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ABSTRACT

The Carrizozo Basalt Field is associated with the
central portion of the Rio Grande rift and consists of three
Quaternary flows of subalkaline olivine basalt; in order of
decreasing age, these are the Broken Back Crater, lower
Carrizozo, and upper Carrizozo Flows. Analyses for 20 trace
elements were made using x-ray fluorescence and neutron
activation analysis and were combined with previously
determined major element analyses to develop a geochemical
model for the magmatic history of the field.

Several compositional trends were identified at
statistically significant levels. The concentrations of LIL
elements decrease with decreasing age of the flows.
Significant light REE enrichment relative to chondrites is
observed, ranging from 80X in the oldest flow to 60X in the
voungest flow. Concentrations of transition metals increase
from the Broken Back Crater Flow to the lower Carrizozo Flow
and decrease from the lower to the upper Carrizozo flow.

The observed decrease in KZO concentration with
time is inconsistent with a simple differentiation model;
concentrations of LIL elements are observed at levels 2-3X
higher than can be expected to result from enrichment by
fractional crystallization. Several lines of gecchemical
evidence, supported by geophysical data, suggest that these
basalts were derived by 4-6% melting of a spinel peridotite

parent which was itself derived from a previous partial



ix
melting episode(s). It is proposed that ;ontinuing melting
of spinel peridotite at depths of 40-50 km produced a
compositionaliy—zoned magma chamber; successively deeperT
levels of this chamber, with average compositions
representing greater degrees of partial melting, were tapped
to produce the three major flows. Up to 5% fractional
crystallization of olivine * pyroxene seem O be required
to account for the decrease in transition metal

concentrations from the lower to the upper Carrizozo Flows.
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INTRODUCTION

Purpose and Methods of Investigation

The purpose of this study is to determine the
digtribution of selected trace gelements in the Carrizozo
Basalt Field and to evaluate these data, along with
previously determined major element data, 1in order to
propose possible geochemical models for the magmatic history
of this field. ©Particular emphasis is placed on suggesting

possible sources of these lavas, and the processes which

operated to produce them. Relationships between the three

major flows of this field are also explored.

Methods of investigation include the determination
of trace element concentrations using x~-ray fluorescence and
neutron activation analysis; the examination of thin
sections and aerial photographs; and the use of computer
programs Lo process analytical data, classify basalt

samples, and to aid in geochemical modeling studies.

The Rio Grande Rift and its Basaltic Associations

The Carrizozo Basalt Field is associated with the
southern portion of the Rio Grande Tift (Figure 1) (Chapin
and others, 1978). The rift is a tectonic feature which

dominates the morth-south trending structural elements from
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Figure 1. Generalized map of the Rio Grande rift and major
crustal lineaments (after Chapin and others, 1978).



central Colorado southward to southern New Mexico (Woodward
and others, 1978). It has been characterized as a graben or
complex series of grabens with a broad axial structure
(Cordell, 1978b) and widens irregularly southward.
Extensional strain has been involved, increasing in
magnitude southward; extensional faulting along the rift
began in the Neogene and continues into Quaternary time
(Cordell, 1978a). Relative to adjacent, more stable areas,
the Rio Grande rift is a tectonically active, thermally

anomalous region (Seager and Morgan, 1979) characterized by:

1) high regionally averaged heat flow values of
2.56 ¥ 0.65 HFU (Reiter and others, 1979);

2) thinned continental crust (Keller and others,
1978

3) extensive faulting, recent volcanism (Reiter

and others, 1979; Seager and Morgan, 1979).

A summary of field, geophysical, and geochemical
information regarding the evolution of the rift is provided
by Chapin (1979); the regional geophysical setting of the
Rio Grande rift is described by Cordell (1978a). Cook and
others (1979) and Seager and Morgan (1979) discuss the
evolution of the southern portion of the rift.

The mantle beneath the rift is characterized by
high electrical conductivity ard p-wave velocities (Cordell,

1978a; Shankland, 1978), geomagnetic (Jiracek and others,



1979) and gravity (Woolard and Joesting, 1964) ancmalies.
Cordell (197§b), summarizing geophysical data, suggests that
heat and mass wére supplied convectively by the upper mantle
concurrent with crustal extension, and further that
anomolously hot or partially melted mantle rock occurs
within the upper mantle beneath the rift. Other workers
(Schmucker, 1964; Decker and Smithson, 1975; Eaton, 1978;
Seager and HMorgan, 1979) speculate that these rifc
characteristics are shallow manifestations of an
asthenosphere upwarp or diapiric ridge of mantle material
beneath the rifrt.

There is also geophysical evidence to indicate
that shallow magma chambers occﬁr along the Rio Grande rift.
Interpretation of magnetotelluric data implies that a zone
of melt accumulation exists at a depth of 15 km beneath the
north-central rift and at a depth of 27 km bemneath the
southern rift (Hermance and Pedersen, 1978). A magma body
at mid-crustal depths beneath Socorro, NM, has been
delineated by Rinehart and others (1979). Reiter and others
(1979) suggest that high heat flow values in the southern
portion of the rift may be caused by secondary crustal
intrusions originating from a primary, deeper source.

Alkali olivine basalts first appeared in the
southern portion of the Rio Grande rift 13 m.y. ago, after a
7 m.y. mid-Miocene lull in rift volcanism (Cook and others,

1979) and after 13-15 m.y. of crustal extension (Seager and



Morgan, 1979). Although basalts have formed sporadically
during the last 13 m.y., two periods of extensive mafic
volcanism in the rift have been ijdentified, one from 13-9
m.y., and another at 5 m.y. (Cook and others, 1979). The
first period has been related to weakening and critical
stretching of the continental crust, and to thermal
activity at depth, such as emplacement of a mantle diapir
(Cook and others, 1979) or appearance of an incipient mantle
bulge (Seager and Morgan, 1979). Basaltic volcanism at 5
m.y. has been related to a major period of rifting 8-3 m.y-.
ago (Chapin and Seager, 1975), which was accompanied by an
accelerated rate of crustal extension and/or an increase 1in
heat flow and emplacement of shéllow magma bodies (Seager
and Morgan, 1979).

Much interest in Rio Grande rift basalts has
developed within recent years. Aoki and Kudo (1976) and
Renault (1978) summarize the ma jor element geochemistry and
provide an overview of Rio Grande rift basalts; Baldridge
(1979) discusses the petrology and petrogenesis of basaltic
lavas of the central Rio Grande rift. Specialized
geochemical investigations of basalts from the southern
portion of the rift are beginning to }6 emerge. These
include strontium (Stinnectt, 1976) and lead (Everson and
Silver, 1978) isotopic studies, and studies of mafic

inclusions (Padovani, 1978; Reid, 1978; Warren, 1979).



Basalts of the southern rift are relatively
undifferentiated (Remault, 1970) and have low 87Sr/863r
ratios (Stinnett, i976); accidental zenoliths lack evidence
for reaction with host magmas (Seager and Morgan, 1979).
This information indicates relatively rapid transport of

these magmas to the surface, with little or no contamination

from crustal materials.



GENERAL ASPECTS OF THE CARRIZOZO BASALT FIELD

Location

The Carrizozo Basalt Field 1is located in SocorTO
and Lincoln Counties, south central New Mexiceo, between
north latitudes 33°15 and 34000', and west longitudes 105°
45° and 106°30°. The following l5-minute guadrangles
include portions of the basalt field: Broken Back Crater,
Little Black Peak, Chihuahua Ranch,ACarrizozo, Capitol Peak,
and Three Rivers. Figure 2 shows the location of these
quadrangles in New Mexico and the extent of the field within
these quadrangles. The "yalley of Fires'" New Mexico State
Park is located on the eastern edge of the flow,
approximately 3.% miles northwest of the town of Carrizozo,

on U.S. 380.

Geologic Setting

Broken Back Crater and Little Black Peak (Figure
3) are the probable vents for the flows of the Carrizozo
Basalt Field and lie on a west-northwest axis defined by
the linear intrusions of Capitan Mountain and Jones Dike
(Renault, 1970). Chapin and others (1978) show that these
features, along with some Miocene OT younger volcanic rocks,
define the Capitan Lineament, which is thought to extend

from eastern Arizoma to eastern New Mexico (Figure 1).
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Chapin and others (1978) suggest that the Capitan Lineament
ijs a deeply penetrating flaw in the 1i£hosphere that tends
to "leak" magma and influence deformation in the brittle
near-surface rocks.

The following paragraph regarding the geological
setting is a summary provided by Renault (1970). The Broken
Back Crater Flow erupted through Permian sediments, and the
Carrizozo Flows through Triassic sediments (Dane and
Bachman, 1965), on the west flank of a north-south trending
basin. A north-northeastward trending normal fault,
crossing U.S. 380 in T.6S5., R.9E., projects midway between
the Broken Back Crater and the Little Black Peak vent areas;
it is down to the west (Figure 5). .The main trend of the
Chupadera fault, down to the east, passes one mile east of
the Broken Back Crater vent area; the southernmost branch of
the Chupadera fault, also down to the 'east, projects
north-northeastward between the two cinder cones of the
Broken Back Crater Flow (Figure 3). Little Black Peak, the
probable vent of the Carrizozo Flows, lies near the crest of
the Carrizozo anticline defined by Kelley and Thompson
(1964) (Figure 3) at the top of Permian beds.

Allen (1951) provided a physical description,
including estimates of volume and areal extent, of the
Carrizozo Flows. Smith and Budding (1959) published a
reconnaissance geologic map of the eastern half of the

Little Black Peak quadrangle. Dane and Bachman (1958, 1961)
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published preliminary geologic maps of southern New Mexico,
including the Carrizozo Basalt Field, and indicated its
boundaries on the Geologic Map of New Mexico (1965). The
geology of the Carrizozo and Little Black Peak gquadrangles

was published by Weber (1964) and Smith (1964) respectively.

