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Abstract. The Pliocene-lolocene lavas of the Snake River Plain. Idaho, -
USA. have a bimodal composition range, consisting predominantly of gdf §
hasilts (olivine-tholeiites), with subordinate intercalated tholeiitic andesites
hut with very few analyses falling between these groups. The more-magnesian . |

of the tholeiitic andesites contain more total Fe, alkalis. TiO, and P,0, < hi

but less SiO; than the less-magnesian basalts. Derivation of the tholeiitic ak
andesites from the basalts by low-pressure fractional crystallization or by T o
4

T |

major-element crustal contamination does not seem possible, although some k
minor-clement exchange with ancient crust apparently has occurred. Two
lavas, representative of the least-magnesian basalts and the most-magnesian
tholeiitic andesites. respectively, have been subjected 1o nhydrous experimen-
tal studies within their melting ranges at pressures up to 35kb. Both appear
to show four-phase points on their liquidi at about 8kb and these are thought
to have genetic signilicance. Microprohe analyses of the interstitial glasses a0
in_partially-crystalline runs on the basalt between & and 12kb show that Eiee
these reproduce all the characteristic features of the Snake River Plain most-

magnesian tholeiitic andesites, notably their reduced Si-saturation, gt
The compositions of the most Mg-rich Snake River Plain basalts are such e
that they may perhaps be primary magmas, produced by partial fusion of b
a relatively Fe-rich spinel-Therzolite upper mantle at 50 1o 60km depth: a
proposal which accords well with the geophysics of this currently-active region.
Partial erystallization of batches of this magma, delayed during ascent within bl
the crust at depths of about 30 km, is thought to have given rise to the -

tholeiitic andesites.

Introduction

This is the second part of a paper concerned with inves igating some aspects
of the genesis and interrelationships of voleanic rocks by means of anhydrous
high-pressure melting experiments on selected lavas. The first part (Thompson,
1974a) discussed the apparently fissure-crupted Eocene flood basalts and asso-
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ciated lavas of Skye, NW Scotland. This section is a similar study of the flood
basalts and tholeiitic andesites of the Snake River Plain, southern Idaho, U.S.A.
This region is one of prolonged and continuing volcanism and, as such, must
play an important role in any tectonic synthesis of the western United States.
Morgan (1972) has suggested that the area is of prime geodynamic significance
as the surface expression of a mantle thermal convective plume currently under
the Yellowstone Plateau, which he regards as part of the d ing force behind
motion of the American lithospheric plate, beneath which it impinges. Smith
and Shar (1974) have expanded on this theme. Several geochemical studies of
the lavas produced above supposed plumes, notably leeland, have been published
recently. The authors of such works (e.g. O'Nions and Gronvold, 1973 Schilling,
1973 Hart. Schilling and Powell, 1973: Treuil and Varet, 1973: Schilling and
Noe-Nygaurd. 1974) tend 1o emphasize the postulated role of variation of compo-
sition and degree of partial melting of the upper mantle in their schemes for
magma genesis. When subsequent (ractional crystallization of the magmas is
considered (e.g. Treuil and Varet, 1973) it is generally supposed to have occurred
in relatively near-surfuace magma chambers, O'Hara (1973) has pointed out that
schemes of magmatic evolution based on trace element geochemistry are inclined
Lo pay scant attention to the genetic restrictions imposed by our current knowledge
of the phase chemistry of appropriate compositions. Schilling {1973 b) has shown
in response that the converse is true. The work reported here is intended to
establish a genetic framework for the Snake River Plain lavas, based on the
major element chemistry and experimental petrology. which may serve as a foun-
dation for future geochemical studies,

Geological Setting

The Snake River Plain is un clongate arcuate structural and topographic depres-
sion which extends for 500 km across southern Idaho, from the Yellowstone
Plateau at its northeastern extremity to the Columbia River Plateau at the north-
west. Studies of the surface geology (Stearns, Crandall and Steward, 1938 Malde,
1959: Malde and Powers, 1962) indicate that the depression has formed since
the Lower Pliocene by a combination of downfaulting und downwarping; the
former predominating, at least in the west. The infill of continental detrital
sediments and lavas is locally several km thick. The lava component was erupted
from innumerable scattered fissures, some of which are aligned along rift zones
(Prinz, 1970). Vuleanism has continued in the Snake River Plain since at least
the Lower Pliocene (Malde and Powe s. 1962 Armstrong and Leeman, 1971).
The most recent eruptions, along the Idaho Rift Zone, have taken place less
than 2100 years ago (Prinz. 1970: Bullard and Rylander, 1970). With a time
scale of this length in mind. the region may be described as currently active,
despite the lack of historic eruptions. and geophysical data on its present crust
and upper mantle may be used to assist the construction of petrogenetic models.

