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INTRODUCTION

This thesis has as its theme the study of basait. Basalt consti-
tutes the most abundant igneous rock on the surface of the earth and
the second most abundant rock type on the moon. Basalt has been
erupted in great volume throughout geologic time. Its uniformity of
composition indicates that this composition is largely controlled by
the physiochemical constraints on melting. Basaltic magma therefore is
a relatively direct and primitive product of its source region. As
such, it is one of the most important rock types in deciphering the
chemical and physical state of the mantles - in which the sources of
basaltic magma lie - of the earth and moon.

This thesis consists of a series of topical studies in basalt
petrology and petrogenesis, including a study of the mafic and ultra-
mafic inclusions which sometimes occur in these magmas. Each indivi~-
dual study involves a separate geographical area and was motivated by
its own set of questions. Each part is written as a separate indivi-
dual paper. Part I is a detailed study of the petrology and petro-
genesis of basaltic rocks from the central Rio Grande rift of New
Mexico. This study investigates the origin and evolution of basaltic
magma within a regional context. It was undertaken in order to charac-
terize the volcanic rocks of this major but little-known continental
rift zone and to compare them to rocks of other rifts and of the
western United States. Part II is closely related to Part I in that‘it
is a study of the mafic and ultramafic inclusions occurring in some of
these lavas. These inclusions provide information on the mineralogy,

chemistry, and thermal state of the crust and upper mantle beneath the

rift.
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Part III is a study of leucite-bearing basaltic lavas from the
Plio-Pleistocene Roman Comagmatic Province of Italy. It was directed
primarily toward defining phase relationships in the l-atmosphere
liquidus system SiOz-NaAlSiO4-KAlSiO4 —CaAlzsiZOB, which has not been
experimentally investigated in its entirety. This study dealt only
secondarily with the origin of these magmas. The large number of
buffer assemblages present in these potassic lavas illustrates the com-
plexity of buffering relationships between a melt and its coexisting
solid phases, and demonstrates how, in principle at least, these rela-
tionships may be used to determine mixing properties of complex phases
in magmas.

Part IV deals with a suite of rocks returned by the Apollo 12 mis-
sion from the eastern side of Oceanus Procellarum. This study was
undertaken in order to determine how many parental magmas may have been
present at the Apollo 12 site, and whether and by what process the
more evolved compositions are related to the less evolved compositions.
The lunar rocks illustrate many petrologic features, such as liquid
immiscibility and complex pyroxene zoning, not commonly observed in

terrestrial basalt.
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PART I

PETROLOGY AND PETROGENESIS OF BASALTIC ROCKS
FROM THE CENTRAL RIO GRANDE RIFT, NEW MEXICO, AND

THEIR RELATION TO RIFT STRUCTURE



ABSTRACT

Mafic volcanism associated with the central Rio Grande rift is
mainly of Pliocene and Pleistocene age. Volcanic rocks occur as iso-
lated small shield volcanoes and cinder cone fields at or near the top
of the graben fill. Structurally, the central Rio Grande rift consists
of the Espanola and Albuquerque-Belen basins (grabens), offset from
each other 50-60 km along the transverse Jemez lineament. The largest
and most compositionally complex volcanic field (Cerros del Rio) occurs
in this offset zone. On the basis of petrography and whole-rock chem-
istry, mafic lavas of this field can be divided into four groups:
high=alkali olivine tholeiite, basaltic andesite, alkali olivine
basalt, and basanite. All were erupted approximately contemporan-
eously. Quantitative modeling based on detailed phase chemistry shows
that none of these lavas can be related to each other by any simple
processes involving observed phenocryst and xenocryst phases.

Latite—andesite, also present in this field, is derived from
basaltic andesite by subtraction of about 35 percent of olivine, pyrox-
ene, and calcic plagioclase, and by addition of 17 percent of xeno-
crystic quartz and sodic plagioclase. Quartz and plagioclase occur as
single crystals or as single phase aggregates; quartz rarely has a
euhedral habit. These features suggest that quartz and plagioclase may
be relict high-pressure phenocrysts. Thus, basaltic andesite magma
bodies, residing in independent crustal reservoirs, may evolve by
gravitative differentiation. The lighter, relict high-pressure quartz
and sodic plagioclase phenocrysts are concentrated at the tops of these
reservoirs by flotation simultaneously as the heavier olivine, pyroxé

ene, and calcic plagioclase sink,



Lavas from the northern Albuquerque-Belen basin consist of lower-
alkali olivine tholeiite, similar to basalt of the northexn rift.

Those from the central Albuquerque-Belen basin consist of olivine tho-
leiite, basaltic andesite, and alkali olivine basalt of relatively
restricted compositional range.

Pre~Pliocene volcanism occurred mainly in the upper Oligocene/
lower Miocene and in the late Miocene. The earlier phase of volcanism
erupted lavas ranging in composition from olivine nephelinite to quartz
tholeiite, while the later phase erupted both alkali olivine and tho-
leiitic basalts. Hence no well-defined change in magma composition
occurred with time.

Experimental studies suggest that the olivine tholeiite was
derived from >18% partial melting of spinel pyrolite at about 35 km and
the alkali olivine basalt and basanite from approximately 10% partial
melting at 50-70 km. Thermodynamic calculations emphasize the hazards
of inferring pressure (depth) and temperature of origin from basaltic
lavas which are not primitive. The distribution of parental magmas
suggests a model in which a transverse shear zone taps a sub-crustal’
diapir and bleeds magmas from various depths between 35 and 70 km. 1In
contrast, the "normal" genesis of basaltic magmas along the rift occurs

at the top of the diapir immediately beneath the base of the crust.



INTRODUCTION
pPurpose

The Rio Grande rift of New Mexico and Colorado is a major, late
Cenozoic continental rift. It has been the locus of volcanism since
its inception in the late Oligocene, although widespread volcanism did
not occur until the Pliocene and Holocene. These volcanic rocks
include tholeiitic and alkali olivine basalt, basaltic andesite, and
minor nephelinite and silicic lavas. Elements of its structure and
stratigraphy have been studied by several investigators since the
pioneering work of Bryan and his colleagues (e.g., Bryan, 1938; Kelley,
1952, 1956; Stearns, 1953a, Chapin, 1971; Chapin and Seager, 1975).
However the petrology of its volcanic rocks has received relatively
less attention to date., This study was undertaken in order to charac-
terize comprehensively the volcanic products of the rift. The approach
has been: (1) to define the major basalt types on the basis of petro-
graphic characteristics and whole-rock major-element chemistry, and (2)
to obtain detailed major element chemical analyses of all phases pres-
ent in selected rocks. The immediate goal of this study was (1) to
determine what kinds of mafic volcanic rocks exist in the xift, (2) to
characterize their distribution with respect to intra-rift structural
elements and to look for systematic changes in magma compositions with
age, (3) to determine the compositions of parental and "primitive"
magmas, (4) to model the processes relating the magmas to each other,
and (5) to estimate the conditions under which the magmas originated.
The ultimate goal of this work is to define the conditions of magma
generation beneath the rift and to arrive at a petrologic model for the

evolution of the rift.