Stratigraphy

The Carrizozo Basalt Field consists of two
informally named, topographically separated basalt fields:
the older Broken Back Crater Flow, and the younger Carrizozo
Flows (Renault, 1970) (Figure 3). The Carrizozo Flows, also
called the Little Black Peak Flow (Smith, 1964) and the
Carrizozo Malpais (Weber, 1964), have been subdivided into
the lower and upper Carrizozo Flows using chemical criteria
(Renault, 1970). Weber (1964) recognized the contact
between the upper and lower Carrizozo Flows, exposed in the
wall of a karst sinkhole. Although morphological
differences between the two flows can be identified in air
photos, the lower and upper Carrizozo Flows are generally
indistinguishable 1in the field (Renault, 1970). The Broken
Back Crater, lower, and upper Carrizozo Flows contain

secondary flow bands which will not be considered further.



The Broken Back Crater Flow

The Broken Back Crater Flow consists of a dense,
gray to black, vesicular olivine basalt. It is fine-grained
to aphanitic in texture and weathers to a dark brown color.
The vesicles are round to oveid in shape, and range in size
from 1 mm to several cm in the longest dimension. They are
usually found in sub-parallel orientation and are
occasionally filled with light brown weathering products.
0livine phenocrysts are sparse to abundant and measure 1 mnm
in average diameter; feldspar and pyroxene phenocrysts are
not visible in hand specimen.

The Broken Back Crater Flow lies unconformably on
the Permian San Andreas Limestone and Bernal Formations, and
on the Triassic Santa Rosa Formation. It is topographically
separated from the Carrizozo Flows by a valley containing
the Triassic sediments (Smith and Budding, 1959). From the
flow boundaries indicated by Dane and Bachman (1965), the
areal extent of the flow is estimated to be slightly less
than 65 sq. km (25 sq. miles). The Broken Back Crater Flow
probably issued from a vent marked by two cinder cones at
Broken Back Crater (Weber, 1964) (Figure 3). Smith (1964)
and Weber (1964) note that the Broken Back Crater Flow 1is
distinctly older than the Carrizozo Flows: the thin soil
cover and the weathered surface of the Broken Back Crater
Flow is contrasted with the lack of soil and effects of

weathering and erosion on the Carrizozo Flows.
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Consideration of these geomorphological data have led to
late Holocene or Pleistocene age estimates for the Broken
Back Crater Flow (Weber, perscnal communication, 1979;

Smith, 1964).

The Carrizozo Flows

The Carrizozo Flows are composed of & dense, gray
to black, vesicular olivine basalt, with a fine-grained to
aphanitic texture. Vesicles range in size from 0.25 mm to
several cm in the longest dimension and are round to ovoid
in shape; irregular ovoid-shaped vesicles occur in samples
taken from the vicinity of the wvent. Vesicles almost always
occur in sub-parallel orientation. Olivine phenocrysts are
sparse to abundant and measure 1 mm or less in average
diameter. Plagioclase laths measuring less than 2 mm in
length are seen in some specimens; pyroxene phenocrysts are
not visible in hand specimen. The basalt weathers to a gray
or light browﬁ color; occasionally vesicles are filled with
weathered material.

Weber (1964) observed two major flows totaling
approximately 49 m (162 feet) in thickness, exposed in the
walls of a sinkhole formed by the solution of the underlying
gypsum, 3.2 km (2 miles) south of U.S. 380 and approximately
3.2 km (2 miles) west of the eastern edge of the flows;
these represent the lower and upper Carrizozoc Flows (Figure

4).
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Weber describes the lower flow as a gray, massive,
fine-grained olivine basalt, with a thin, vesicular to
scoriaceous zone at ﬁhe top, and a thickness of
approximately 18 m (60 feet). He describes the upper flow
as lithologically similiar, but having a thicker vesicular
zone at the top; its thickness was measured as approximately
31 m (102 feet).

The uneroded surface of the Carrizozo Flows shows
many features characteristic of young, fluidal basalts.
These include highly vesicular, ropy flow surfaces (pahoehoe
texture) sometimes occurring with a glassy crust; flow bands
(Allen, 1951); collapée structures, including lava tunnels
(Allen, 1951) and sinkholes (Wéber, 1964); pressure domes;
and pressure ridges, most prominently developed along the
margins of the central porticn of the flow (Ulvog and
Thompson, 1964). A kipuka (island surrounded by lava) of
Dakota Sandstone is found within the boundaries of the
"Valley of Fires'" State Park. The vegetation growing on the
flow is supported by soil blown in by wind, as the basalt
has not weathered sufficiently to produce its own soil
COVET.

The Carrizozo Flows are among the youngest basalt
flows in the countinental United States: other flows of
comparable age include the Craters of the Moon Flow, Idaho;
the McKenzie Pass and Bend Flow, Oregon; the Modoc Lava

F181&E*\Ei£i£3£pia; and the McCarty’s, Jormado, and Capulin
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Mountain Flows, New Mexico (Allen, 1951). Observation of
the fresh surficial flow features and the intact conditions
of the youngest cinder cone, Little Black Peak, has lead to
age estimates of 1000-1500 years (Allen, 1951; Weber,
1964). The effects of weathering and erosion are negligible
in both flows.

The Carrizozo Flows were erupted from one or more
vents in the vicinity of Little Black Peak at the northern
end of the field (Allen, 1951) and flowed in a southwestward
direction along the floor of the Tularosa Valley (Ulvog and
Thompson, 1964). Weber (1964) provides the following
descripticn of the vent area. A cluster of small cinder
cones in the vicinity of Little Black Peak marks the vent
for tﬁe Carrizozo Flows. Little Black Peak, the most
prominent of these, is located near the northern edge of the
field (Figure 3), stands approximately 26 m (85 feet) high,
and contains an intact crater approximately 10 m (32 feet)
deep; it probably acted as a vent for the upper Carrizozo
Flow, and possibly alsoc for the lower Carrizozo Flow
(Renault, 1970). A cinder cone containing a small crater
lies at the north-northwestern foot of Little Black Peak,
and in addition, remnants of a stili older cone lie further
to the north and northeast.. The flows disconformably mantle
Permian (San Andreas Limestone, Bernal FTormation), Triassic
(Santa Rosa Formation), and Cretaceous (Dakota Sandstone)
rocks, Tertiary intrusive rocks, and Quaternary alluvial

valley fill (Dane and Bachman, 1965).
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Allen (1951) and Weber (1964) provide the

following estimates of the extent of these flows:

Length : 72 km (44 miles)

Average width : 5 km (3.0 miles)

Width range : 0.8 to 8 km (0.5 to 5 miles)
Average thickness : 13 m (42 feet)

Volume of lava : 4.2 cu. km (1l cu. mile)

Major element data (Renault, 1970) and observation
of a contact between the two flows (Weber, 1964) indicate
that at least two Recent basalt flows have issued from the

I.itcle Black Peak vent area.

Petrography

All of the basalts examined are fresh,
porphyritic, olivine basalts. Point counts of constituent

phases provide the following estimated modal analyses:

Ground- Olivine Plagioclase Vesicles Zeolites
mass phenocrysts phenoccrysts
upper Carrizozo 74 2 3 20 <1
Flow
lower Carrizozo 76 5 1 17 < 1
Flow
Broken Back 78 5 3 14 1
Crater Flow
~

More than 1500 points were counted for each flow (300 points
per slide) on slides representing more than half the number

of samples of each flow.
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The groundmass 1s composed of plagioclase,
olivine, augite, glass, and zeolites; magnetite and
ilmenite are finely distributed throughout. Groundmass
plagioclase has average compositions of An55 in the Broken
Back Crater Flow, An57 in the lower Carrizozo Flow, and AnS52
in the upper Carrizozo Flow (labradorite), as determined by
the Michel-Levy method (Kerr, 1959, p. 257-260). The
average length of observed groundmass plagioclase laths 1is
0.05 mm in the Broken Back Crater Flow, 0.25 mm in the lower
Carrizozo Flow, and 0.32 mm in the upper Carrizozo Flow
(Figures 5-7). A fluidal ‘texture ig displayed in the lower
and upper Carrizozo Flows.

Q0livine, plagioclase‘and rare augite phenocrysts
are present in all three flows. Olivine phenocrysté are
Fa20 in composition (Smith, 1964; Renault, 1970), contain
inciusions of magnetite and spinel, and very frequently show
embayments and magmatically corroded edges in contact with
the groundmass (Figures 5-7); iddingsite rims are
cccasionally present. Plagioclase phenocrysts have
compositions of An62 in the Broken Back Crater Flow, An38 in
the lower Carrizozo Flow, and An64 in the upper Carrizozo
Flow (labradorite). They are very rare in the lower
Carrizozo Flow. A very few plagioclase phenocrysts show

. )
zonation and oscillatory extinction; more commonly,
\

N\

N\, .
plagioclase phenocrysts»show corroded edges. Augite occurs

primarily in the groundmass, aithough rare phenocrysts are
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Figure 6. Photomicrograph of the lower Carrizozo Flow
(25X, crossed-nicols).

A rounded olivine phenocrysts showing invasion and
digestion by groundmass material, Note the

presence of wvesicular cavities and their control of
the arrangement of groundmass components. The ground-
mass plagiloclase laths are 4-5X larger than those in
the Broken Back Crater Flow.
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Figure 7. Photomicrogreph of the upper Carrizozo Flow
(25X, crossed-nicols).

A cluster of olivine phenocrysts has been corroded and
embaved by the surrounding groundmass. The groundmass
plagioclase laths are larger than those in the Broken
Back Crater or lawer Carrizozo Flows.
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observed; it has a brown color in thin section and shows
gslight pleochroism.

The anorthite coﬁtent of the groundmass
plagioclase increases from the Broken Back Crater to the
lower Carrizozo Flows, and decreases from the lower to the
upper Carrizozo Flows, as does the whole-rock Ca0 content
in these intervals. The anorthite content of the
plagioclase phenocrysts shows an inverse trend.

Zeolites occur as irregularly-shaped amygdules and
are most abundant in the Broken Back Crater Flow; their
petrogenesis is probably related to deposition by the action
of meteoritic waters (Nockolds and others, 1978, p.131).
Little devitrification of matfix glass 1s observed.