Theregion forms part of the high heat low ( = 2.0 hfu) provinee of the western
United States (Blackwell. 1971). Seismic refraction studies have shown. however.
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that the crust bencath (he western Snake River Plain is very different rom
that underlying the Basin and Range province, immediately 1o the south (Hill
and Pakiser, 1967). The latter is relatively thin and predominantly sialic, whereas
beneath the western Snake River Plain the M discontinuity is at ubout 45 km
depth. Above it most of the crust appears to he malic (F,=6.7 7.0 km/sec),
capped by only a thin (8 12 km) layer with lower seismic velocities (P, =5.2

6.0 km/see). The relatively low velocities (P, =7.9 km/sec) and high seismic
allenuation in the upper mantle immediately beneath the M discontinuity in
this area full within the range characteristic of the low velocity zone. Thus,
in 4 seismic sense. the lithosphere here is only about 45 km thick. Gravity survey
of the western Snake River Plain by Hill (1963) located three large, elongate,
en echelon zones of positive Bouguer anomalies parallel to the axis of the Plain.
He postulated that these were sels of tension fissures injected with basalt; the
tops of the dense bodics reae ing to within about 2km of the surface. The
unusual gravitational and seismic features of the western Snuke River Pluin
die out progressively towards the castern Plain, which appears to be underlain
by sialic crust (La Fehr and Pakiser, 1962),

Previous Studies of the Lavas

Malde and Powers (1962) established a detailed stratigraphic succession in the
western Snake River Plain. Powers (1960) made a preliminary survey of the
chemistry of the lavas. Subsequently, Stone ( 1967) completed a detailed petrologi-
al study of them, but this remains unpublished. Tilley and Thompson (1970)
used a suite of samples collected hy Powers lor I-atmosphere melting experiments.

The Tavas fall into two distinet chemicul groups. The predominant type is
basalt, with Mg() hetween 6.4 and 11.2%. Silica saturation varies considerably
so that, although all the flows analyzed to date are olivine tholciites in the
classification of Yoder and Tilley (1962). they range from samples which are
virtually Q-normative 1o some which would be ne-normative if their Fe,0; con-
tents were lower than as analyzed (Tilley and Thompson. 1970, Fig. 2). The
basalts contain phenocrysts of olivine + plagioclase in o groundmass of these
minerals, Ca-rich clinopyroxene and Fe-Ti oxides. The olivine shows no signs
of reaction to form Ca-poor pyroxene but, neverthele . the interstices are often
filled with siliccous glass,

The other lava type. which oceurs sporadically throughout the Snake R ver
Plain volcanism, has also been referred Lo as basalt by several authors (Tilley
and Thompson. 1970: Leeman and Rogers, 1970: Muchlenbachs and Stone,
1973). The use of this term is consistent with the basalt-like Si( )y contents (46.0
31.2 weight percent) of these rocks but fails to take account of other aspects
of their chemistry : cg MgO, 3.0 4.4%: FeO + Fe, 05, 13.4 16,7, Ca0), 6.4
1.7%  normative plagioclise. An30 37. These features, together with their thermal
behaviour (see below), indicate that such lavas resemble the postulated liguids
atadvanced stages of different tion of the Skaergaard intrusion, East Greenland
(Wager. 1960). The cumulate roc formed from these were called ferrogabbros
by Wager and Deer (1939). The term was subsequently cha nged to ferrodiorite
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by Wager and Vincent (1962). Its volcanic equivalent, ferroandesite, might suit
these unusual lavas quite well but would involve introducing yet another term
into the evergrowing voleanic nomenclature. The author has previously called
these rocks “iron-rich andesine-normative lavas™ {Thompson, 1972ab, 19734)
and subsequently * tholeiitic andesites ™ (Thompson, 1975a). The latter term is
used in this paper and is in conformity with the classification of volcanic rocks
proposed by Irvine and Baragar (1971, Fig. 7A). Most, possibly all, of these
Fe-rich lavas appear to have been crupted at the margins of the Plain (1ceman
and Manton, 1971). They contain phenoerysts of olivine, plagioclase. titaniferous
magnetite and apatite in a groundmass of these minerals, Ca-rich clinopyroxene,
ilmenite and siliccous glass. Ferroaugite phenoerysts are rare but oceur in a
few flows. Sparse xenocrysts and rare xenoliths of gneissose crustal rocks are
found in these lavas.

T'he isotopic compositions of strontium, oxygen and lead in the Snake River
Plain lavas have been studied by Leeman and Manton (1971, 1972), Muchlenbachs
and Stone (1973) and carlier workers, The HISrMSr ratios of the basalts (0,706
0.708) are considerably higher than those of most ocean basin tholeiites (e.g.
Hart eral.. 1973). However, their uniformity throughout the Plain, especially
in the western part where granitic erust seen virtually absent (Hill and Pakiser,
1967). was emphasized by Leeman and Manton (1971). These authors suggested
that the relative ® Sr-enrichment is an original mantle-derived feature of these
lavas:a view supported by oxygen isotope data (Muehlenbachs and Stone. 1973).
In contrast. the Sr, O and Ph isotope values of tholeiitic andesites from the King
Hill. Craters of the Moon and Cold Springs Creek suites are all anomalous
Tor mantle-derived magmas and suggestive of contamination by ancient crustal
rocks, such as outerop around the margins of the Plain.

Tilley and Thompson (1970) found that the Snake River Plain basalts have
a similar range of l-atmosphere liquidus temperatures to those of hasaltic suites
clsewhere but that the tholeiitic andesite liquidi fell in a much lower range,
1075 1110% C, comparable with such rocks as nepheline mugearite from Anjouan,
Comores Archipelago, Indian Ocean, and benmoreite from Skye, N.W, Scotland
(Thompson, 19724), Ihompson (1975a) has studied the l-atmosphere melting
behaviour of the tholeiitic andesites as a function of oxygen fugacity and deduced
that. at their liquidi. the fractionating magmas fell on a T-f,,, curve sub-parallel
to and slightly below that for the univariant assemblage Ni+ NiO.