Descrigtion

The Rio Grande rift consists of a series of north-trending, sedi-
ment-filled, grabens arranged en echelon in a north-northeasterly
direction. The term "basin" is widely used to refer to these grabens,
and reflects their sediment fill and low topographic expression rela-
tive to the surrounding uplifts. The rift extends over 900 km from the
upper Arkansas graben near Leadville, Colorado, to the Los Muertos
basin in Chihuahua, Mexico. The individual grabens are separated from
adjacent grabens by uplifts extending transversely to the axes of the
basins. In part, at least, the basins may have different structural
histories. The flanks of the rift are defined principally by normal
faults, but in some cases the margins are high-angle reverse faults.b
Vertical offset of the basins, measured on the Precambrian surface,
exceeds 6 km (Kelley, 1956; Chapin, 1971; Cordell, 1976). Extensional
faulting, generally thought to mark the inception of rifting, probably
began 25 to 29 m.y. ago (Chapin and Seager, 1975; Lipman and Mehnert,
1975).

In the present work the central part of the Rio Grande rift is
considered to extend from the Tusas Mountains on the north to Socorro
on the south (figure 1). This part of the rift consists of the fol-
lowing basins, from north to south: (1) the Espanola basin, (2) the
small Santo Domingo basin, and (3) the Albuguerque-Belen basin. These
basins are from 15 to 65 km wide. South of the Albuquerque-Belen
basin, where the rift includes several parallel basins, it reaches 150
km in width.

The main occurrence of intermediate to silicic volcanic rocks is

the volcanic complex with its associated resurgent caldera and ash flow



tuffs forming the present Jemez Mountains (Smith et al., 1970). This
volcanic edifice is located on the western bounding faults of the
Espanola basin. Rock types present consist primarily of andesite,
dacite, quartz latite, rhyodacite, and rhyolite, with only minor
basalt. They range in age from approximately 10 to 0.l m.y. (Bailey et
al., 1969; Doell et al., 1968). These rocks may be derived from
remelted lower crust (Eichelberger and Gooley, 1977). Although basa;ts
and related mafic lavas have been erupted sporadically since initiation
of rifting in the late Oligocene, most were erupted in létest Pliocene .
and in Quaternary time. They occur as isolated volcanoes or cinder
cone fields at or near the present top of the rift-filling sediments.
These Pliocene and Quaternary lavas are the main subject of this study.

The northern and southern parts of the rift have erupted basaltic
magmas of quite different compositions. Volcanism in the northern rift
(Taos Plateau) consisted predominantly of aluminous olivine tholeiite
and derivatives (Aoki, 1967; Lipman, 1969), whereas south of Socorro
volcanism consisted primarily of alkali olivine basalt and related
rocks (Renault, 1970; Kudo et al., 1971). wWithin the central Rio
Grande rift, between Santa Fe and Socorro, both tholeiite and alkali
olivine basalt have been erupted approximately contemporaneously (e.g.,
Acki and Kudo, 1976).

The main volcanic fields of the central rift which will be dis-
cussed here are shown in figure 1. These are the E1l Alto basaltic
field (a), located at the west side of the Espanola basin along the
main bounding fault of the rift; the Cerros del Rio (B) and Santa Ana
Mesa (C) fields, located respectively at the easterxrn and western mar-

gins of the small Santo Domingo basin; and the Albuquerque Volcanoes
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(D), Isleta Volcano (E), Wind Mesa Volcano (F), and the Cat Hills vol-
canic field (G), all located along north-south fracture zones within
the Albuguerque-Belen basin. The geology, petrology, mineralogy, and
chemistxy of rocks from these fields will be discussed in following

sections.

PREVIOUS WORK

The first detailed descriptions of volcanic rocks of the central
Rio Grande rift were those published by Stearns (1953b) of the Oligo-
cene to early Miocene Espinaso Volcanics. The Espinaso Volcanics con-
sist of volcaniclastic sediments and flows of latite and andesite
cropping out along the southern margin of the Espanola basin. Stearns
(1953b) also defined the Cieneguilla Limburgite, a group of Oiigocene
alkali olivine basalt, olivine tholeiite, and olivine nephelinite flows
and tuffs cropping out in the same area (refer to figure 28 for loca-
tion), and published an analysis of one of these flows. Sun and
Baldwin (1958) presented further field and petrographic descriptions
and six new analyses of these same volcanic units., Their analyses
included one of a Plio-Pleistocene alkali olivine basalt flow of the
southern Cerros del Rio field, where this flow laps onto the Ciene-
guilla Limburgite.

Aoki (1967) first published petrologic and chemical data on the
basalt from the Servilleta Formation of the Taos Plateau in the
southern San Luis Valley. This basalt ranges from about 4.5 to 2.0
m.y. in age (Lipman, 1977). He pointed out that this basalt, while
normative tholeiite, was intermediate in its alkali content between

tholeiitic and alkali olivine basalt. It also contains high A1203

(15.5-17.5 percent) and is similar to high-Al basalt of south-central
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Oregon and the Cascade Range. Lipman (1969) and Lipman and Mehnert
(1975) presented additional analyses of the basalt from the Servilleta
Formation and of adjacent fields of alkalic basalt to the east and
west. They postulated that the lateral change from tholeiitic basalt
within the rift to alkali olivine basalt outside the rift reflected
different depths to the zone of magma generation within the mantle.
Renault (1970) presented whole-rock chemical analyses of alkali olivine
basalt from the southern rift, and of olivine tholeiite from the
south=-central rift and from west of the rift. Aocki and Kudo (1976)
presented new whole~rock chemical analyses of many previously unana-
lyzed basalt flows from within the rift, including flows from the Cerros
del Rio and Santa Ana Mesa fields (one analysis each), the Albuquerque
Volcanoés (two analyses), Isleta (one analysis), and the Cat Hills (two
analyses). From these data they pointed out that, whereas basalts
occurring within the northern Rio Grande rift (Servilleta Formation)
are primarily olivine tholeiite, those of the southern rift are pri-
marily alkali olivine basalt and basanite. Within the central rift
(Santa Fe to Socorro), both olivine tholeiite and alkali olivine basalt

are present.

ANALYTICAL PROCEDURES

Mineral analyses were performed with a Materials Analysis Corpora-
tion model 5-SA3 electron microprobe controlled by a Digital Equipment
Corporation 12K PDP-8/L computer. Operating techniques were similar to
those described by Chodos and Albee (1972), with an updated program
(Chodos et al., 1973)., Standard operating conditions were 15 kV accel-
erating potential, 0.05 PA sample current on brass, and a 10~ to

15-micron beam diameter, with beam current integration and pulse height



selection. For groundmass grains the sample current was reduced to
0.005 uA and the beam diameter to 2-3 microns. Analyses are accurate
to 1-2 relative % for most oxides constituting 1-10% of the sample
(Champion et al., 1975).