Several petrographically observed characteristics
of these basalts indicate that the magmas representing the
flows of the Carrizozo Basalt Field may have been able to
ccol slowly in a subsurface chamber prior to eruption. The
first is the observed porphyritic texture: relatively large
olivine and plagioclase phenocrysts are set in fine-grained
groundmass (Figures 5-7). The most common genetic
interpretation for this texture 1s that phenocrysts develop
during a period of slow, subsurface cooling; foliowing
eruption, rapid cooling and loss of volatiles causes the
remaining liquid to solidify as a fine-grained aggregate or

glass (Nockolds and others, 978, p. 5).



Secondly, observation of rounded and embayed
edges of olivine and plagiloclase phenocrysts (Figures 5-7)
indicates that a disequilibrium condition between crystals
and magma has existed. Cox and others (1979, p. 183-184)
sugggest that resorption may be caused by changes in
temperature—pressure conditions as the magma moves toward
the surface, or by changes in the temperature-
pressure-composition conditions as the crystal moves about
the magma chamber. Thirdly, the anorthite content of the
plagioclase phenocrysts and microcrysts 1s consistent with

normal crystallization trends yielding more sodic

plagioclase with time.

The term "porphyritic™ describes the texture of
an igneous rock in which larger crystals (phenocrysts) are
set in a fine-grained groundmass which may be crystalline or
slassy or both (American Geological Imnstitute, 1972, p.
558). 1In this study, no genetic interpretation, except that
of ignecus origin, has been implied by the use of the terms

"

"phenocryst" and porphyritic'". Because xenocrysts

commonly display the same resorpticnal features as do the
phenocrysts in the basalts of this study, the origin of the
phenocrysts is uncertain. However, some chemical evidence
jndicates that the observed clivine phenocrysts were formed
by erystallization of the cognate magma. In their study of
s - 2+ . .
the partitioning of Mg and Fe between olivine and basaltic

magma, Roeder and Emslie (1970) concluded that the
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composition of olivine is independent of temperature and
depends only on the Mg/Fe2+ ratio in the liquid from which
it 18 crystallizing. Therefofe, the Mg/Fe2+ ratio in an
olivine crystal can be used to determine the Mg/Fe2+ ratio
in the liquid from which it crystallized. Based on the
experimental data cof Roeder and Emslie (1970), if olivine
phenocrysts in the lavas of the Carrizozo Basalt Field are
approximately Fa20 in com#osition (Smith, 1964; Remnault,
1970), they would be expected to form from a liquid having
Mg/F82+ molar ratio of 7 1.2; the Broken Back Crater Flow
has such an average composition.

Some olivine phenocrysts have edges which have
been altered to iddingsite; oiivine crystals in the
groundmass appeaT Lo be unaltered. These observations
indicate that the melt was hydrous prior to eruption, but
that groundmass olivine crystallized in an anhydrous

environment (Renault, personal communication, 1979).
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GEOCHEMISTRY OF THE CARRIZOZO BASALT FIELD

Previous Geochemical Studies

Renault (1970) analyzed 21 samples from the
Carrizozo Basalt Field using x-ray fluorescence for Sioz,
A1203, Fe0Q, Mg0, Caol, NazO, Kzo, TiO2 and Mno (Table 1).

The Broken Back Crater and Carrizozo Flows
represent separate and distinct episodes in the history of
the Carrizozo Basalt Field (Weber, 1964 Smith, 1964).
However, the distinction between the lower and upper
Carrizozo Flows is less obvious, as these two flows are
continuous and generally indistinguishable in the field
(Renault, 1970). Based on results from major chemical
analyses and differences in flow morphology detectable in
aerial photographs (Renault, personal commuhication, 1979),
Renault (1970) estimated the location of a contact between
these two flows to be at the northern edge of the marrow
neck area (Figure 3).

Statistical comparisons of major element chemical
data were made between the sample groups of Renault’s lower
and upper Carrizozo Flows using the Wilcoxon rank—-sum test.
This test is appropriate for the comparison of two Zroups of
data when a normal population distribution is mnot assumed
and when sample sizes are small (Bhattacharyya and Johmnson,
1977, p. 505-509); for further discussion of this test, see

Appendix A. The mean concentratidns of 510y, Mg0, Cal,
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Major element chemical analyses and statistics of

the Carrizozo Basalt Field.

Table 1.
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Analyses from Renault (1970).

Statistical parameters are defined in Appendix A.
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Na,0, and K,0 'in the two flows show significant differences
at the 95% confidence level. These results are summarized

in Table 2 and justify Renault’s location of the contact.

Classification

Several schemes for the classification of basalts
are currently in use; a historical review is provided by
Irving and Barager (1971). All are based on the
concentrations of major element oxides, and some make use of
the relative abundances of minerals represented in standard
CIPW norms. CIPW norms for the basalts of this study (Table
3) were calculated by means of a computer program (Bingler
and others, 1976) using the major element data of Renault
(1970). Because the total iron concentration is expressed

as FeO in the analyses, and because both Fe703 and FeO

abundances are necessary for the calculation of CIPW norms,
the upper limit of FeZO3 in the these basalts has been

estimated by the equation:

weight X% F8203 = weight % TiO2 + 1.5

This equation is based on the cbservation that
Fezo3 and TiO2 generally have similiar trends of variation
in unaltered rocks (Irvine and Barager, 1971). It must be
kept in mind that the Fe,05;/Fe0 ratio can appreciably affect
the calculated norm, particularly with respect to olivine

and hypersthene, and so classification schemnes involving




Table 2. Major element concentration differences
at the 95% confidence level.

SiO2 BE > LC LC < UC
A

-1203 BB > LC

F=0 BE < LC

Mg0 LC » UC
Cal BB < LC LC > UC
NaZO LC < UC
KQO BB > LC LC > UC

BB = mean concentration of the Broken Back Crater Flow
1LC = mean comncentration of the lower Carrizozo Flow

UC = mean concentration of the upper Carrizozc Flow

Statistical comparisons were made using the Wilcoxon
rank—-sum test described in Appendix A.
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Car-14
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CIPW normative minerals.

3.94
8.97
?.33

Back Crater

29.71
27,446
28.73

Oor Ab
Cak-19 8.02 30,69
CAR-16 .33 24,39
CAR-17 B.21 28.72
CAR-18 7.90 29.34
CAaR-19 7,73 29.55
Car-21 8.2 27,49
Cali=22 7.38 29.34
CAR=-24 8.82 28.01
CAR-2% 7.84 33.1é
CaRk-26 7.15 30.41
CaR-27 9.80 26.77
uTLE lal oo Tl

Or Ab
carR—- 5 B.26 31,87
CAar- & 7.21 32.48
CArR— 7 7.63 3FI2.8Z
CAR= 8§ 7.79 29.467
CAR- 2 4.8 30.50
CAR-10 7.48 31.353
CAaR=-11 64.91 30.42
01 olivine
Mt megnetite
I1 ilmenite
Ne nepheline
Q guartz

Flow

27.30
27.6°
30.62

Carrizozo Flow
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CIPW normative analyses of these two minerals must be
evaluated with particular care.

Yoder and Tilley (1962) suggested two primary
basaltic magma types, tholeiitic and alkali olivine basalts,
and proposed a classification whereby basalts with quartez
(Q) and hypersthene (Hy) in the CIPW norm are called
tholeiites, those with olivine (0l) and hypersthene (Hv) are
called olivine tholeiites, and those with olivine (01l) and
nepheline (Ne) are called alkali basalts. Based on this
scheme, the basalts in this study would be termed olivine
tholeiites, except for one sample from the upper Carrizozo
Flow which would be termed a tholeiite and four samples from
the lower Carrizozo Flow whicg would be termed alkali
basalts.

Chayes (1966) reviewed the history of the term
“tholeiite", suggested that it be replaced by "subalkaline',
and proposed a means by which olivine basalts lacking
normative Ne and Q could be classified as either dominantly
alkaline or subalkaline. Following this classification, the
basalts in this study would be termed subalkaline, except
for the four samples from the lower Carrizozo Flow which
would be termed alkaline.

Irvine and Barager (1971) proposed three main
series of basalts: tholeiitic, calc-alkaline, and alkali
olivine basalts; their use of the term subalkaline includes

the calc—-alkaline and alkali olivine basalt series.
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According te their method of classification, the basalts of
this study are termed subalkaline based on discriminant
functions in the ol-opx-cpx termary system, and belong to
the tholeiite series, based on plots of normative

plagioclase composition against AlZO concentration; they

3
are termed "average rocks'" with respect to their potassium
concentrations. Irvime and Barager (1671) contend that
menbers of the tholeiite series can be distinguished
petrographically but not chemically, although according to
Yoder and Tilley’s (1962) scheme, most of the basalts in
this study may be called olivine tholeiites.

The samples fromm the Carrizozo Basalt Field are
compositionally transitional between the typical thoieiitic
and typical alkalic basalt series. Lowder (1973) noted
similiar compositions is his study of late Cenozoic basalts
of southwest Utah and used the total alkalies vs. silica
diagram of McDonald and Katsura (1964) to show this
transitional nature. Figure 8 is such a diagram for the
basalts of this study, and shows that most samples plot in
the alkaline field but lie very close to the boundary
between the alkaline and tholeiitic fields.

It is interesting to note that the composition of
basaltic lavas varies regularly along the axis of the rift.
Acki and Kudo (1976) remarks that volcanism predominantly
consisted of aluminous olivine tholeiite in the northern

portion of the rift (nmorth of Santa Fe), of tholeiite and



weight % Na20 + KZO

alkaline basalts

tholeiitic basalts

! !

45 L& u7 48 49 50 51 5z 53 54

weight % Si0,

4+ Broken Back Crater Flow

O lower Carrizozo Flow ¢ upper Carrizeczo Flow

The solid line dividing the alkaline and tholeiitic fields is an
empirical ome based on data from Hawaiian rocks (McDonald and
Katsura, 1973). Yoder (personal communicaticn to McDonald and
Katsura, 1973) has suggested that the line approximates the
critical plane of silica undersaturation and so corresponds with
Yoder and Tilley's (1962) criterion of the presence or absence

of hypersthene to distinguish between these two groups of basalts.