tatement of Problems

Tilley and Thompson (1970) suggested that the compositional variation with
the basaltic and tholeiitic andesite groups was produced by fractional crystalliza-
tion of liquids approximately represented by the most-magnesian members of
cach suite. They envisaged this process tuking place at relatively low pressures;
the precipitating phases being those forming phenocrysts in the lavas. They were
reasonably certain that the basalts and tholeiitic andesites were genetically con-
nected by some process dominated by fractional erystallization, but were unsure
ol its precise nature. At first sight the Sr, O and Ph isotope data may be used
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o 4___..:_ that the tholeiitic andesites are simply basalts, heavily contaminated
by assimilation of ancient crustal rocks. However. hoth Tilley and Thompson
(1970) and Leeman and Manton (1971 rejected this hypothesis after consideration
of the major-clement chemistry of the I If. as seems re; sonable, the genetic
:.:_r between the basaltic and tholeiitic andesite suites as a whole is considered
toinvolve the relationship between the least-magnesian Snake River Plain basalts

Table 1. Fstimanes
to produce tholeiitic andesire iz

Mix | Mix 2 Mix 3 Miy 4

.....__.._.._.d Misli S9-P-13 Misfit SO-P-13 Mistil S9-P-13 Mistin

estim estim estim estim
Sif), 4841 (IR 4747 (LRS 4K.65 #1033 47 10 I.16
.,._NC._ 14.20 02 14,92 t.49 14.07 036 137 —0.72
Fety 1345 12 1306 N3 I346 0.23% 14.2% 4 :.mc
Mnt) 024 0.0 021 0ol 022 0.02 0,24 :._,...
Ma() 725 0 713 1003 T8 o2 94 :.:
Caty 930 [N T8 .13 %73 38 T i :.:x
MNa, 0 XTh ERIRI RN 1 0.48 2060 +0.29 T _:__:
K, 073 2 I.46 LTI 1.22 #1147 114 4 :.d.__
T, 115 IRINT} am g 2.7 33 113 _:._..x
P, 052 nos LoD 043 0% 02l 0 p021
W_.a, [N Y6 (140 241
© AN Fe taken as FeO) -

Compone 1 the mives

SP1 3 = Snake River Plain olivine tholciite (Table 2, No. 2y

LAY = Snake River Plin thirler mdesite ( Table 2). >

s = Giroundmass plass of 591 3 tunpublished microprobe analysis),

O pheno = Olivine phenocryst (vore) in 59 P-13q1 hompson, _.__qur, Fable 26),

Plag pheno — Plagioclase Phenovryst (core in 59-p- 3 ¢ Fhompson, op. ¢, _... .

Ol 8 kb Pl 8 kb, Cpx 8 kb ofi soplagiockise and ¢ ek clinopyrosene from
S KBTS C run on 59913 Lable 4 below: Thompson, 1972b, Tuble 20).

Cpx 26 kb, Gt 26 kb -tich clinopyrosenc ( Table 4) and garner (Thompson, 1975k
from 26 13257 C run on S9-1-13, .

Mix 12 74 Gilass + 9 O pheno + 17 Plag pheno =100 59-p.1 3

Mix2: THOBI2 4 11Ol phenn + 18 Plag pheno = 100 59.p-1 3.

Mix 3: 55 OR324 7 (il § Kb+ 21 PIS Kb+ 17 Cpx 8 kb= 100 59-Po13,

Mivd: 55 OBI2 4 37 Cpy 26 kh | 8 Gt 26 kb= 100 59-p.] 3

The parts of each mix are in weight percer
method (Wright and Doherty, 1970

- Estimates are oblained by a least squares cenmputer

H__::wn with lowest l-atmosphere liquidi) and the most-magnesian tholeiitic ande-
sites (with highest T-atmosphere liquidi), the process involves the following major
element changes: going from basalt to tholeiitic andesite, Si0), falls slightly whilst
total Fe, Ti antially. To produce such changes by assimila-

TiO; and P,0O), rise sul
tion would clearly involve dissolution of rather exotic country rock (phosphatic
ronstone?) which did not yield a cotectic liquid of broadly granitic composition

o
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when partially melted. As it happens, all the xenoliths recorded in the tholeiitic
andesites are of quartzo-feldspathic gneiss.

Tilley and Thompson (1970) noted that clinopyroxene was a late crystallizing
phase inall the Snake River Plain lavas studied experimentally at one atmosphere
by them. Thompson (1972a) suggested that this was most simply explained by
postulating a genetic scheme, perhaps at moderate or high pressures. in which
pyroxene was a major fractionating phase. The data in Table | show that sepa-
ration of a pyroxene-rich precipitate, such as would erystallize at moderate pres-
sure (8 to 12kb). from a representative of the less-magnesian Snake River Plain
basalts gives a residuum which approximates reasonably in composition to the
most-magnesian tholeiitic andesite of the King Hill series, whereas separation
of the phenocrysts occurring in the basalt alone is unable to accomplish thi
Thompson (1972¢) noted that, whatever the genetic connection between the
basalts and tholeiitic andesites. it appeared to differ from the conventionally-
envisaged differentiating magma chamber tapped at regular intervals, because
the compositions of the lavas reaching the surfuce were strongly bimodal (Fig. 1),

[ T Fig. 1. Histogram of Thoraton-Tuttle in-
16 dices of Snake River Plain ha ndl tho-
2 eiitic andesites. Data sources are Stone
m. 12 1 (1967) and Tilley and Thompson { 1970)
i
=
- |
] |
.4 b
[}
¢ L Il
P i [ POR . £
15 25 a5 45

Thornton - Tuttle  Index

The study reported here is an attempt to answer the following questions:

I. Can a high-pressure model be developed which successfully relates the
tholeiitic andesites, with their highly characteristic major element chemistry, to
the predominanting basalts of the Plain?