All formula compositions and elemental ratios used in the text and
diagrams are in molecular proportions. Olivine compositions are

100x [Mg/(Mg+Fe+Mn)]. Feldspar compositions are

reported as %Fo

reported as %An 100x[Ca/ (Ca+Na+K)], %Ab = 1l00x[Na/(Ca+Na+K)], %Or =

100x[K/(Ca+Na+K)]. Pyroxene compositions are reported as %Wo =

100x [Ca/ (Ca+Mg+Fe+Mn)], %En = 100x [Mg/(Ca+Mg+Fe+Mn)], %Fs = 100x
[(Fe+Mn)/(Ca+Mg+Fe+Mn)]., Pyroxene formulas were calculated by nor-
malizing the sum of the catatoms to four, assuming that Fe3+ = 12
-[4(si+Ti) + 3(Al+Cr) + 2(Ca+Mg+Fe+Mn) + Na], and sequentially calcu-

. . : 3+ :
lating (Fe,Mn)281206,NaCr81206, CaCrA18106, NaFe sizOG, NaA181206,

. 2+_ 3+ . 2+ . . .
caTlAlZOG' R Fe Alsloe, R A128106, Cazslzoe, and Mg251206. The com-

ponents (Fe'Mn)ZSi 0, Ca,Si_0_, and Mgzsizo plot on the standard

26" T27276' 6

pyroxene quadrilateral and are therefore referred to as quadrilateral
components. The remaining components are non-quadrilateral components.
Ilmenite and spinel (including magnetite) formulas were calculated by
normalizing the sum of the catatoms to two and three, respectively;
assuming that the difference of 4(Si+Ti+Zr)+ 3(Al+Cr+Nb)+2 (Mg+Fe+Mn+2Zn)
from six and eight, respectively, was equal to Fe3+; and sequentially
calculeting (Mg,2Zn)TiO

(geikielite), MnTiO3, FeTiO_, (ilmenite), and

3
(hematite) for ilmenite, and (Mg,Fe,Mn) Cr

3

0 (]
Fe,0, 204 (spinel), and

(Mg,Fe,Mn)Fe204 (magnetite) for spinel. Ilmenite compositions are

reported as % Ilm, % Hem, % Gi. Spinel compositions are reported as
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% Sp, % Mt, % Chr. Magnetite compositions are reported as % Mt, % Ulv.
Listings of all analyses may be obtained from the author.

whole-rock major-element analyses were obtained by electron micro-
probe analysis of fused rock powders using a fluxless technique similar
to that described by Brown (1977). This technique involves fusion in
air of a small amount (10-30 mg) of sample on a 1x2.5x0,005 cm strip of
iridium foil in a resistance furnace. In order to improve homogeneity,
each fused bead was ground and re-fused prior to analysis. Duplicate
beads were made of each rock powder. The furnace was calibrated with
an optical pyrometer., Typical fusion temperatures were 1600°C; total
fusion time (including re-fusion) was usually 30-60 seconds. No
attempt was made to preserve the ratio F(-z?r’-/Fe'2+ auring fusion of the
beads because (1) the oxidation state of iron cannot be determined with
the electron microprobe, and (2) the value of Fe3+/Fe2+ of the magma.is
commonly altered by weathering and/or by deuteric alteration.

Rock powders were obtained by splitting approximately 500-1000
cm3 of rock into pieces 2-3 cm on a side in a hydraulic press equipped
with hardened steel chisel points. All exterior and weathered pieces
of the rock and all vesicles or amygdules were reﬁoved. These smaller
pieces were then further reduced in size by crushing between flat sui—
faces of hardened steel in a hydraulic press. Hydraulic presses were
used in order to eliminate lateral motion of the rock against crushing
or splitting surfaces. These small (<1 to several millimeter sized)
pieces were hand picked to further eliminate vesicles and secondary
material. The final powders were prepared by grinding about 10 cm3 of
these small pieces in a Spex mixer/mill equipped with a tungsten car-

bide grinding vessel.
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Operating conditions on the microprobe were 0.03 pA sample current
(on brass) and 20-30 um beam diameter for mafic to intermediate glasses
(Si02 < 60 weight percent), and 0.005 yA sample current and 30 um beam
diameter for silicic glasses. Detailed tests of counts versus analysis
time for Kzo and Na_0 under a variety of operating conditions showed

2

that under these conditions no loss of KZO or Na20 could be detectedf

In order to reduce further the risk of losing K20 and Na20 under
the electron beam, a computer program was written to advance auto-
matically the sample stage under the beam during analysis. Analysis of
glass beads was performed as follows: Three elements were analyzed
simultaneously on a given spot. After 15 s the stage was automatically
moved a distance of (x+5) um, where x is the particular beam diameter
selected. Ten individual spots were analyzed in a "square spiral"
array. Background was automatically measured before and after each ten
steps. Following analysis of the first set of three elements, the
spectrometers were automatically driven to the background positions for
the second set of elements. Analysis then continﬁed outward along the
square spiral for two additional groups of three elements.

The analysis performed on this square spiral, representing an
"average" over an area of approximately 2-4x10-2mm2, constitutes a
single "point" analysis. Typically 3-5 analyses were performed on each
bead. Homogeneity was always within microprobe error (see below). A
duplicate bead was analyzed and the results for the two beads were
averaged to give the whole-rock analysis.

Microprobe analyses of U.S.G.S. standard rocks W-1 (diabase),
AGV-1 (andesite), and BCR-1 (basalt) are presented in table 1 along

with volatile-corrected analyses of these rocks from Flanagan (1973).
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The standard deviation of analyses on replicate beads is given for the
microprobe analyses. The error on replicate beads for SiO2 (50 weight
percent abundance) is about 0.5 relative percent and for A1203 (15
percent) is V1.4 relative percent. For oxides constituting 5~10 and
1-5 weight percent of the rock the error is 2 and <6 relative percent,
respectively. For K20 and Tioz, which constitute 0.5-1 percent of the
rock, the error is 6 - 10 percent. For P205 (<0.5 weight percent), the
error -is V30 relative percent. These errors are approximately the same
as the overall analytical accuracy of the microprobe (Champion et al.,
1975). Microprobe analyses of the U.S.G.S. standard rocks are in
excellent agreement with analyses of Flanagan (1973) except for silica
in AGV=1., The value obtained in the present work (60.60 weight per-
cent) is almost exactly the same as that obtained by Brown (1977)
(60.64 percent) for this rock. Both numbers are about one percent
higher than the values quoted in Flanagan (1973)., This discrepancy, in
addition to the fact that Flanagan's total is also about one percent

low, suggests that his value for si0, is too low.