Figure 8. Total alkalies vs. silica diagram for the samples
from the Carrizozo Basalt Field.
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alkali olivine basalt in the central portion of the rift
(Santa Fe to Socorro), and of alkali olivine basalt in the
southern portion of the rift (south of Socorro). Thus the
transitional nature of the basalts of the Carrizozo Basalt
Field appears to reflect the larger picture of varying

basaltic compositions along the Rio Grande rTift.

Analytical Methods

Sampling

Field sampling was done by J.R. Renault as a part
of his study of major element concentration variations in
some Rio Grande rift basalts. A summary of his procedures
follows {Renault, 1970}. Locations of the 21 samples
(Figure 3) were selected prior fo field work and modified in
the field to obtain fresh, representative material. As much
as possible, samples were taken from the base of the upper
zone of vesiculation at each site to .avoid compositional
variations due to possible differentiation during extrusion
or subsequent surficial processes. Sample locations on the
Broken Back Crater Flow occupy grid positions with
approximately 2.6 miles between samples. The ginuous shape
of the Carrizozo Flows suggested serial sampling; the
average sample interval is approximately 2.7 miles.

The number of samples required to characterize the

mean coumpositions of sampling units at the 95% confidence
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jevel was determined (Table 4); a discussion of the
statistical method used to determine sample size can be
found in Appendix A. The acceptable deviations from the
mean, or tolerance values, are those used by Remnault (1970),
and are also the class intervals used by Manson (1967) in
his study of the major element composition of hasalts.

These tolerance values are generally greater than the
observed standard deviations.

The number of samples taken from the lower and
upper Carrizozo Flows is sufficient to characterize the mean
composition as lying within the tolerance values, with 95%
confidence for all major oxides. The Broken Back Crater
Flow appears to be undersampled, in that less than half of
the major oxides can be said to have mean comﬁositions which
lie within the specified tolerance values at the 95%
confidence level. However, Renault (1970) notes that, as a
consequence of the statistics of small sample size, some of
the calculated numbers of samples required are
unrealistically high. For example, the calculated required
number of samples for the A1203 analysis of the Broken Back
Crater Flow is 59; if the actual number of samples taken was
& instead of 3, then even if the standard deviation remained
the same, the required number of samples would become 21.
Therefore, the Broken Back Crater Flow may not have been

seriously undersampled.
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Sample preparation

Preparation of rock samples for chemical analysis

was accomplished by the procedure outlined below:

1. The sample was reduced to pieces measuring less
than 75 mm in maximum dimension using a sledge
and stainless steel plate.

2. 500-1000 grams of this material was fed through
two jaw-crushers, equipped steel plates,
with aperatures at the discharge opening of
20 and 6 mm.

3. 10 grams of this matérial was hand-picked to
eliminate pileces containing vesicle filling or
those showing any signs of weathering.

4. The sample was reduced in size to particles
measuring less than 2 mm iIn average diameter
using a Diamet mortar and pestle.

5., Final grinding was done using a Fisher automatic
mortar-grinder, equipped with a fused alumina
mortar and pestle. The sample was ground in
distilled water for 30 minutes, then filtered and
air-dried. A grain size analysis showed that
greater than 957 of the resulting material
measured less than 62 microns in average particle
diameter, an acceptable size for the analytical

work to follow.
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6. Undiluted pellets of the sample material were

prepared for x-ray fluorescence analysis with

the following specifications:

Amount per pellet : 3 grams
Backing material : Buehler Bakelite powder
Pressure : 20 tons

The die used follows the description of Baird
(1961), but was modified to include a polished
carbide (SiC) anvil. Pellets were prepared in
duplicate for each sample.

7. BSamples for neutron activation analysis were
prepared by sealing 0.5 grams of ground sample
from step #5, weighed to the nearestVO.OOOl gram,

in a2 small polyethylene vial.

During the entire sample preparation procedure,
care was taken to prevent contamination by carefully

cleaning all equipment between samples.

Trace element determination methods

X-ray Fluorescence Analysis (XRF)

The 21 samples from the Carrizozo Basalt Field
were analyzed for Cr, Mn, Ni, Cu, Rb, Sr, and Zr using a

wavelength dispersiv\ Philips Universal vacuum spectrometer,
equipped with a Harsh&w scintillation counter. The primary

\

\\

\
N
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source unit components, measuring electronics, and display
equipment are specified in Table 5.

Standard rocks used to construct calibration
curves included the U.S. Geological Survey standards PCC-1
(peridotite), BCR-1 (basalt), AGV-~1 (andesite), and GSP-1
{granodiorite) (Flanigan, 1976), the Tanganyikan tonalite
standard T-1 (Tanganyikan Geological Survey, 1963), and the
New Mexico Tech standard basalts BCLR and BR (Condie,
unpublished data, 1978). The accepted chemical analyses of
the non-USGS standard rocks are given in Appendix B.

Instrumental parameters for the XRF analyses are
given in Table 5 and were determined using a pellet composed
of 50% BCR-1 and 507 Spex Mix. A choice was made between
available Cr, Mo, and W x~ray tubes so as to provide maximum
excitation of the analyte: The use of a LiF(200) analyzing
crystal and a scintillation counter were suited to the
dispersion and detection of the range of desired amalytical
wavelengths, respectively.

It is seen from Table 5 that the position of the
pulse height analysis (PHA) window is shifted towards higher
voltages with increasing atomic number of the analyte if the
potential on the counter’s anode wire (HV) remains comnstant;
this happens beause the high voltage (HV) plateau of the
scintillation counter occurs at lower voltages as the atomic

I
number of the analyte and the energy of the analytical

wavelength increases. The interested reader is referred to
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discussions by Jenkins (1976) and Jenkins and DeVries (1967)
for further information regarding the determination of XRF
instrumental settings.

In order to monitor changing instrumental
conditions and correct for the effects of long term drift, a
"ratio method" of data reduction was used. Accordingly, the
value correlated with concentration is the net intensity of
a sample’s analytical peak divided by that of a reference
"drift pellet”. For each element, one of the standards was
chosen as a drift pellet and was counted with each trayload
of samples.

A correction was made for the effects of sample
absorption on the intensity of measured wavelengths by
multiplying the value of the mass absorption coefficient by
the intensity ratio. For all the samples and standards,
values of the mass absorption coefficent at desired
analytical wavelengths were calculated by means of a
computer program (CHEM2 by J.R. Renault) using major element
chemical analyses and Victoreen (1949) parameters, and are
tabulated in Appendix C.

The concentration of Rb in samples from the
Carrizozo Basalt Field is below the lower level of
determination (defined in Appendix A) for the instrumental

settings listed in Ta£le 5.

\ .
For the Cr §naly51s, a correction was made for
\
enhancement effects by iron, as the FeKa line lies just to

\\
\k




&N
p—

the short wavelength side of chromium’s K absorption edge.

A linear multiple regression analysis was performed, where
Cr concentration was assumed to be proportional to the
intensity ratio, mass absorption coefficient, and total iron
concentration expressed as Fe0O. For all other elements
analyzed for by XRF, calibration curves were constructed by
simple linear regressions, with elemental concentrations
correlated with the intensity ratio corrected for absorption

effects. Calibration curve statistics are given in Table 6.

Instrumental Neutron Activation Analysis (INAA)

Due to restriction placed on the number of samples
which could be submitted for irradiation, nine samples
representing the three major flows were selected to be
irradiated at Sandia Laboratories, Albuquerque, NM. These
samples were chosen because they appeared to define
differentiation trends within the various flows, based on Fe
vs. Fe/Mg diagrams. A Canberra 4,096 channel gamma-ray
spectrometer with a high-resolution Li~-drifted germanium
detector system was used for the analysis of 14 trace
elements: Ba, La, Ce, Sm, Eu, Tb, Yb, Lu, U, Th, Sc, Co, HE,

and Ta. Instrumental parameters for the INAA analyses are

/

given in Table 7. f
The method%described by Gordon and others (1968)
ﬂ

was used for the determinations. Briefly, the amount of a
A

given element in a sample is computed by comparing the
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gamma-ray intensities due to the element in a sample to

those emitted by a standard which has been irradiated
The spectrum over a

simultaneously with the rock samples.

window of 7-11 channels around the peak maxinum is
taken as an average of several

integrated; the backround,
channels on both sides of the window is subtracted to obtain
The USGS basalt BCR-1 was used as the

i a net peak area.
BCLR and additional counts of BCR-1 were used as

standard;
Corrections were applied for

internal standards.
radioactive decay occurring between sample and standard
irradiated

and for differences in weights of
(NUTDAT

counting times,
with the aid of simple computer programs

material,

and NUTRON at New Mexico Tech).
Because of the limited number of analyses,
However,

precision and accuracy tests were not performed.
the percent counting error and the percent difference
between the calculated concentration values of the internal
standards and accepted values for these standards are given

in Table 8.




Table 8 . Neutron activaticn analysis errors.

Element ' % CE 7 Diff IS
Ba 4.7 15.2
La 4.8 6.0
Ce 2.7 7.3
Sm 0.7 4.0
Eu 8.6 10.7
b 5.0 4.4
Yb 4.5 6.4
Lu 3.5 3.2

U 6.3 §.9
Th 2.9 3.9
Sc 1.0 2.8
Co 2.4 2.0
HE 3.7 5.3
Ta 5.5 14.4

% CE = percent counting §ITOT defined in Appendix A

% Diff IS = percent difference between calculated concen-
tration value;/ﬁf internal standards and
accepted valtes for these standards

rd

/
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Analytical Results

Alkali and alkaline earth elements

The concentrations of Sr and Ba in the basalts of
this study are given in Table 9; the concentrations of KZO
(Renault,1970) are given in Table 1. Wilcoxon rank-sum
tests were applied to compare mean concentration differences
between the Broken Back Crater, lower, and upper Carrizozo
Flows. These results are also summarized in Table 9 and
show that the absolute concentration of alkali and alkaline
earth trace elements tends to decrease with decreasing age
of the flows: at the 957 confidence level, the mean
concentration of KZO decreases with decreasing age of the
flows, and the mean concentration of Sr in the lower
Carrizozo Flow is greater than that of the upper Carrizozo
Flow.