2. Can this model explain why the tholeiitic andesites are so heavily conta-
rge-scile

minated by crustal Sr. O and Ph when there is so little evidence for
bulk assimilation by them of crustal rocks’
3. Why are there so few intermediate compositions between the basalts and
tholeiitic andesites at the surface?
4. What light can be shed on the genes

of the basalts?

High-Pressure Melting Experiments

High-pressure melting experiments have been carried out on one of the least-
magnesian basalts (59-P-13) and the most-magnesian tholeiitic andesite (OB32)
from the set of Snake River Plain lavas used by Tilley and Thompson (1970).
Charges of dried finely-ground rock powder were enclosed in graphite capsules

Primary Basalis

wl Migma Cienes 219

and run in piston-cylinder apparatus. Details of experimental techniques and
the methods used to analyze run products have been given clsewhere (Thompson
1974a), o

Olivine Tholeiite 59-P-13

The two analyses which previously have been made of material with this field
_=.E.:_._Q differ slightly in their silica saturation (Tilley and Thompson, 1970
Table 1). The particular batch of powder used for the cmunz_En:_z wis :._.r%r._,c:m
analyzed by clectron microprobe, using the all-glass products of runs at 30 kb/
1430° C and 35 kb/1490° C. The result given in Table 2. The rock is nx:.ﬁ.:n_w
fresh and largely tachylitic, consisting of 9 weight percent of <2 mm olivine
and 17 percent of = 6 mm plagioclase phenocrysts (Table 1), together with < |
percent of dark brown spinel m rophenocrysts, in a matrix of pale brown glass.
Relevant mineral analyses have heen published previously {Thompson, 1972k
_,.:Q b). The zoning ranges of the phenocrysts are: olivine, ._.,:.i o cores to Fo,.. ,
rims: plagioclase. Ang, (to Ang, g : pinel. complex zoning _,_.:E.._:::_:: r,_::_mu_._m
o chromian tits nomagnetite (Thompson, 1973 h).

An interpretation of thermal experiments on this lava from one atmosphere
:_z_..w_ and Thompson, 1970) to 35kh is given in Fig. 2. Its melting interval
isdominated at low pressures by the solid phases olivine. plagioclase and Ca-rich

Table 2. Chemical analyses and CIPW norms of Spake River P

used in high-pressu

melling experiments

| > 3 I 2 o
Sihy 4776 482 or 445 4.31 1168
ALO, 1493 1438 ab 201 2285 2882
Fe0, 1 . 269 2496 1501
:, 4 12.37 1355 1357 1304 11,63
_.(_. (.20 021 hy 1549 1344 R.02
1p0) 6.70 T8 ol £37 1318 9.15
G0 941 il 57 568 790
..:: 262 mi 209 L i
”ﬂ 0.75 ap 1.34 1w 13
__n nil [y [INIk]) (A ]
1O o3 0.1 rest 03 045
iy, iy .04
Tity, 303 415
P04 (.51 1.39

Total G970 Y966 99.77

Al Fe taken as Fet) in analysis 2 and its norm,

ﬂ. Olivine thaleiite (59-P- 1 3). MeK ney Basalt, Snake River Group, mouth of Malad River, Gooding
Co Tdaho, Analyst DUF, Powers (11.8. Geol. Surve ).

2 _:_p.q.:_.:_ru ysis of plass product of high-pressure, supra-liquidus runs on 59-P-[ 3 fsee fext)
Mean of [0 complete analyses by RN T )
3 s andesite (OB32) Bruneau Formation, Tdaho Grroup, 8 km W of King Hill. Flmaore
Co Tdaho, Analyst P, Montalio (U8, Geol, Survev) )
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Loone atmosphere are |
olivine, 11 plagioclase,

clinopyroxene and at high pressures by Ca-rich clinopyroxene and garnet. llmenite
appears in small quantities near the solidus at pressures below about 25 kh.
No Ca-poor pyroxene was detected. Olivine is the liquidus phase up to about
8 kb, where it is replaced at higher pressures by pyroxene. A surprising feature
of this P-T diagram is that the field of plagioclase precipitation also appears
to reach the liquidus at the intersection of the olivine and pyroxene melting
curves, thus generating a fou phase point. The known errors in the yuoled
pressures and temperatures of the experiments ( ‘hompson, 19742) are too large
for this interpretation of the 6 to 10 kh near-liquidus region of Fig. 2 to he
regarded as certain, However. it is consistent with all the available data,

Theleiitic Andesite O RB32

This near-aphyric holocrystalline lava consists of < 2 mm phenocrysts of olivine
(0.1 volume percent), plagioclase (0.7 percent) titanomagnetite (0.6 percent) and
atrace ofapatite in a groundmass of these phases. augite and ilmenite. A chemical
analysis of the rock is given in Table 2. Relevant mineralogical duta are given
m Table 3. An interpretation of melting experiments from one atmosphere
(Thompson, 19754) 10 35 kb is given in Fig. 3.