2
Whole-rock analyses are presented in tables 2-5. Fe203 was cal;
culated by setting Fe3+/Fe2+ = 0.1 (atomic). This ratio yields values
of Fe203 which are approximately equal to the lowest analyzed values of
Fe203 in basaltic rocks from the Rio Grande rift (Aoki, 1967; Acki and
Kudo, 1976) and other continental areas (e.g., Irving and Green, 1976).

The suggestion of Irvine and Baragar (1971) that Fé20 be set equal to

3
. : : — . 3+, 2+

(T102 + 1.5) weight percent yields unrealistically high Fe~ /Fe for

these rocks. The ratio Fe203/Fe0 will be slightly higher in rocks with

higher alkalis and in rocks which are more differentiated (i.e., have

lower liquidus temperatures) (Carmichael et al., 1974). However, for
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simplicity and lacking criteria by which to choose a more appropriate
Fe3+/Fe2+ for these rocks, a uniform value of 0.1l was used for all
rocks regardless of composition. Normative compositions and Mg-values
[1ooo(Mg/Mg+Fe2+)] were calculated after adjustment of Fe0 and Fe,0,.
To facilitate comparison, analyses from the literature were also recal-
culated such that Fe3+/Fe2+ = 0.l. Mg-values and An/Aanb are in caﬁ-
atom percent. Normative compositions are Barth-Niggli norms (catatom

percent) unless otherwise indicated.

PLIO-PLEISTOCENE VOLCANIC ROCKS OF THE CERROS DEL RIO, SANTA ANA MESA,
AND EL ALTO VOLCANIC FIELDS
Setting

Volcanic rocks of the Cerros del Rio, Santa Ana Mesa, and El Alﬁo
volcanic fields are considered together because they occur in close
proximity to each other in a similar tectonic setting within the Rio
Grande rift. The Cerros del Rio and Santa Ana Mesa fields are located
along the eastern and western bounding faults of the Santo Domingo
basin, respectively (figure 1). The smaller El Alto field is located
40 km north of the Santo Domingo basin along the western bounding
faults of the Espanola basin. These faults extend southward to the
Santo Domingo basin. The ages of these basalts range from about
2.0-2.8 m.y. (Manley, 1976; Bachman and Mehnert, 1978).

Prior to this study only two analyses existed of the volcanic
rocks of the Cerros del Rio and a single analysis of a flow from Santa
Ana Mesa (included in figure 3). Accordingly, an attempt wés made to
sample widely and over as great a vertical distance as possible in

order to determine whether different rock types were present and to
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determine the range of compositions. However, not all cinder cones and
flows have been sampled. The locations of samples from these fields
are shown in figure 2,

Sample coverage is greatest from the Cerros del Rio volcanic
field. This field is the largest in both areal and vertical extent..
over most of the Cerros field little or no vertical exposure occurs,
hence only those latest flows and cinder cones can be sampled. The
greatest vertical exposure occurs in White Rock Canyon along the north-
west side of the field, where about 300 m of basalt and interbedded
ri#er sand and gravel crop out. The vertical sequence of flqws was
sampled at two localities, along Ancho Canyon, south of White Rock, and
along the long-abandoned Buckman Road, directly north of white Rock.

Much of Santa Ana Mesa consists of a thin cap of basalt, a single
flow unit thick, surmounted by two chains of vents. This capping flow
was sampled at two localities; a cinder cone further to the north was
also sampled (figure 2).

The E1 Alto volcanic field located 40 km to the north is the
smallest in areal extent. It consists generally of poorly exposed
basalt flows and small, deeply eroded cinder cones. All samples from
the E1 Alto field are from these cinder cones, except for two samples
which were taken from a sequence of two flows exposed along the
northern edge of the field.

Whole~-rock chemistry

Thirty-eight whole-rock chemical analyses of lavas from the Cerros
del Rio, Santa Ana Mesa, and El Alto volcanic fields are presented in .
table 2 and are summarized on figures 3 and 4. The terminology for

basaltic rocks used in this work follows that of Yoder and Tilley
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(1962) , where quartz tholeiite is defined as basalt with normative
hypersthene and olivine, and alkali olivine basalt contains normative
olivine and nepheline.

Lavas from the Cerros del Rio include both tholeiitic and alkali
olivine basalts. The silica content of the lavas ranges from about 45
to 64 weight percent., Samples from the Santa Ana Mesa and El Alto
fields are similar in composition to those from the Cerros del Rio;
however lavas from each of these fields encompass a much more limited
range in composition. Lavas from Santa Ana Mesa are restricted to oli-
vine tholeiite. Those from E1 Alto consist of both hypersthene- and
nepheline-normative compositions. However the total range in SiO2 of
these rocks is only 49-53 weight percent.

An important feature of the lavas from these three volcanic
fields, considered collectively, is that four discrete groups of compo-
sitions can be distinguishéd (figures 3 and 4). Olivine tholeiite
falls into two groups with different (Na20+K20) and Si02, designated A
and B on figure 3. Both groups are significantly richer in total
alkalis and normative albite compared to normal olivine tholeiites
(e.g., mid-ocean ridge basalts). Group A basalt has 8102 = 50.5-52
weight percent and (Na20+K20) = 4,5%. It has about 55 percent norma-
tive plagioclase and An/An+aAb=~0,42-0.47 (see figure 4). The maximum
Mg-value is approximately 62. Basalt within this group shows no signi-
ficant variation in its compoéition. Group B basaltic rocks have a

distinctly higher si0O, and (Na20+K20)(figure 3). The least silicic

2

group B rocks have $i0, = 53.5-54 weight percent, (Na20+K20)=6 percent,

2

and a maximum Mg-value of about 64. They have about the same amount of

normative plagioclase (55 percent) as group A, but this plagioclase is
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significantly more sodic (An/An+Ab=~0.34). Because rocks of this group
age distinctly more silicic and alkalic than the group A tholeiite, and
pecause their normative plagioclase is much more sodic, these group B
compositions are called basaltic andesite. This distinction between
basalt and basaltic andesite at 3102252 weight percent corresponds
approximately to normative 100 (An/An+Ab) = 40 and is compatible with
the terminology of Coats (1968), Carmichael et al. (1974), and Lipman
and Mehnert (1975).

A well=-defined trend originates from the least silicic group B
rocks and extends with decreasing Mg=-values through more silicic basal-
tic andesite to quartz-normative compositions (figures 3 and 4). The
. most silicic of these have si02=64 weight percent and (Na20+1<20) =~ 7
percent., These high-alkali, silica-oversaturated compositions are
referred to as latite-andesite. They have about 55 percent normative
plagioclase, and An/An+ab = 0.32. Their Mg-value is about 55. The
basaltic andesite with the lowest sio2 and total alkalis and the
highest Mg=-values is likely to be parental to this entire suite of
basaltic andesite and latite-andesite. This parental composition is
designated on figures 3 and 4 with stars.