For the Carrizozo Flows, the concentrations of KZO and
Sr as a function of distance from the vent are shown in
Figures 9 and 10, respectively. For both K?O and Sr, it is
seen that the trend of decreasing concentrééion with
distance from the vent can be expressed by a straight limne
approximation in the upper Carrizozo Flow: the correlation
coefficient of this line is 0.72 for KZO and 0.83 for Sr,

indicating that a linear model is reasonable. When a linear

regression analysis is applied to the K20 and Sr data from

the lower Carrizozo Flow, the calculated correlation




7

Table 9 . Alkali and alkaline earth trace element.
concentrations,

ppm Sr ppm Ba

Broken Back Crater Flow

CAR-12 484

CAR-13 456

CAR-14 459 4638
Mean 479.7 468
Std Dev 21.8

lower Carrizozo Flow

CAR-15 £57

CAR-16 560

CAR-17 468

CAR-18 L17

CAR-19 L24

CAR-21 522 284
CAR-22 434

CAR-24 515 387
CAR-25 428 324
CAR-26 415

CAR-27 516

Mean 468.7 335.0
Std Dev 53.9 57.3
upper Carrizozo Flow

CAR-5 441 359
CAR-6 444

CAR-7 432 390
CAR-8 411 .
CAR-9 418 /
CAaR-10 351 344
CAR-11 373 337
Mean 410.0 35775
Std Dev 35.4 23.5

Mean concentration differences between flows at the
95% confidence level:

K BB > LC LC > UC

Sr LC > UC
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¢coefficients are approximately equal to zero, indicating
that no linear relationship exists between the data points.
However, if the four samples from the narrow neck area

of the lower Carrizozo Flow (CAR-15, CAR-16, CAR-17, and

CAR-27; Figure 3) are grouped with the samples from the

upper Carrizozo Flow, two reasonably well-defined linear

trends are observed. For KZO’ the correlation coefficients

for the lines defining these trends in the 'new" lower and

upper Carrizozo Flow sample groups are 0.81 and 0.85,
respectively; similiarly, for Sr they are 0.76 and 0.86.
These observations are not sufficient to justify a
new location for the contact between the lower and upper
Carrizozo Flows, but rather, they may indicate a
compositional change within the lower Carrizozo Flow not
detectable from major element chemistry, and/or a closer
relationship between the lower and upper Carrizozo Flows, an
alternative which will be developed in a following section.

Also, the assumption that compositional trends within a

complex natural system such as a basalt flow are ideally
represented by linear models itself requires a number of
assumptions such as compositioenal homogeneity of the parent
rock or magma, a specific shape of the magma chamber, and
regular eruption and flow sequences. These assumptions and

thus the expectation of linear compcositional trends may not

be realistic.
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Rare earth elements, uranium, and thorium

The concentrations of rare earth elements (REE) in
the basalts of this study are given in Table 10; the
concentrations of U and Th are given in Table 1l. Wilcoxon
rank-~sum tests were applied to compare mean concentration
differences between the Broken Back Crater, lower, and uppert
Carrizozo Flows. Due to the necessity of limiting the
number of samples for neutron activation analysis, it 1is
difficult to establish mean concentration differences
pbetween the three flows for this group of elements.
However, differences existing at the 80% or greater
confidence level are given in Table 12,

Plots of La, Ce, Sm, Yb, and Th concentrations vs.
relative ages of the flows are shown in Figure 11. Trends
of decreasing average concentrations of these elements with
decreasing age of the flows are probably present, even
though these trends are not easily statistically documented
due to the small number of analyses, and only three polnts,
representing the three major flows, can be plotted.

In the chondrite-normalized REE diagram (Figure
12), it is seen that the light REE are more enriched with
respect to chondrites than are the heavy REE: light REE
concentrations range from approximately 80~25X chondrite
values; heavy REE concentrations range from approximately

20-12¥ chondrite values. Also, the light REE appear to be

fractionated between the three flows, with the level of



q fpug gi JO SOSRIRUE WOJd) SG[NSd apedane ¥

>mo~ SLT
il HIpUaddy UE palsif SSn[es IT314PUOYD 01 Pazieutou sU0T1ed4uaiund = NJ

Firll S 500 L& Pl ¥t 0 &1 ¢ G100 0L % 0 a1 8c'0 P L ¢ﬁ@ S L [ N30 1Ls
£CIT fr*o SEeT gt e LR LY £8°0 ac v 597 or 0 06'% 590 (VRN 84 B*'1® £10& NYAH
L'CT 0 [ [t 161 4'0 £70C vl £ 460 £ 5 ?F &E ch Lt TI-M¥D
S'El S0 £S5 't PR 01 TR LT LARAS 65 5 Lv 0L £ OF-MY)
60T o SRS 9ra 60T £'0 £'ic ot FOE G 4 P i 0c £L-HYD)
8'11 v o oy 0 0T L0 T rad 0*c g4 £y v (24 e ¥4 G-4Y2
MOT4 OZOZTJJE] daH4n
000 00°'0 G810 L1'0 Qe 0c'0 1gc 0C*0 00°0 60*Q ‘4 g*'e 5401 [t R D ISR
or*vI 050 L0 e 09°¢ £E1E 00'1 ra've 0L 05 1¢ 045 0'584 Loy 069 L'EE NU3H
W“ | S P G'ee [V § a've FAR S4TL [AARH Q5 i 8s 6T LE-HVI
P 540 b et L'c [ A 80 L' L8 &' F c'ie £'8 L5 05 0L £e Y T4V
vl g0 LT Lre £r1e 01 &'1¢ a'l SR 5 FARS 84 s &L ?L 1&-MY)
MOT 4 DEDZTJIE]) JBMOT
v o £0°0 Sty , 58°0 £L Y TE00 PLE 10 BL°O t1°0 L5 6t 70T . G'E N3IT (1L
02'ET S¥'0 St vt 06°C 0181 SB*0 =LA 1641 Gl 009 0'eR 5'vs s'Q8 S'9c NY3IH
60T o LY S'E £*1c¢ 03 JANR! vr LR 19 9y (E]8 a8a < 1M
L'€T 5'0 £07 £ 6y L0 Rree 21 g 68 85 % gL o £I-4VD
MOT 4 daled) §aery uaqodg

N3 W N Watd N2 W o N2 it o4 N3 i N2 Uit od ND Ui

N7 x YA G.L ny s ¢ ) e

PHEUOTIHIGUBIL0D Juana1s Yilee adey 0T erge]




53

Table 11. VUranium and thorium concentrations.
ppm U ppm Th

BProken Back Crater Flow

CAR-13 1.2 3.6
CAR-14 1.2 3.9
Mean 1.20 3.75
Std Dev 0.00 0.21
lower Carrizozo Flow

CAR-21 1.4 3.4
CAR~24 1.3 3.2
CAR-25 1.5 3.2
Mean 1.30 3.27
Std Dev 0.10 0.12
upper Carrizozo Flow

CAR-5 1.4 3.1
CAR-7 1.0 3.0
CAR-10 3.5
CAR-11 2.7
Mean 1.20 3.08

Std Dev 0.28 0.33
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Table 12. Rare earth element, uranium, and thorium
mean concentration differences between flows.

BB > ILC LC > UC

La 4 v

Ce 44 v

Sm /Y vy

Tb vy

Yb v/ v

Lu vV

u v

Th vV Vv

v¥ = difference exists at the > 80% confidence level

“~
W

difference exists, but is not establisnhed at a
statistically significant level
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light REE enrichment decreasing with decreasing age of the
flows. The heavy REE exhibit more uniform behavier in the
three flows. No Eu anomalies are present. Assumed

chondrite values are given in Appendix D.

Transition metals

The concentrations of nine transition metals in
the samples from the Carrizozo Basalt Field are given in
Table 13, Wilcoxon rank-sum tests were applied to compare
mean concentration differences between the Broken Back
Crater, lower, and upper Carrizozo Flows; these results are
summarized in Table 14.

Due to the limited number of analyses, it 1is
difficult to establish mean concentration differences
between the three flows for those elements whose
concentrations were determined using neutron activation
analysis. However, at the 953%Z confidence level, the mean
concentrations of Ni and Cu are greater in the lower
Carrizozoe Flow than in the Broken Back Crater Flow; the same
relationship is seen for Sc, Co, Hf, and Ta, but not at
statistically significant levels. Also at the 957%
confidence level, the mean concentrations of Sc; Co, Ni, and
Cu are greater in the lower than in the upper Carrizozo
Flow; the same relationship is seen with Cr, Zr, Hf, and Ta,
but again, not at statistically significant levels. The
concentrations of Ti0O, (Renault, 1970) and Mn0 show no mean

2

concentration differences between the three flows.
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Table 14. Transition metal mean concentration
differences between flows.

BB < LC LC > UC

- e / /Y
Cr v
Co v VY
Ni VY Vv
Cu VY vy
Zr v
HE v Y
Ta v ‘ v

44

difference exists at the 957 confidence level

~.
W

difference exists, but is not established at
a statistically significant level
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For the Carrizozo Flows, plots of Sc, Cr, Co, Ni,
and Cu concentrations vs. distance from the vent are shown
in Figures 13-17, respectively. Transition metal
concentrations tend to increase with distance from the vent,
although irregularities exist. For example, in the case of
Ni, the four samples from the narrow neck area of the lower
Carrizozo Flow (CAR-15, CAR-16, CAR-17, and CAR-27; TFigure
3) might be grouped with the samples of the upper Carrizozo
Flow in order to define two linear trends having
approximately the same slope (Figure 16). For Cu, two
linear trends can be defined for samples from the the lower
and upper Carrizozo Flows; the samples from the mnarrow neck
area of the lower Carrizozo Flow could be grouped with
samples from the upper rather than the lower Carrizozo Flow
(Figure 17). For Cr , two fairly well-defined linear‘trends
are observed for the lower and upper Carrizozo Flows based
on Renault’s (1970) sample groups ( Figure 14); here, the
slope for samples from the upper Carrizozo Flow is much

steeper than that for samples from the lower Carrizozo Flow.
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GEOCHEMICAL MODELS FOR A MAGMATIC HISTORY

Fractional Crystallization and Partial Melting Processes

The concentration of é given element in a magma
depends on the concentration of the element in the source of
the liquid and the extent of chemical fractionation which
occurs during melting and crystallization processes (Gast,
1968). Although it has been generally accepted that melting
of an ultramafic mineral assemblage must be involved in the
formation of basaltic liquids, there has been debate as to
the relative importance of partial melting and fractional
erystallization processes in controlliung the chemical
composition of basaltic lavas.