The P-T diagram for this composition is similar to that for the basalt (Fig. 2).
except that it is displaced towards somewhat lower temperatures. The appe rance
ofaliquidus 4-phase point (olivine 4 plagioclase + Ca-rich _..__:._:_.;ﬁ..zn:n._.._Ezz_:
at 8 kbin this P-7 diagram is. as with the basalt (Fig. 2) an unexpected relationship
which cannot be explained convincingly as merely the coincidental crossing of
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o Titanomagnetite. Groundmass. Very s ght zoning detected.

T llmenite. Groundmass. No soning detected, Caleulated equilibration conditions for groundmass
Fe-Ti o des {Buddington and | indsley, 1964) are: temperature — 1090° ¢ ndlog f, = -4
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three melting curves. The preferred interpretation, that these liquidus 4-phase
points result from pre-cruption cotectic crystallization of both the hasalt and
the tholeiitic andesite at about § kb, will be discussed in detail below.

Fe-Ti oxides are more prominent amongst the solid phases in the lower part
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Fig. & Interpretation of meling experiments om o
Additiomi phases: My titaniferous magnetite, s rotile

of the melting range of OB32 than in the basalt. llmenite is the main opaque
mineral. It appears to be replaced by rutile at near-solidus temperatures above
ithout 25 kb, but the details of this part of Fig. 3 are unclear, Titanomagnetite
is only stable near the solidus and at pressures below about 13 kb, This is in
accord with the results of a study on the stability of iron oxides within graphite
capsules by Thompson and Kushiro (1972), who showed that the containers
bulTered their contents at oxvgen fugacities within the stability field of wiistite
in the system Fe-C-0, at temperatures above the titanomagnetite field in Fig, 3.
The extension of the near-solidus stability field of plagioclase to between 25
and 30 kb in both Figs. 2 and 3 reflects he relatively high alkali contents of
both OB32 and 59-P-13,

Mineral Compositions

tallizing within the melting

Representative microprobe analyses of minerals cry
intervals of both lavas are given in Table 4.

None of the analyzed ofivines are from nea r-liquidus runs. They are therefore
all considerably more Fe-rich than the phenocrysts in the rocks. Analyses are
avalable (Table 5) of liquids (interstitial glasses) coexisting with olivine in four
runs on 59-P-13. If the total iron contents are all assumed 1o be Fe(, it is
possible to caleulate a distribution coefTicient for Fe and Mg between olivines
and liquids in the form A= A\, - Mish/ X - ko where ¥ = mole fraction
of FeO in olivine cte. The value for this ranges from 0.209 to 0.336 and shows
a marked negative correlation with the temperature difference between that of
each run and the liquidus of 59-P-13 at the run pressure. This is probably the
cffect of ignoring increasing dy. o, in the liquids as the crystallization of this
bulk composition progresses. 1f so. the minimum estimate of the true value

i

of Ky, will be the highest value of this coefficient obtained (0.336). This agrees

atve nucroprohbe ag
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33) found for K, over a wide range
ssures and temperatures (Cawthorn of al. 1973 Thomp-

sa function of pressure and lemperature
cre (Thompson, [974b). The representa-
Table 4 show the main features of these high-pressure
augite of OB32 (Table 3). The
analyses, which w
ntially pyrope —almandines and show
sing temperature at constant pressure
« whilst Ti rises, The behaviour of Ca

ill be published

395 30y




224 R.N. Thompson

Table 4 (com

Specimen no. (B32

Mressure kb 1 11 26 K5 26
Femperature (°07) 1100 1075 1325 1125 1225
Mineral ol ol Gt 1Im Rut

L oexisting PlCpx Pl Cpx oP Cpx G

Tim IIm Mt Cpx Cpx Pl iim

solid phases

40.3 [ 3.2 EER IR 023 .26
211 079 0.14 021 205 0.57 0.36
(IR 013 a7 L i (04 i
RN - 65
157 7.8 466 478 03 kbR | 117
41 0.2 071 (LR (LK) 0.44 (LK1
125 449 18.4 17.3 291 56 (hin)
8.3 (52 00,50 1.27
il LI IE LKL (18 &3
AT s LIAL i
i, L sk 0.26 0.27 1o 532 Yg8.2
Toral ERND 7.9 VRN LM} 2 9.5 8.5 (LAY
Cation proportions
Basis =24 =6 =4 =4 =24 0=6 =2
fiihl LIXIT] 0,99 0,99 5.92 (.01 0L.00
| (05 [LALT] U1} 169 003 naon
LI} 0.0 .00 11K . LIATY] LIAV]
012 0.02
' 1.5 1.57 116 (B 2.59 1.57 1K1}
s 0ol 0.02 0.02 009 0 0.00
278 .13 (.82 07 2.26 0.39 LIXET]
1.32 oz 002 119
[IX1x] 000 0411 0.04
LLH) [IRVT] [IXLH] LLALT]
012 191 0. ol 122 1.96 nay
b 1598 400 302 lm Hon 400 1.01
Mg+ Fel .59 .41 139 047

" Al Fe taken as Fe), except in Fe-Ti oxides. where stoichiometry is assumed.
Ky s a distribution coefficient for Fe and Mg between olivine and liquid, as defined in text,

Key to phases: O = olivine. Pl = plagioclase, Cpx = Ca-rich clinopyroxene, Gt = garnet. llm = ilmenite.
MU= magnetite, Rut — rutile

is far from distinctive. It shows a slight tendency to fall with falling temperature
at constant pressure and to rise with rising pressure at constant temperature,
but this is not always the case in the set of analyses available. The distribution
of Al. Ca, Fe and Mg between coexisting garnets and pyroxenes crystallized
from 59-P-13 and OB32 is discussed by Thompson (1974 ),
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An analysis of plagiochese precipitated from 59-P-13 a1 8 kb has already heen
published (Thompson. 1972b). The P-T variation of this phase was not studied
in detail. However, the available data show wrly that the plagioclase becomes
progressively more sodic with rising pressure.