Similarly two separate groups of nepheline—nofmative rocks may be
distinguished, designated as C and D on figure 3. Group C lavas have
si0, = 46 ,5-47.5 weight percent and (NaZO+K20) = 5,5-6 percent. 1In
addition they have approximately 40 percent normative plagioclase, with
An/An+Ab= 0.50, and relatively high normative nepheline (about 9 per-

cent) (figure 4). The maximum Mg-value of these lavas is approximately

63. Because of their high normative nepheline content these rocks are

termed basanite. This terminology is consistent with that of Green
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(1970b) , who distinguished basanite from alkali olivine basalt at norma-
tive nepheline contents >5 percent.
The group D lavas constitute a broad group which is distinctly
higher in SiO, and in normative plagioclase and lower in normative
nepheline than the basanite (figures 3 and 4). The lava with the

highest Mg-values and the lowest SiO designated with stars on figures

9!
3 and 4, has sj_o2 ~ 49 weight percent and (Na20+K20) ~ 4.5 percent.

The normative plagioclase is more sodic in composition (An/An+ab =
0.45) than in the basanite. The Mg-value of this basalt is 64, A
broad trend in composition originates near D and extends with generally
decreasing Mg-values and An/An+Ab toward increasing Sioz, (Na20+K20),
and normative plagioclase. On figure 4 a slight gap is present in the
middle of this sequence. This gap, corresponding approximately to
An/An+Ab = 0.40, is a convenient point at which to distinguish the
mafic members of this series from the more alkalic and silicic members.
The rocks with the lowest silica and total alkalis, characterized by
An/An+Ab > 0.40, are alkali olivine basalt. Those rocks with An/An+Ab
< 0.40 have generally higher normative plagioclase and are termed
hawaiite. Collectively the alkali olivine basalt and hawaiite of group
D constitute a diverse suite of compositions, many of which cannot be
simply related to each other by fractional crystallization.

Field relations

Group A olivine tholeiite occurs in the Cerros del Rio, El Alto,v
and Santa Ana Mesa fields. Within the Cerros, this basalt occurs as
flows exposed along White Rock Canyon. They comprise the uppermost of
four flows in the Buckman Road section and the upper two flows of a

section of basalt exposed in Ancho Canyon. The uppermost flow in the
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puckman Road section (Sample -232) was also sampled 4 km to the north
(-049) . These two samples are identical in composition., Group A oli-
vine tholeiite has not yet been found further to the south or southeast
in the Cerros. This occurrence along White Rock Canyon may suggest
that such basalt was restricted to vents localized in this part of the
Cerxros.

All samples from Santa Ana Mesa belong to group A. Two samples
(=057 and =058) from different levels within a single flow exposed
along the mesa edge have identical compositions. A third sample taken
from 3 km to the west may also be from this same flow. The cinder cone
that was sampled, one of a chain of cinder cones, may be the source of
the Santa Ana Mesa flow. Samples of the group A tholeiites from El
Alto are all from cinder cones.

Basaltic andesite and latite-andesite have been found only in the
Cerros del Rio field. Most occur in White Rock Canyon, where they con-
stitute the lowermost two flows exposed along Buckman Road and the two
lowermost flows of an undetermined number of flows along the Ancho Can-
yon section. The lowermost flow in Ancho Canyon has been dated at 2.6
* 0.4 m.y. by Manley (1976) . Basaltic andesite also comprises at least
one cinder cone within the Cerros field. Latite-andesite occurs in at
least three localities within the Cerros field. It constitutes the
highest flow at the southern end of White Rock Canyon (mapped as the
Tank Nineteen basaltic andesite by Smith et al., 1970) as well as a
cinder cone in this same area (figure 2).

The flows of Ortiz Mountain, a broad, low shield cone in the north-
east corner of the Cerros field, are also latite-—-andesite. All three

of the most silicic latite-andesite compositions (figure 3) are from
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massive flows associated with Ortiz Mountain. A dike exposed in Ancho

canyon is also latite-andesite. Two rocks intermediate in SiO2 and in

total alkalis lying between the group A olivine tholeiite and the group
B basaltic andesite (figure 3) are from the El Alto field.

Basanite comprises an extensive flow capping the south and south-
east side of the Cerros del Rio field (La Bajada Mesa) and at least one
cinder cone within the Cerros field. This occurrence of basanite is
compatible with its being late in the eruptive cycle. The group C
alkali olivine basalt and hawaiite occur in both the E1l Alto and the
Cerros del Rio fields., In the El Alto field alkali olivine basalt com-
prises two cinder cones immediately adjacent to cinder cones of group A
olivine tholeiite composition. A sequence of two flows of hawaiite are
exposed at the northern margin of this field. The lower of these two
flows (=F212) is the Mesa de Abiquiu flow, which contains a suite of
pyroxenite, plagioclase, and orthopyroxene inclusions (Baldridge,
1979b). Many of the cinder cones within the Cerros del Rio field con;
sist of alkali olivine basalt or hawaiite. These cinder cones occur
adjacent to, and approximately contemporaneously with, cones of basal-
tic andesite and of basanite. In addition, a flow exposed in the
middle of the Buckman Road section consists of hawaiite. The uppermost
flow exposed on the west side of the Rio Grande, southwest of the Tank
Nineteen basaltic andesite, consists of alkali olivine basalt, as does
the eroded vent complex comprising the most northerly outlier of the
Cerros field (figure 2).

In summary, all basalt types occur as late cinder cones and/or
flows within these three fields. The earliest flows, exposed along

White Rock Canyon, consist of basaltic andesite. Geographically the
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pasalt types are not distributed systematically. Within both the El
alto and Cerros del Rio fields lavas of different composition have been
erupted from adjacent vents approximately contemporaneously. Hence in
general no well-defined correlation of composition with either geo-
graphic location or with age can be discerned among the rocks of the
Cerros del Rio, Santa Ana Mesa, and El Alto volcanic fields.

petrographic descriptions and mineral chemistry

The major groups of basaltic rocks from the Cerros del Rio, Santa
Ana Mesa, and El Alto volcanic fields have many textural features in
common. Most rocks are at least slightly porphyritic (commonly glomero-
porphyritic) and vesicular, although vesicularity varies from flow to
flow and within a given flow. The most mafic rocks have an intergranu-
lar texture, rarely grading to subophitic in the coarser- grained rocks.
The more silicic and/or alkalic rocks (the basaltic andesite and
hawaiite) have textures which are pilotaxitic or transitional between
pilotaxitic and intergranular. The latite-andesite is characterized by
hyaloophitic or hyalopilitic textures. Most of the mafic lavas contain
a few (<5) percent phenocrysts of olivine and of plagioclase. Olivine
contains inclusions of Cr-rich spinel., Clinopyroxene is a minor pheno-
cryst or microphenocryst phase (0-3 percent). None of the tholeiitic
lavas show the olivine to low-Ca pyroxene reaction relationship typical
of tholeiitic rocks from many areas. All of the rocks contain at least
a few percent of interstitial glass in their groundmass. Although only
fresh samples were chosen for analysis, most samples show at least a
small amount of alteration. Most commonly the interstitial groundmass
glass is devitrified and/or altered to a fine-grained mixture of clay

minerals and cannot be analyzed. Magnetite grains are commonly
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surrounded by rims of hematite or are completely altered to hematite.
Lessmgommonly, oliviné grains are surrounded by rims of iddingsite or
serpentine; rarely groundmass olivine is completely altered to idding-

gite or serpentine. Occasionally, wvesicles are filled with carbonate.