A number of writers (Engel and others, 1975; Green
and Ringwood, 1967; O0’Hara and Yoder, 1967) have proposed
that fractional crystallization may be the dominant process
controlling compositional wvariations in basalts, and that
alkali- or potassium-rich liquids are derived by fractiomnal
crystallization from subalkaline or tholeiitic parent
liquids.

However, following further studies of basalt
genesis, with particular attention given teo the
concentration of large—-ion lithophile (LIL) elements in
alkalic basalts, many workers (Yoder and Tilley, 1962;

Gast, 1968; Ringwood, 1975; Schilliﬁg, 1975) now believe

that the composition of basalts is controlled in the region
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of magma generation. Variations in basalt compositions can
be accounted for by reasonable variation in the extent of
partial melting of upper mantle sources; subsequent minor
diversification may occur by fractional crystallization,
oxidation or reduction, gas fluxing, or contamination.
Partial melting and fractional crystallization

will be investigated as two possible processes inveolved in

the evolution of the lavas of the Carrizozo Basalt Field.

Evaluation of major and trace eleuwent data can place

constraints on the nature of these processes, and the extent
to which they may have operated in the production of these

basalts.

Methods of Model Testing

Ma jor elements

In order to estimate, on the basis of major
element oxides, whether a proposed daughter liquid such as a
flow of the Carrizozo Basalt Field could be derived from a
proposed solid or liquid parent, a two-stage computer-based
calculation developed by Wright and Doherty (1970) (called

"MIXING" in the New Mexico Tech Computer Library) was used.

In addition to other applications, this program was
originally developed to solve a set of simultaneous scalar
equations for "liquid line of descent" petrologic models.

Given the composition of a differentiate, the suitability of
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various magma types parental to that differentiate can be

evaluated.

equations

par

needed to

study, equations are formed for nine oxides: Si0

For a fractional crystallization model the

to be solved are of the form:
n-1

X =
par Xn'n + ZE: X3¥4
i=1

where:

a chemically analyzed constituent of the
system given as a weight fraction of the
the oxide

the weight fraction of constituent x in the
parent magma

the weight fracticn of constituent x in the
mineral i

the weight fraction of mineral i which is
removed from the parent magma during fractiomal
crystallization

weight fraction of constituent x in the
differentiate (liquid produced as a result

of removing minerals i to n-1)

the weight fraction of the liquid differentiate

Equations are formed for as many oxides as are
describe the composition of the system. In this

23 Tioz >

Al, 03, FeO, MgO, MnO, Ca0, Na,0, and K,0. A linear

2

regression analysis can be applied to this overdetermined

systém (system having more equations than unknowns) to

obtain a set of solutionm values. In petrologic problems,

is desirable to constrain solution variables to take only

it
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non-negative values. Negative solution values cannot be
prevented using a conventional linear regression analysis,
so linear programming is used to circumvent this limitation.
Linear programming is designed to solve
underdetermined linear systems (systems having more unknowns
than equations). It is used when there are a large number of
potentially negative solution values and it is only
meaningful to accept non-negative values, such as the case
where it is not known beforehand which magma types and
minerals are relevent to a particular fractionation process.
A linear programming model of the least squares problém is
created by treating the residuals (the amount by which the
equations of the system fail to be satisfied by the sclution
set for any given variable) as unknowns. An underdetermined
system has an infinite number of solutions; linear
programming is used to identify and reject negative solution
values, which are called "prohibited solution values" in the
computer output, then select from among the remaining
solution sets the one that will minimize the sum of the
squares of the residuals, i.e., provide the best fit in the
least sguares sense. The approximate solution provided is
always followed by a conventional least-squares calculation
in the computer program, which uses the analyses represented
by non-negative solution values as input to yield an optimum

set of solution values.
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The results of the MIXING program can also be
interpreted in terms of a partial melting model. The
equations to be solved are of the same form as for the

ractional erystallization model but in this case:

X = the weight fraction of constituent x in the
par parent rock
Xn = the weight fraction of constituent x in the

daughter liquid (the liquid produced by melting
of the parent rock)

v = the weight fraction of mineral i in the residue

v = the weight fraction of the daughter ligquid

An example of the computer output is given in
Figure 18 where "SP-1" is tested as a possible parent for a
magma called "BB". The first part of the output is an echo
of the input data which includes the chemical compositions
of the proposed parent, daughter, and minerals which
constitute the residue. Also, a set of weighting factors

may be included as input data. Wright and Doherty (1970) use

welghting factors which are proportional to the absolute
standard deviation of the chemical analyses. The choice of
weighting factors generally makes a small difference in the
final result.

The echo of the input data is followed by the set
of approximate solution values determined by linear
programming. In this example, there are no negative
solﬁtion values. The results of the linear regression

analysis follow under the heading of "CALCULATED DATA"™. The
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column titled "CALCY" shows the calculated composition of the
parent, and the column titled "SP-1" shows the proposed
composition of the parent (input data) recalculated to 100%;
the column titled "DIFF" shows the percent difference
between the two. The columns titled "oliv", "opx", "epx",
and "spnl"” show the proposed compositions of the minerals
expected to constitute the residue (input data) recalculated
to 100%, from which the bulk composition of the residue can

be calculated. The solution values can be interpreted as

follows:

1) For a partial melting model: daughter liquid "BB"

can be produced by “6%Z melting of parent rock
"$P-1"; residual minerals are olivine, ortho-
and clinopyroxene, and spinel, occurring in the
proportions of 72.5 : 14 : 7 : 0.5,

respectively.

2y TFor a fractional crystallization model: daughter

liquid "BB" can be produced by crystallizing
~94% of the parent magma "S§P-1" (differentiate
"BB" represents “6Z%Z by weight of the parent
magma); the residue has the same modal

composition as for the partial melting model.

The error attached to each solution value 1is

estimated by an empirical procedure which tests the
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sensitivity of the residuals to small changes in the
calculated solution values., "Sensitivity" values
approaching zero indicate the least error.

The results of these calculations can be used to
determine if various proposed processes and parents could
have been involved in the production of various magmas based
on major element chemical analyses; they are meaningful only
when consistent with geological and petrological

observations.

Trace elements

The following summary of trace element
distribution behavior is taken from a discussicu by Wood and
Fraser (1978, pp. 195-224). Properties of many trace
elements such as size, charge, and possible ligand field
stabilization are quite different from those of the major
constituents of the host phase. Small changes in the
concentration of a trace component do not significantly
affect the magmatic environment because of the low
concentrations involved; the activities of trace components
are directly proportional to their concentrations and are
said to obey Henry’'s Law. The tendency for trace elements
to be partitioned into crystalline phases or into melts
during crystallization or melting processes may Tresult in
changes in concentration of these elements of several orders

of magnitude. This tendency can be expressed in terms of a
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"distribution coefficient" which is defined as the ratio of
the concentration of an element in a specified solid phase
to the concentration of that element in a liduid phase for a
given set of temperature, pressure, and bulk composition
conditions (see Appendix E). An understanding of the
distribution behavior of trace elements permits theilr use as
sensifive monitors of igneous evolution.

The Rayleigh (disequilibrium) fractionation law
describes trace element distribution behavior during
fractional crystallization when crystals fail to maintain
equilibrium with the remaining melt, either because of slow
diffusion in the crystal or because of crystal removal from
the system. However, if crystals remain in contact with the
melt, and if diffusion is sufficiently rapid for the
interiors of the crystals to maintain equilibrium with the
melt, then trace element distribution behavior is described
by the equilibrium crystallization law.

The equations describing trace element
distribution behavior during Rayleigh and equilibrium
crystallization, and plots of changes in trace element
concentrations against the extent of crystallization are
shown in Figure 19. It can be seen from these plots that
for a given degree of crystallization, Rayleigh
fractionation is more efficient in changing trace element
concentrations than is equilibrium fractionation and so

represents a limiting case. In evaluating the role of
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where:
Cilq = goncentration of trace element i in the daughter liquid
C: = concentration of trace element i in the parent liquid
F = fraction of parent liquid reaaining
D = (bulk) distribution coefficient for crystallizing mineral phases

Figure 19. Trace element distribution behavior during Rayleigh and
equilibrium erystallization.
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fractional crysallization in the production of the lavas of
the Carrizozo Basalt Field, only the case of Rayleigh
fractionation is considered because in this study, it is
necessary to evaluate the maximum levels of enrichment or
depletion of trace element concentrations possible by
fractional crystallization; also, zoned plagioclase
phenocrysts and corroded and embayed edges of olivine and
plagioclase phenocrysts are observed, indicating that a
disequilibrium condition between crystals and magma has
existed.

For the partial melting process, four models of

trace element distribution behavior are considered:

1) Equilibrium melting, where the melt is always

in equilibrium with residual solid phases
until it is removed;

2) Fractional melting, where the melt is removed

as it is formed and is mnever in equilibrium
with residual solid phases;

3) Fractional melting with collection of the melt , where:

a. the melt is removed as it 1is formed and
is collected in a mixing chamber where the
composition of the melt in the chamber
represents an average of all the increments
collected;

b. the melt is removed as it is formed and

is collected in a magma chamber where no
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mixing occurs and a compositionally-zoned

chamber results.

Equations describing trace element distribution behavior
with respect to these four cases, and plots of changes in
trace element concentrations against the degree of partial
melting are shown in Figure 20.