The tiraniferows magnetite which appears near the solidus of OB32 at low
pressure is richer in Ti and Al and poorer in Cr and Mn than the magnetite
in the rock. The near-solidus ienite crystallizing from 59-P-13 and OB32 is
richer in Al and Mg and poorer in Mn than that in the groundmass of the
tholeiitic andesite. Details of the variation of this phase as a function of pressure
and temperature will be reported clsewhere. | inally. the rutile crystallizing near
the solidus of OB32 at high pressures is close 1o pure TiO, in composition.

Discussion

Origin of the Tholeiitic Andesives

The Snake River Plain thaleiitic andesites have Mg/Fe ratios much too low for
them to be considered as possible direct melts from any currently-envisaged
upper mantle material. other than oceanic crust in subduction zone Hypotheses
that they originated by low-pressure [ractional crystallization or major element
crustal contamination of the associated hasalts have been rejected for reasons
detailed above. The P-T" diagrams for 59-P-13 and OB32 (Figs. 2 and 3) may
be used to assess possible high-pressure connections hetween the basalt und
tholeiitic andesite. providing that the laras hare reached the surface essentially
wnmodificd from the depth at which they were interreluted, other than dissolving
their high-pressure phenocrysts du ing leisurely uprise. It must be stressed that
the two compaositions studicd experimentally are not to be thought of as possible
parent and daughter: the tholeiitic andesite (OB32) is considerably older (Malde
and Powers. 1962) than the basalt (39-P-13). These two samples are chosen
simply 1o illustrate the pen relationship between the Snake River Plain lava
Eroups,

"he P-T liquidus curves of 59-P-13 and OB32 are subparallel. with the latter
about 60° C below the former (Figs. 2 and 3). At two pressures. 8 and 26 kb,
the liquidus phases of OB32 are the same as those crystallizing at that pressure
and temperature from 59-P-13, Microprobe analyses of the interstitial
in runs made on 59-P-13 at these pressures and temperatures are given in Table
5 (Nos. 2 and 9). Neither composition [its that of OB32 precisely. However,
the 8 kb glass 15 in equilibrium with olivine (Fogy o) very close in composition
to that forming the cores of phenoerysts in OB32 (Fog, ) and shows all the
main features of the most-magnesian Snake River Plain tholeiitic andesites. Rela-
tive to the least-magnesian Smike River Plain basalt the tholeiitic andesites
contain less SiO,, AlLO, MgO and CaO and more total Fe, alkalis, TiO, and
P,0s. The most marked characteristic of the latter is that they are less silica
safurdted than the least-magnesian basalts. This feature is examined in Fig, 4,
a normative plot of several analyzed interstitial glasses (Table 5) from runs on
59-P-13. These are divided into two groups: those from the 8 to 12 kb range,
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able S, Microprobe analvses of interstitial shasses formed - high-pressure partial melting experi-

8 1] 10 12 22 25 25 R 3 L k2]
P15 1125 LMW 13500 12500 1325 13RS [RW 1350

Sith, 472 ded 43w 86 47T S5 S04 496 555 o0

ALy, RS 132 1AS 972 134 144 135 133 129

Fety 174 up 152 9.03 139 975 |08
Munt) 40 03 04 .32 13

Mgy S28 0 438 347 256 3R0 4RS00 173 SaW

' 837 w12 83 BT 630 721 K0T 522 use

2hd 2R4 242 N R Y R T K T % R 1

LIS 067 121 (89 223 143 I8 wns

dfh 53T bk 3A5 42 403 403 555 430

178 1a s 202

6T 140 L RR LAR o

Foral was

WY 001 993 oy T gug Y92 998 99 s ey 0D

CIPW norms

0 629 119 - I 2.4
.“_. S44 W0 196 .15 875 6hdd 520 (32 R4S 607 IR0 597
ah Pk R B T ) R & 5 SO 5 M 236 3500 2RO M2 6 R4

an B |5 R o P I 195 184 1L 17

e 264 2RE - -

i : B3 O145 0200 905 B9 799 |35 IN6 198

hy 4B : n.3 - 148 135 133 234 179 110 158

ol 14.8 3 17.1 2092 ALR Q.81 125 - 4.81

I N 27 997 T8 655 782 765 105 817

199 Ims 227

273 468 595 RS 158 1M

AN Fe taken as Feo)

tyses of all phases are

ilahle for 5 runs. M ons (Wright
P70 wsing these data conlirm the impression gained by microscopic examinatic
nesipmbicant growth ol guench phises | cimples
S RB/TS0C Mode is 6.0 wt, Pl 169" cpy and 534
26 kh/13257 ¢ Mode is 348" Cpve TAR" peand 514" plass. ©
Mote close correspondence between mode of § KB/ TES0" C runoand Mix 3 of Table 1.

nd Dherty,
that there is

.

elass. ¥ R =007

where crystallization of the basalt is dominated by separation of aluminou
low-calcium augite. together with plagioclase and minor olivine, and those from
the 2210 34 kb range, where eclogite (garnetund omphacitic pyroxenc) precipitates
from the basalt. It is ¢le wrly apparent that eclogitic crystallization of 59-P-13
increases the Si-saturation of the residunl quid: it also reduces its total Fe
content in most instunces (Table 5). In contrast, crystallization of 59-P-13 at
pressures around 10 kb produces residual liquids with precisely the combination
of enhanced Fe-enrichment and reduced § suturation which is so characteristic
ol the more-magnesian Snake River Plain tholeiitic andesites.