However, some significant differences in petrographic character-
jstics exist among these mafic rocks, even where the overall textures
are similar. These differences correlate with the various groups de-
fined on the basis of major element chemistry. For example, all rocks
of the group B basaltic andesite are characterized by the presence of
parti;lly resorbed xenocrysts of quartz and of plagioclase. The tex-
ture of these rocks is pilotaxitic or transitional between intergranu-
lar and pilotaxitic. Rocks of the group A olivine tholeiite have an
intergranular (or rarely subophitic) texture, and none contain quartz
or partially resorbed plagioclase. Pyroxene of both the groups A and B
basaltic rocks is very pale green in color and only weakly zoned.

Lavas of the group C basanite and group D alkali olivine basalt also
have an intergranular texture whereas the hawaiites have a pilotaxitic
texture. Both the alkali olivine basalt and hawaiite contain rare
xenbcrysts of partially resorbed plagioclase and/or quartz. The pyrox-
ene of these silica-undersaturated rocks is pale brown in color,
slightly pleochroic, and more strongly zoned. These petrographic fea-
tures are discussed in more detail in the following sections.

Group A alkali-rich olivine tholeiite

This group of basalts (figures 3 and 4 and table 2) is charac-
terized by 3-5 percent of euhedral, commonly skeletal, olivine pheno-
crysts <4 mm, and <1 to 5 percent of euhedral plagioclase phenocrysts

<2 mm in size, 1In certain rocks the olivine phenocrysts and larger
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groundmass grains are partly or completely altered to iddingsite, which
is overgrown by a jacket of olivine. This texture has also been des-
cribed in basalt from the western Grand Canyon region by Best and Brim-
hall (1970). Clinopyroxene is a subordinate phenocryst phase, absent
ih some rocks but present in small amounts (approximately one percent)
in others. Where present it occurs as small (<2 mm), zoned, colorless
to pale green, euhedral to subhedral phenocrysts or microphenocrysts.
Microphenocrysts of magnetite <0.2 mm are also present. The groundmass
consists of plagioclase microlites with interstitial granular olivine,
clinopyroxene, and magnetite; and acicular ilmenite and apatite. A few
percent of devitrified brownish glass forms the residuum. The ground-
mass of most of these rocks is characterized by an intergranular tex-
ture (figure 5A). Coarser-grained rocks (0.2-0.5 mm) may display a
partial ophitic texture, in which augite oikacrysts are separated by
areas with intergranular texture (figure 5B). This texture is inter-
preted as resulting from an interruption in the growth of the oika-
crysts caused by more rapid cooling.

The composition of olivine occurring in these basalts is shown in
figure 6. Phenocrysts are zoned over a range of about 10 mole percent.
These phenocrysts contain abundant euhedral inclusions <50 um of Cr-rich
spinel. Groundmass olivine ranges in composition from about Fo74 to
Fo3z

The compositions of clinopyroxene occurring in these lavas are also
shown in figure 6. The average pyroxene composition is about Wo

E.
39743

FslB' The maximum range of zoning in a single grain is about 4 mole
percent, and the maximum range in a single rock about 9 mole percent.

Pyroxene contains about 2-3.5 weight percent A1203, 0.5-1.5 percent
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Tioz, and <0.5 percent Na20 and Cr203. The minor-element content of
the pyroxene is shown as insets in figure 6. Arrows indicate the direc-
tion of crystallization. The most magnesian pyroxene has the highest
C!2°3- Increasing crystallization is accompanied by a decrease in Cr
and Al and an increase in Ti. The most Fe-rich pyroxene has Al/Ti=2,
indicating that Al and Ti are present in pyroxene dominantly as
CaTiAlzoe' Pyroxenes of -087, which has the coarsest grain size of the
group A tholeiites (0.2-0.5 mm), shows the least range in either
Fe/Mg+Fe or in Al/Ti (figure 6). This limited range may be due to the
fact that the slower cooling rate has allowed the pyroxene to equili-
brate more completely to the groundmass temperature.

Plagioclase compositions are shown in figure 7. 1In general the

most calcic phenocrysts are about An_,Ab__Or . However one relict core

69 30 1
in =087 has a composition of An84Ab150rl. Groundmass plagioclase ranges
to AnzsAbsoorls‘ No sanidine is present in the groundmass.

The compositions of oxide minerals are shown in figure 8., Spinel
occurs only as inclusions in olivine phenocrysts. Its composition

varies significantly in Al, ranging from Sp57Mt Chr28 to Sp42Mt Chr_ _.

15 25 33
The Tio2 of spinel is 1-3 weight percent. The groundmass oxide phases

are titaniferous magnetite and ilmenite. The composition of magnetite

averages Mt3501v65 and ranges from Mtzo to Mt41. Compositions become

more Ti-rich with increasing crystallization. Average Al is 0.5=2

203
weight percent. The composition of groundmass ilmenite is also shown

in figure 8. It contains about 5 mole percent of MgTiO3 and 6-8 mole

percent of Fe2 3°

Interstitial glass is commonly devitrified or altered. However,

unaltered glass in =087 is approximately: SiO, 70.1, TiO2 0.9, a1 0

2 2 3
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13.7, Ca0 1.7, Mg0 0.1, FeO 2.5, Na0 3.3, K,0 7.0, and Ba0 0.6 weight
percent. The normative composition of this glass is: quartz 18.9,
orthoclase 41.9, albite 30.0, anorthite 1.9, wollastonite 0.2, diopside
5.9, and ilmenite 1.3.

Group B basaltic andesite and latite-andesite.

This group includes basaltic andesite (SiO2 " 53,5-57 weight per-
cent) and the related, more silicic rocks trending toward higher

(N320+K20) and Si0_ (figures 3 and 4 and table 2). The most distin-

2
guishing petrographic feature of this group is the presence of resorbed
quartz grains in all rocks of this group, and of resorbed, sodic plagio-
clase in all but the most silicic latite=-andesite. The most magnesian
rock, designated with a star on figure 3, is characterized by approxi-
mately 2-4 percent of euhedral to subhedral olivine phenocrysts <2.5

mm; 4-5 percent of rounded and embayed quartz grains <5 mm, surrounded
by fine-grained granular reaction rims of clinopyroxene (figure 5C,
left); and <1 percent of rounded, highly resorbed plagioclase grains
<1.5 mm (figure 5D)., No clinopyroxene is present as phenocrysts or
microphenocrysts. A single quartz grain from rock =231 has a nearly
perfectly euhedral, hexagonal form (figure 5C, right).