For the tests of partial melting models, it has
peen assumed that distribution coefficients remain constant
throughout melting events, although evidence is accumulating
which indicates that this is freguently not the case. This
assumption has been made because knowledge about the
quantitative dependence of distribution coefficients on
temperature, pressure and the bulk composiion of solid and
liquid phases is very fragmentary, making quantitative
evaluation of these effects difficult. Also, this
assumption is probably an acceptable approximation for
models covering a small range of the degree of melting
(Hertogan and Gijbels, 1976), as is the case in this study.

Appendix E contains the mineral distribution
coefticients and the bulk distribution coefficients

calculated from them which have been used in this study.
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3. For Fractional Melting with collection of the melr:

A. Collection in a chamber where mixing occurs:
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1

B. Collection in a chamber where little or no mixing occurs:

The equation describing fractional melting (Eq. 2 above) applies.

where;
liq . - < liquid
Ci = concentration of trace element i in the daughter liqui
(o] . PR :
Ci = concentration of trace element i in the parent cineral
assemblage
= fraction of melting
D = (bulk) distribution coefficient of the parent rock, weighted
according to the modal proportions of the minerais involved
P = {bulk) distribution coefficient of the parent rock, weighted
according to the eutectic melting proportions of the minerals
involved '

Figure 20. Trace element distributjom behavicr during partial melting.
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Evaluation of the Dominant Process Involved

Fractiocnal crystallization

Evidence for Differentiation

Various indices have been proposed as parameters
to quantify the degree of differentiation of basaltic
magmas. This differentiation broadly invelves the
fractional crystallization of two mineral groups: the mafic
group (olivine, pyroxene, amphibole, and biotite) and the
" felsic group (chiefly feldspars) (Simpson, 1954). Indices
discussed below include the Solidification Index (Xuno,
1957), the Crystallization Index (Poldervaart and Parker,
1964), and the Felsic and Mafic Indices {Simpson, 1954).
values of these indices for the basalts in this study are

given in Table 15.

The Solidification Index

Renault (1970) evaluated evidence for
differentiation in the Carrizozo Basalt Field by means of
the Solidification Index (SI). It was proposed by Kuno

(1957) and is defined as

SI = (Mg0 x 100) / (Mg0 + FeO + Na,0 + KZO)
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where the oxides are expressed in weight percents and the
total iron concentration is expressed as FeO. The SI may be
thought of as the percentage of Mgb in an AFM diagram. S5I
values less than 35 imply that the sample is a product of
differentiation of basic magma within the crust; values

from 35-40 imply that the sample represents basic magma
which has undergone little or mno differentiation. SI values
greater than 40 imply that the sample represents an
olivine-rich residue. Values of the SI for the basalts
under study are less than 35 (Table 15). At the 95%
confidence level, the mean SI for the upper Carrizozo Flow
is 1lower than the mean SI for the lower Carrizozo Flow. A
plot showing the location of the Broken Back Crater, lower,
and upper Carrizozo Flows on an AFM diagram is shown in

Figure 21.

The Crystallization Imndex

Poldervaart and Parker (1964) propose the use of a
parameter called the Crystallization Index (CI) to measure

the progression of a system from the primitive system

anorthite-diopside- forsterite:

cIl = An + Di’ 4+ Fo’ + Sp’

where:
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An = weight percent normative anorthite
Di’ = weight percent normative magnesian diopside
Fo’ = welight percent forsterite +

normative enstatite converted to forsterite
Sp° = weight percent magnesian spinel

Anorthite, diopside, forsterite, and spinel are
thought to be the earliest phases of magmatic
crystallization. The CI includes an expression for the
fractionation of both the felsic and mafic reaction series
and gives an indication of how far a magma has evolved fromn
some initial composition. A decreasing trend of CI values
implies an increasing degree of differentation of a basic
magma. At the 95% confidence level, the mean CI for the
upper Carrizozo Flow is lower than that of the lower
Carrizozo Flow (Table 15). Plots of the CI against major

oxide concentrations are shown in Figure 22.

The Felsic and Mafic Indices

The relative influence of the felsic and mafic
mineral groups on the differentiation trend of basic magma
can be evaluated by the Felsic Index (FI) and the Mafic

Index (MI) defined by Simpson (1954) as:

FI (Na

0 + KZO) x 100 /7 (Ca0Q + Na,0 + KZO)

2 2

MI (FeO + Fe203) x 100 / (Mg0O + Fe0d + Fe

f

203)




Figure 22.
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where the oxides are expressed in weight percents. An
increasing trend of FI and MI values implies an increasing
degree of differentiation of a basic magma. At the 952
confidence level, the mean MI for the upper Carrizozo Flow
is‘greater than that of the lower Carrizozo Flow (Table 15).
Plots of the MI against major element oxide concentrations
are shown in Figure 23. When the effects of felsic and
mafic mineral group fractiomation are balanced, the rock
series developed will be represented by a straight line at a
45 degree angle to the abscissa on a FI vs. MI plot. It can
be seen from Figure 24 that the basalts of this study plot
in the field where fractionation would be dominated by

minerals of the mafic series.

Summary

Before considering evidence for differentiation
provided by these indices, it should be noted that the

observed decrease in KZO concentration with decreasing age

of the flows is not consistent with a simple differentiation

model, as KZO would not be effectively removed from a magma

until the crystallization of orthoclase. Therefore, some
other process, other than or dominating fractional
crystallization, must be called upon to produce the observed
trend of KZO concentrations. The expressions to evaluate

the Solidification and Felsic Indices include potassium, and

therefore evidence for differentiation in the Carrizozo

Basalt Field provided by these indices may not be wvalid.
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Samples from the Carrizozo Basalt Field plot in the field
where fractionation would be dominated by minerals of the
mafic series {(Simpscn, 1954).
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If chemical variations within the flows of this
study are to be interpreted as differentiation trends, then
evidence provided by the Crystallization and Mafic Indices
may be examined. Differences in the average values of the
CI and MI between the lower and upper Carrizozo Flows exist
at the 95% confidence level, and indicate that the upper
Carrizozo flow may be more differentiated than the older
lower Carrizozo Flow. No statistically significant
differences exist between the Broken Back Crater and lower
Carrizozo Flows, which may indicate that the lower Carrizozo
Flow is not more differentiated than the older Broken Back
Crater Flow. 1f fractional crystallization has occurred,
then minerals of the mafic series may have been involved

(Figure 24).

Results of Major and Trace Element Tests

Green and Ringwood (1967) propose that basaltic
magmas with significant LIL element enrichment can be
derived by fractionmal crystallization of a parent magma
produced by partial melting of a mantle source. For various
petrographic and chemical reasons, they chose an olivine
tholeiite as the composition of this parent magma. In
addition to the composition of Green and Ringwood’s (1967)
proposed olivine tholeiite, the compositions of average
continental rift tholeiites and average island tholeiites
(Condie, 1976a and 1976b) were tesled as possible parent

magmas of the lower Carrizozo Flow.
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The effects of fractiomation at various depths
based on experimental results by Green and Ringwood (1967)
are summarized in Table 16 and indicate that high-alumina
olivine tholeiites are produced by fractionation of olivine,
ortho- and clinopyroxene at depths of 15-35 km, and that
olivine-rich alkalic basalts are produced by fractionation
dominated by the separation of Al-rich orthopyroxene, or
orthopyroxene and subcalcic augite, at depths of 35-70 km.
Because the basalts of this study are compositionally
transitional between olivine tholeiites and alkalic basalrts,
models 2 and 3 (Table 16) were tested. The chenical
analyses of proposed parent magmas and minerals involved in
fractionation, and the results of major element
least-squares fits are given in Appendix F. O0f the parenf
magmas tested, only the average continental rift tholeiite
composition is reasonably compatible with a fractional
crystallization model to produce the lower Carrizozo Flow as
less than 12% fractional crystallization is required for all
models tested (compared with up to 927 fractionalr
crystallizaticn required for the other proposed parents) and
computed sensitivites (errors) are significantly lower for
this prcposed parent composition. A summary of major
element least-squares fits assuming an average continental
rifcr tholeiite parent composition is given in Table 17.
Models 2¢ and 3a are preferred as no minerals expected to be
involved in fractionation based on experimental results are

prohibited by linear programming (Table 17).
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All five models listed in Table 17 were tested in
terms of trace elements assuming an average continental rift
tholeiite parent composition; the results are summarized in
Table 18. None of the models can provide the levels of
enrichment of LIL elements such as X, Sr, Ba, U, and Th that
are observed in the lower Carrizozo Flow. According to the
Rayleigh fractionation law, enrichment factors increase as
the distribution coefficient approaches zero. Even when the
distribution coefficient is assumed to equal zero, 25-50%
fractional crystallization would be required to produce the
observed enrichment factors for X, Sr, and Ba; even greater
degrees of fractional crystallization would be regquired in
the cases of U and Th.

With the fractional crystallization of mafic
minerals such as olivine, and ortho- and clinopyroxgne, the
concentrations of transition metals such as Cr, Co, and Ni
would be expected to show concentration decreases in the
daughter liquid relative to the parent liquid. An opposite
trend is noted here (Table 13 and Appendix F-1).

REE were not quantitatively tested in terms of a
fractional crystallization model as the suggested
concentrations in the parent ligquid (Appendix F-1) are
higher than those in the proposed daughter liquid (Table 10)
and an opposite relation would be expected. This observation

indicates that although a parent liquid of average

continental rift tholeiite composition might be acceptable
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in terms of major element least-squares fit results, 1t is
not acceptable in terms of REE data.

If fractional crystallization was the dominant
process operating to produce the basalts of this study, then
additional processes such as wall-rock reaction tGreen and
Ringwood, 1967), volatile transfer (Engel, 1965), or crustal
contamination must be called upon to produce the observed
levels of LIL element enrichment. However, Gast (1968) has
shown that wall-rock reaction is not a reasonable
explanation, and that volatile transfer would not be
expected to enrich Ba, La, U, and Th to the degrees
observed. Within the Rio Grande rTift, 8751‘/8681‘ ratios are
low (0.703 to 0.704; Stinnett, 1976) and vertical fracturing
is extensive (Reiter and others, 1979), thus crustal
contamination is not likely to have altered the composition
of these basalts to any great extent. Also, if fractional
crystallization was the dominant process operating in the
production of these basalts, then K,0 concentrations would
be expected to show an increase with decreasing age of the
flows as K,0 is not effectively removed from a magma until
the crystallization of orthoclase. An opposite trend is
noted in the flows of the Carrizozo Basalt Field.