Perhaps the most significant different between OB32 and the ¥ to 12 kh
39-P-13 interstitial glasses is that CaO is lower and Nu,O higher in the former
than the latter. This may simply be the result of a ightly inappropriate choice
ol parent composition in what is. self-evidently, an extremely simplified genetic
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Diopside

Nepheline Quartz

Olivine Hypersthene

Fig. 4. Normuntive Diopside. Olivine, Hypersthene, Nepheline and ()
81 produced in high-pressure me Hng experiments on olj
mnerm calculations. 4 olivine tholeiite b L B
andesites from the suites of King FIL OB (Table 21 and Craters of the Moon, €M (Tilley

il Thompson, 19705 key plasses & products of runs an 8 1o 12 Kb, 0 22 10 M kb, Pressure
in kb s marked heside eacl un (4]

Tromm 9.2 14

tr o interstitial ghisses ( Fable
1w thaleiite S9-1-13 All Fe taken as Fel)

teed experi
e i the precipi-
i shown

tally

predommance of this Phise over ol
ses the trend towards siliva unders

at moderinte pressires
the 8 1o 12 kb anterstin

Iaaets

model. Alternatively, i may reflect a difference of conditions between the anhy
drous experiments and the small B that oceurs in natural hasalic magmas,
Studies of appropriate hyvdrous systems (Yoder and Tilley. 1962: Yoder. 1969:
Grreen and Hibberson, 1970) have shown that evenalow 2 inaerystallizing
basic magma. such as 59-P-13 at § kb, would raise the clinopyroxene/plagioclase
ratio of the precipitate. the Ca content of the clinopyrosene and the Ca/Na
ratio of the plagioclase. These effeets would bring the residu extremely close
to the compositions of the more mafic Snake River Plain tholeiitic andesites

The genesis of the less-magnesian King Hill and Craters of the Moon tholgiitic
andesites was considered by Filley and Thompson (1970 to have involved frac-
tional erystallization. with precipitation of olivine, plagioclase, titanifero ng-
netite and apatite. of the more mafi compusitions in these suites. This proposal
hiis not been investigated further during the present study. because experimental

.._:____1:_:_..%:._:n:nn:‘_i_,..___:_,..,,:.::_p__F.r,:_:a n:.:n:_;._::_:__E_..:_T__ﬁ_:.z._._n_;
of titaniferous magnetite. However, detailed l-atmosphere work by Thompson
(1975) has shown that the tholeiitic andesites evolved alonga 74/ curve subparal-
lel to and slightly below that for the univariant assemblage Ni+ Ni€). The melting
behaviour of plagioclase in the l-atmosphere runs indicates that P rose progres-
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sivelv. probably (o values of about 0.5 kh. during evolution of the less-magnesian
thaleiitic andesites.

Origin of the Basalts

Although the main ohjective of this study has been 1o investigate the relationship
between the Snake River Plain tholeiitic andesites and basalts, the results have
some bearing on the origin of the latter, It was proposed above that the magma
ol tholeiitic andesite OB32 formed by partial crystallization of a batch of basaltic
liguid at about 25 1o 30 km depth: 4 mechanism consistent with (he liguidus
d-phase point in the P71 diagram (Fig. 3) of this luva at & kb, As the hasalt
S9-P-13 also appeirs 1o have a liguidus d-phase pointin its -7 diagram (Fig. 2)
atabout 8 kb, it seems reasonable 1o suppose that this magma also atiained
its final bulk compaosition deep in the Snake River Plain erust and was erupted
rom about 25 (o 30 km depth, unchanged except tor dissolution of tell-tale
high-pressure phenocerysts during its upwelling and, of course. probable gains
and losses of gaseous components. Clearly further studies are required o deter-
mine whether other less-magnesian Snake River Plain basalts have evolved at
similar depths.

Insufficient is known about the chemical unge of the Snake River |
lavas to provide a sound factual basis for comprehensive discussion of the genesis
of the more-magnesian basalts and., henee, ol the ultimate origin of the magmas,
Any final model must take into decount the widely varying Si-saturation in basalts
dtconstant values of MgO in (his provinee (Stone. 1967). This feature ilso
characterizes the basalts of Skye. NW Scotland. and has recently been discussed
at length in that context {Thompson. Esson and Dunham, 1972; Thompson,
19744,

I the currently-available an lyses are a representative sample (Stone, 1967;
Tilley and Thompson. 1970+ | ceman and Rogers, 1970). the most-magnesian
hasalts (11 percent MgO) reaching the surfiuce of the Snake River Plain are
very similar to the most-magnesian basalts of Skye, exeept that the latter are
slightly less Si-saturated. I is therefore possible to make tentative predictions

