members of the suite (ferrobasalts), and by cotectic erystallization of
plagioclase. magnetite, clinopyroxene, and minor olivine in the silicic members
(ferrolatites). Phenocrysts of olivine became more Fa-rich. and those of plagic-
clase became more sodic as crystallization proceeded. Assuming that COM lavas
are related by crystal fractionation, the observed range in composition requires
at least 70 percent crystallization of the most primitive ferrobasalt liquid.
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