The groundmass consists of microlites of plagioclase, with inter-
stitial olivine, clinopyroxene, magnetite, ilmenite, and a few percent
of anhedral, devitrified residual glass. The groundmass texture is
pilotaxitic or transitional between intergranular and pilotaxitic.

In the more silicic basaltic andesite (SiO, = 55-57 weight per-

2
cent), 1-2 percent of plagioclase phenocrysts <1.5 mm and about a per-
cent of colorless to pale green, zoned augite phenocrysts <0.7 mm are

present in addition to olivine and to resorbed plagioclase and quartz.
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In the latite-andesite, both clino- and orthopyroxene are abundant
és Phenocrysts. They range in size to about 3 mm and constitute about
4 percent of the rock. Olivine is present only as sparse, resorbed
cores in orthopyroxene. As in the basaltic andesite, both resorbed
quartz and resorbed plagioclase are present, each constituting up to
about 3 percent of the rock. Small (<0.3 mm) rounded grains of horn-

blende occur rarely. The composition of this hornblende is approxi-

2+ 3+
mately (Na, ,K, ,)Ca; (Mg, ,Fe" ',  Fe™ ', ,al, ) (sig ,Al) ;0,,)

(OHO.6F0.1)° Where present these are surrounded by opaque black rims of
fine-grained reaction material. Microphenocrysts of plagioclase <0.4
mm may be present, except in the most silicic latite-andesite (SiO2 =

. 64 percent); and microphenocrysts of magnetite and of ilmenite may also
occur.

The groundmass is comprised of plagioclase; clinopyroxene and
orthopyroxene; olivine, except in the most silicic rocks; and glass.
Textures are hyalopilitic to hyaloophitic. 1In some rocks glass may con-
stitute 20 to 50 percent of the groundmass (figure 5E).

Olivine compositions are shown in figure 9. The composition of

the most magnesian phenocrysts in =230 and -045 is Fo_,. and F°87' res=-

85
pectively. The phenocrysts range to about FO,q. More iron-rich oli-
vine (to FOSZ) occurs as a groundmass phase. The composition of oli-
vine phenocrysts in =044 cannot be accurately measured because of
alteration to serpentine. No olivine occurs in =063 or -036.
The compositions of pyroxene in these rocks are shown in figure 9.

In the basaltic andesite (-230) the average pyroxene composition is

43En44Fs13 The total range toward more Fe-rich compositions is

about 10 mole percent. A slight decrease of non-quadrilateral components
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(mainly Al) correlates with increasing Fe. The pyroxene is slightly
more calcic than pyroxene of the group A tholeiite (cf. figures 9 and

(1-4.5 weight percent), Ti0o_, (1-1.5

6), but is very similar in A120 3

3
percent) , Na20 (V0.5 percent), and Cr_O_ (<0.5 percent). The minor

23
element content of the pyroxene is shown as insets. With increasing
crystallization Al/Ti decreases and approaches a value of 2. Essen-
tially no change in Cr occurs.

' For -045 and -044, the more intermediate members of this series,
the composition of clinopyroxene for both quadrilateral and non-quad-
rilateral components is approximately the same. The more silicic mem-
bers of the series (=063 and -036) contain no olivine. In these, ortho~
pyroxene is present in addition to clinopyroxene. The clinopyroxene is
more magnesian than in the mafic, olivine-bearing members of the series.
For =063 clinopyroxene is about Wo,_En _Fs and orthopyroxene about

43 46 11

w°3En79F518; for =036, clinopyroxene is ’hWo3En80Fs17 to WOsEn65F530.
']:'io2 is much lower (<0.7 weight percent). A distinctly different trend
in minor elements occurs in =063 and =036 in contrast to more magnesian
members of this series. Cr is much higher in both clino- and ortho-
pyroxene relative to Al and Ti, due probably to the absence of olivine.
In =063, Cr/Cr+Al+Ti decreases with increasing crystallization; sepa-
rate trends can be distinguished for clinopyroxene and for orthopyrox-
ene, In =036 clinopyroxene exhibits a trend similar to that in =-063.
However, orthopyroxene shows a poorly~-defined trend toward decreasing
Al/Ti.

Feldspar compositions are shown in figure 10. In =230 the most
calcic plagioclase (An43_51) is a single partially resorbed phenocryst

displaying oscillatory zoning. A continuous range in composition exists
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through sodic plagioclase to sanidine. Zoned, partially resorbed
plagioclase phenocrysts are more abundant in -045. While the maximum

range of zoning of these resorbed grains (An65, cores, to An._., rims)

28

is about the same as that of the unresorbed phenocrysts and micro-

phenocrysts, these resorbed grains are on the average somewhat more

Sodic .
Sample -044 has approximately 15 volume percent of plagioclase

phenocrysts (figure 5F) of composition an This rock has probably

40-45"

undergone accumulation of plagioclase (discussed further in a later
section). Both sodic plagioclase and sanidine occur in the groundmass.
Plagioclase occurring in the more silicic members of the series (=063
and -036) is also relatively calcic (An30_55). Sanidine is not present
as a groundmass phase in the rocks; instead abundant glass is present.
The compositions of oxide phases are shown in figure 11, Spinel

occurring as inclusions in olivine phenocrysts is SPGSMt15Chr20 to

OUlv to Mt__Ulv. _. Compo-

M . i
Sp70 t, Chr Magnetite ranges from Mt 60 85 15

10 20 4

sitions become more titaniferous with increasing crystallization.

A1203 ranges from approximately 1.5-6 weight percent. The aluminum

contents of both the spinel and magnetite are substantially higher than
in the group A tholeiite, presumably reflecting the higher bulk rock

alumina content. Ilmenite contains about 10-15 mole percent MgTiO3 and

10-20 mole percent Fe203.