about the high-pressure melting behaviour of Snake River Plain magnesian basalts
by analogy with the expenimental study of Skye magnesian basalt 66018 (Thomp-
son. 19740, Fig. 4). Thus, ; lthough the former contain only olivine phenocrysts
(when sparsely porphyritic) and lie in the field of primary olivine precipitation
at one atmosphere (Tilley and Fhompson, 1970}, it is probable that Ca-poor
pyrosencis a major phase within their eryvstallization interval in the 12 10 20 kb
pressure range. 1 the P-7 diagram for g Snake River Plain magnesian basall
wits to show a liquidus 4-phase pomt folivine  Ca-rich pyroxene + Ca-poor pyrox-
ene 4+ liquid), like that of Skye hasalt 66018 (Thompson. 1974a. Fig. 4. it would
probably occur between about 15 and 20kb. The significance of this speculation
toSnake River Plain basalt genesisis shown in Fig, 5. Here the caleulated geother-

mal gradient for the Plain (Blackwell. 1971), which is part of the Basin and
Range high heat Mow provinee, is plotted together with the liquidus P-7" curve
lor Skve basalt 66014, SCIVING as an ntlogy for Snake River Plain mitgnesiin

i
Primary Basabts aond Mogma Genewas, 11 229

_//Mo§ W
a N & 1°
o
E L, b1}
X X m
Ry ER7)
30 @
)
T m
-
o
w
(=]
50 15
SKYE SRP “
66018 55-p-78 -
Math 1nos 4
Mo/ (Moo Fe] 064 064
Mormatwe of 7433 wn
70 1 L S . 21
600 1200
TEMPERATURE (o
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Depth o base of Snake River Plain
1 basalt 60018 Feom Thompson (1974,
i smnlaniies between this and S5-1-7% e tibulated 1 the A See et
b supporting use of Skye hasalt 66008 as an analogue for 1he likely high-pressure
melting behiviour of Smake River Plain n hasalis

vapst puihlished o
s peotherm from Blackwell (19

salts. The d-phase point on the liquidus of 66018 at 16.5 kb was taken by
Thompson (19740 to indicate that this Liva was 2 prinry magma, penerated
by partial melting of herzalite upper mantle at about 35 to 60 km depth ben Mz:_
Skye. It is clear from Fig. 5 that o genetic model in which the Snake River
Plain magnestan bisalts are also generated by upper mantle partial fusion at
about 50 1o 60 km depth is consistent with the heat flow in that area. It rries
the implication. again by analogy with the Skye s. that the sonree __:.:w::_n
mequilibrivm with the basaltic melts has an Mg/iMg -+ o) ratio ol approximately
085 (Thompson, 1974:)

A Genetic Model

The proposal that the most-magnesian basalts on the é:.h_nr..:_, ::._ x:.:xn x___e.ﬁ
Plain may be primary magmas generated within a comparatively Fe-rich _/._,___ﬁ_.
Iherzolite upper mantle only 10km or so bencath the base of the erust is in
accord with the relatively Tow seismic velocities and high seismic attenuation
in this zone recorded by Hill and Pakiser (1967). 1t seems generally 1o be agreed
that the Snuke River Plain occupies a zone of tension in the crust of ::._ﬁ.....z_.r.:_
S A (Hamilton and Myers, 1966 Christiansen and | ipman, 1972). Discus sion
of how the tectonics of this region may have evolved is outside the scope of
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the present paper. If it is presumed that the Plain was originally an area with
normal continental granitic crust. then the geophysical data of Hill (1963) and
Hilland Pakiser ( 1967) imply that extensive wedging apart of this crust by basalt
magma has tuken place. Weertman (1971) has given a theoretical analysis of
how such wedging might occuring lithospheric plate undergoing tension. Isostatic
adjustment of the developing mafic crustal zone would re sult in sinking, giving
the thick crust (Fig. 5) and the subs idence features seen at the surface.

The factors ¢ irrently influencing the range of magmas erupted on the Snake
River Plain appear 1o he:

I After generation by upper mantle partial fusion, some of the haiches af
magnesian basalt magma are at sufficient overpressure (Maaloe, 1973) to r
immediately to the surface,

2. Other magnesiun basalt batches at lower overpressures are delayed for
varying lengths of time deep in the crust. evolving by partial crystallization
e compositions such as 59-P-13 (Table ).

3. Some magma batches rise from beneath the margins of the Plain and
enter the lanking granitic crust. The comparatively low density of this acts as
a severe barrier 1o the denser mafic magma, which halts and commences (o
crystallize in sill-like bodies. During this process water is drawn into the residual
magmat from surrounding ancient crustal rocks. Such movement of water (and
other volatile species) between granitic crust and developing tholeiitic andesite
miagmas provides a possible explanation for the *crustal = Sr, Phand O isotopic
ratios of the latter, I ventually the residun of these delayed magma batches are
expelled from their deep-crustal residences and proceed to the surface. It has
been suggested previou Iy that rising P o may be the impelling agent and that
the requirement that this exceeds a critical value before the deep-crustal magma
bodies are ruptured could explain the bimodality of lava compositions r aching
the surface (Thompson. 1974 1).

4. 1Uis apparent from comparison of Figs. 2 and 5 that. if the lower crust
beneath the western Snake River Plain is composed ol basic rocks similar in
composition to 59-P-13, these m: v well be undergoing incipient refusion and
therefore could be the source of the sporadic acid magmas crupted at the surface.

ek ledgemenss. e experiments were

Il minde at the Geophysical Libo tory, (
Institution of Washington. 1§ -during tenure of Temporary St M mbership there, The assistance
ol 1 Akell, POAL Bell, 1w Finger, L1 Gibson, C.G. Hadidiacos, B, sen. L Kushiro, WP,
leeman. G Stone. P Suddahy, T.0 Wright and 118, Yoder Jr. with varions aspects of the
work and discussion of the results is eratefully acknowledged
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