Interstitial glass in -036 has the composition: SiO., 71.7, TiO

2 2

0.9, Al 03 12.6, Ca0 0.6, Mg0O 0.1, FeO 2.9, Na O 2.8, K20 5.9, Ba0O 0.0,

2 2

and Cr203 0.0 weight percent. The normative composition of this glass

is: quartz 29.0, corundum 0.6, orthoclase 36.6, albite 25.8, anorthite

3.0, hypersthene 3.7, and ilmenite 1.3.
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Phenocryst mineralogy. The minerals occurring as phenocrysts in

these basaltic andesite and latite-andesite lavas are summarized in
figure 12. The group B basaltic andesite is characterized by pheno-
crysts of olivine containing inclusions of Cr-rich spinel. Quartz is
present in abundance (V5 percent) as partially resorbed single graiﬁs
and polygranular aggregates surrounded by rims of fine-grained augite.
Plagioclase occurs only as partially resorbed grains sparsely dis-
tributed throughout the rocks. The compositign of the most magnesian
olivine in =230 is Fogg (figure 9). 1In figure 13 the composition of
the most magnesian olivine in each rock is plotted against the whole-

rock Mg=-value. Olivine of F085 is approximately in equilibrium with a

Fe-Mg ,

melt of the composition of =230. The equilibrium value of K is

d 01-L
assumed to be approximately 0.30 (Roeder and Emslie, 1970). Values of

Kq calculated after the experimental determination of Longhi (1977)
give slightly higher results (0.32-0.35); these may be valid only for
very low-alkali compositions. The partially resorbed plagioclase in

this rock ranges from An40 to Anso. In the more silicic basaltic

andesite (SiO, = 55.5-56.5 weight percent), both plagioclase (as

2

euhedral laths) and augite are present as phenocrysts or microphenocrysts.

The most magnesian olivine in =045 is Fo - This composition is very

87"
slightly more magnesian than =230, which may indicate that this
composition has been affected by loss of olivine.

In the latite-andesite (Si0, > 59 weight percent) hypersthene is

2
present as a phenocryst phase in addition to augite and plagioclase,
and both titaniferous magnetite and ilmenite are microphenocryst phases.

Olivine is not present as phenocrysts. Rare, small phenocrysts of
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amphib°1e occur in some rocks. The composition of augite phenocrysts

in the jatite-andesite is slightly more magnesian than in the basaltic
andesite (see figure 9). The more magnesian composition may result from
the fact that, since olivine is not a phenocryst phase, the Mg/Fe ratio
of the melt is higher when augite begins to crystallize.

For the most silicic rocks (Sio2 > 60 percent) the large, partially
resorbed laths of plagioclase are not present. For rocks with > 62
percent SiO, plagioclase is not present as a phenocryst phase, and
olivine does not occur in the groundmass. Quartz occurs in all of these
rocks as resorbed single grains and as polygranular aggregates.

The compositions of spinel, occurring as inclusions in olivine
phenocrysts, and of groundmass and microphenocryst Ti-magnetite and
ilmenite overlap for all of these rocks (figure 11), hence no regular
progression of compositions is apparent.

In figure 14 the composition of the most magnesian olivine and
pyroxene phenocrysts in each rock is plotted against the composition of
the most calcic plagioclase phenocrysts. Rock =230, in which the most
magnesian olivine is F°85' is not plotted, since it contains no plagio-
clase as phenocrysts. Rock =044, which contains about 15 percent of
plagioclase phenocrysts, has probably undergone accumulation of plagio-
clase. Hence its correct position along this series is uncertain.
Possibly the composition of its plagioclase and clinopyroxene accurately
reflect crystallization from a single melt composition. Clinopyroxene
shows a strong decrease in Mg-value with decreasing An/(An+Ab) in
plagioclase for three of these rocks. Clinopyroxene in =045 is more

iron-rich and does not fall on this trend. This clinopyroxene may have
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lower Mg/Mg+Fe because it occurs as a microphenocryst phase, hence
crystallized at a lower temperature from a melt richer in iron.
orthopyroxene, which occurs only in -063 and -036, shows almost no
difference in composition. Hence these data cannot be unambiguously
interpreted, yet suggest that decreasing Mg-values of mafic phases
(especially clinopyroxene) correlate with decreasing anorthite component
of coexisting plagioclase.

‘Quantitative modeling. Variation diagrams for this suite of rocks

are presented in figure 15. The phases indicated by arrows are all
observed as phenocrysts or as xenocrysts. For all phases except quartz
the arrows indicate 5% subtraction of that phase. For quartz the

arrow (dashed) shows 5% addition. All rock compositions fall on smooth
curves except for a single point (rock -044).

Figure 15 shows that for the most mafic basaltic andesite subtrac-
tion of olivine (F°84) and addition of plagioclase (An46) and quartz
will adequately model the evolution of these rocks to more intermediaﬁe
compositions. These three phases are present as phenocrysts and/or
xenocrysts in the basaltic andesites. 1In the more intermediate members

of this series, subtraction of olivine (Fo ), clinopyroxene

84-86

(Wo4oEn45Fsls), and plagioclase (Anss), and addition of quartz will

drive the melt to latite-andesite compositions. In the most silicic
end of the series the evolution of these melts is controlled by sub-
traction of clinopyroxene, orthopyroxene (Wo3En79Fs18
(Anso), and by the continued addition of quartz.

), and plagioclase

Rock =044 falls consistently off the trends defined on these dia-

grams. This rock contains about 15 percent of plagioclase phenocrysts.
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Figure 15 shows that its composition is explained by addition of
plagioclase to a melt of basaltic andesite composition. The low MgO
and high FeO* result from the complete alteration of olivine to
iddingsite.

The evolution of this series has been quantitatively modeled using
the least-squares technique of Reid et al. (1973). The key feature in
using such a technique is that measured compositions of phenocrysts
and/or xenocrysts actually present in the rocks are fit to a change in
bulk composition. If the bulk compositions cannot be related by the
phases actually present, then a genetic relationship between these com-
positions is in serious question. 1In the following models, all solu-
tions were overdetermined, i.e., the number of phases (variables) solved
for was always less than the number of oxides (constraints). Criteria
used in determining "good" fits were a low sigma squared, and approxi-
mately equal numbers of positive and negative residuals, whose mean
value was about zero (Reid et al., 1973). 1In addition, two important
"modal" criteria were, first, that the amounts of the various phases
solved for by the least-squares fit approximated the modal amounts of
those phases, and second, that the solution was "stable", i.e., that
adding or subtracting a phase or changing the compositions of the phases
did not radically change the amounts of other phases in the solution.
In all cases the best solution resulted from fitting all phenocryst
and/or xenocryst phases in a particular rock.

This series was first modeled as a Single step, using the most
magnesian rock =230 as the starting composition and the most silicic

rock -036 as the derivative composition (table 6). Actual phenocryst
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phases and their measured compositions were used. This model was
designed primarily to determine whether, in addition to adding quartz,
removal of olivine and clinopyroxene yields a significantly better fit
to these compositions than removal of either clinopyroxene or olivine
alone. Solutions involving olivine and quartz, with and without plagio-~
clase; and clinopyroxene and quartz, with and without plagioclase, gave
unsatisfactory results. Solutions with olivine, clinopyroxene, and
quartz, with and without plagioclase, yielded significantly better
results. The best fit was obtained using all of the observed phenocryst
phases: olivine, clinopyroxene, plagioclase, magnetite, and ilmenite
(Cr-spinel was ignored; orthopyroxene appears as olivine + quartz).

The phase compositions used and the results of this best model are
summarized in table 6.

Next, this series was divided into three steps in order to more
closely model this series. Actual phenocrys