In light of these observations, the process of
fractional crystallization is comnsidered to have been of

minor importance in the evolution "of the basalts of this

study.
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Partial melting

Composition of the Parent Rock

In a partial melting model, any mineral assemblage
which is to be considered as a possible parent for the
basalts of this study must be able, upon melting, to
directly yield a liquid similar in composition to these
basalts, or to yield a liquid from which a liquid similar in
composition to these basalts could be derived at or near the
earth’s surface. Many workers (Kushiro and Kuno, 1963;
Gast, 1968; Ringwood, 1975; Yoder, 1976) believe that
basalts represent partial melting products of upper mantle
mineral assemblages. Peridotite and eclogite are the two
mineral assemblages which are in the range of upper mantle
densities and p-wave velocities; both rock types occur in
the upper mantle as is evidenced by their appearances as
zenoliths in kimberlite and nephelinite diatremes

(Carmichael and others, 1974, p. 340).

Eclogite

There is abundant evidence to indicate that
eclogite is present in the uppermost mantle {Anderson,
1979). Geophysical evidence cannot rule out models of a
coarsely heterogenecus eclogite-peridotite mantle, or of

regular or random lithologic variations within a large-scale




96

homogeneous mantle (Carmichael and others, 1974, p. 341).
However, eclogite is not comnsidered to be a likely séurce
for the basalts of this study and was not tested
quantitatively as such for two reasons. First, in a
hypothetical eclogite-peridotite portion of the mantle, at
certain depths eclogite would be expected to melt at a
higher temperature than would peridotite (Yoder, 1976, p.
20). Secondly, 0"Nions and Clark (1972) considered the
partial melting of lherzolite with 5% garmet, and computed
La/Yb raties that fall from 20 to 6 over a 5-10%Z melting
interval; partial melting of eclogite, which would contain &
greater percentage of garnet, would show an even greater
range of La/Yb ratios. La/Y¥b ratios in the basalts of this

study range from T8 to 6 over this assumed melting interval.

Peridotite

There is abundant evidence to indicate that

peridotite is an important phase in the uppermost mantle:

1) It has appropriate densities and seismic
velocities (Yoder, 1976, p. 43);

2) Anhydrous peridbtite mineral assemblages are
experimentally stable over the entire possible
temperature—-pressure regimes of the upper mantle

(Carmichael and others, 1974, p. 340);

3) At high pressures, partial melts of natural
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samples have basaltic compositions (Yoder, 1976,
p: 34);

4) If a heterogeneous eclogite-peridotite upper
mantle exists, then peridotite would tend to
become concentrated upward towards the Moho, as
its density is lower than that of eclogite, and
it has an experimentally demonstrated capacity
for plastic flow in the solid state (Carmichael

and others, 1974, p. 341).

The peridotite mineral assemblage is composed chiefly of
olivines and pyroxenes, but also may include accessory
minerals such as plagioclase, spinel, and garnet. The type
of accessory mineral present is of course dependent on the
existing temperature and pressure counditions at depth.
Aluminum not accommodated by pyroxene is accounted for by
anorthite at depths less than 30 km (9 kb), by spinel at
depths of 30-50 km (9-16 kb), and by garmet at depths
greater than 50 km (16 kb) (Yoder, 1976, p. 28), as 1is shown
in Figure 25.

Plagioclase peridotite is not considered to be a
likely partent rock for the basalts of this study as the
crust-mantle boundary is at a depth of about 35 km (10 kb)
under the Rio Grande rift, hence plagioclase peridotite is
probably not present (Baldridge, 1879). Also, partial
melting of assumed plagioclase peridotite sources would not
produce, even at very small degreés melting, the levels cf

Sr enrichment observed in the lavas of this study.
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The degree of fractionation of light from heavy
REE can be used to make a distinction between a possible
spinel or garnet peridotite parent. Upon partial'melting,
both assemblages produce liquids in which concentrations of
light REE are enriched with respect to heavy REE. However,
this enrichment is more pronounced in liquids produced by
melting of a garnet- bearing assemblage than by a
spinel-bearing assemblage, due to the large distribution
coefficient values of heavy REE in garnet. The calculated
La/Yb enrichment factors that result from melting spinel
and garnet peridotite are shown in Figure 26. If the parent
rock for the basalts of this study was enriched inm REE with
respect to chondrites, then the La/Yb ratios of these
basalts would be less than 53X the La/Yb ratios of the
parent. Figure 26 shows that the degree of La/Yb
fractionation in the lavas of the Carrizozo Basalt Field is
much more consistent with < 10% melting of spinel peridotite
than it is with melting of a garmet peridotite parent. Gast
(1968) made similar comparisons between calculated and
observed REE ratios in basalts, and suggested that alkali
and undersaturated basalts are not derived from garmet
peridotites. Other results, based on major element data,
argue against garnet peridotite acting as a source for the
basalts of this study. For example, for some assumed
compositions of garnet peridotite; less than 1% melting

would be required to produce these lavas (Table 19).
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Major element least-squares fit results show that
some of the spinel peridotite compositions tested are not
likely to have served as parent rocks for the flows of the
Carrizozo Basalt Field (Table 19 and Appendix G). However,
Table 20 shows that 4-6% melting of upper mantle spinel
peridotite (Maaloe and Aoki, 1977; see Appendix G-1) may
well have been able to do so. These results correlate with
Baldridge’s (1978, 1979) suggestions that spinel peridotite
inclusions from various locations along the Rio Grande rift
(Kilbourne Hole, NM: Carter, 1970 and Reid, 1978; Elephant
Butte: Baldridge, 1978) represent fragments of mantle
country rock and that ~10% partial melting of spinel
pyrolite at depths of 50-70 km would produce the alkali
olivine basalts and basanites of the central Rio Grande
rift. In light of the above discussion, spinel peridotite
is considered to be the most likely parent rock for the
lavasg of the Carrizozo Basalt Field.

Kay and Gast (1973) indicate that unlike the
parents of mid-ocean ridge basalts, the peridotitic parent
rocks of alkali-rich basalts have mnot been previously
depleted in LIL elements; in fact, these rocks have probab;y
been enriched in LIL elements with respect to chondrite
abundances. If the parent rock of the basalts of this study
is assumed to have the REE abundances of chondrites, and if
the most favorable melting model #s evaluated (fractional

melting with collection of nelt; Figure 20), less than
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Table 20. Summary of major element least-square flts for the production of the flows of

the Carrizozo Basalt Field by partial melting of spinel peridotite.

PARENT ROCK:; Spinel peridotige

DAUGHTER LINUID: Broken Back Crater Flow

laput data Calculated Data
2
sperl BB sper BB ol opx epx apnl
5102 44.20 51.70 44,57 51.60 39.67 54.77 50.38 0.20
TIO02 0.13 1.76 0.13 1.76 0.00 0,26 0.56 0.00
AL20 2.05 17.8¢ 2.07 17.76 0.00 3.31 6.69 83.96
FE203 0,00 0.00 0.00 g.00 0.00 6.26 0.00 0.00
FEQ 8.20 9.96 8.27 3.04 9.80 0.00 3.52 12.43
MNC 0.13 0.13 0.13 8.15 0.14 0.i6 Q.13 Q.15
MGO 42.20 6.67 42,56 6.66 50.35 32.26 16.32 3.46
CAD 1.92 B.12 1.94 8.10 0.04 2.55 22.20 0.00
NAZ20 0.27 3.40 0.27 3.39 0.00 Q.03 0.21 .00
o 0.06 1.54 0.06 1.5 0.00 0.00 Q.00 0.00
SOLUTIONS ARE 4.80% 81.99% 5.80% 6.64Z 0.78%
SENSITIVITY - 2.42 0.14 ~ 1.57 - 1.97 1.11
PARENT ROCK: Spinel peridotite DAUGHTER LIQUID: Jlower Carrizozo Flow
Input data Calculaced Data
2
sper LC sper Lc al opx cpx apnl
£102 44.20 49.90 44,57 50.50 39.67 54.77 50.38 .00
TIiO2 0.13 1.75 0.13 1.77 0.00 0.26 0.56 0.00
AL20 2,05 16.80 2.07 17.00 0.00 3.31 6.69 83.36
FE203 Q.00 0.00 0.00 0.00 0,00 6.26 0.00 0.00
FEQ 8.20 9.71 8.27 9.33 $.80 0.00 3.52 12,43
MNO 0.13 .16 0.13 0.16 0.14 0.16 0.13 0.15
HCO 42.20 6.83 42.56 6.91 50.35 32.26 16,32 3.46
CAR 1.92 8.77 1.94 8.88 0.04 2.95 22.20 Q.00
KA20 0,27 3.5 0.27 3.55 0.00 0.03 0.21 0.00
K20 0.06 1.38 0.06 1.40 0.00 0.00 0.00 .00
SOLUTIONS ARE 5.21% 82.95% 4.61% 6,421 0.812
SENSITIVITY - 2.53 0.10 ~1.76 - 2.16 1.18
PARENT ROCK: spinel peridotite DAUGHTER LIQUID: wupper Carrizozo Flow
Input data Calculacted Data
sper UC2 sper uc ol opx cpx spnl
S102 44,20 51.60 44,57 51.67 39.67 54,77 50.38 0.00
TI02 0.13 1.71 0.13 1.71 ¢.00 0.26 0.56 0.00
ALZO 2.05 17.20 2.07 17,22 0.00 3.31 6.69 B83.%6
FE203 0.23 0.00 0.00 0.00 0.00 6.26 0.?0 9.00
FEQ 8.20 9.66 8.27 9.67 9.8C 0.00Q 3.52 12.43
MNO 0.13 0.15 6.13 0.15 0.14 0.16 0.13 0.}5
MGO 42.20 6.30 42.56 6.31 50,35 32.26 16.32 3.46
CAO 1.92 B.26 1.94 8.27 0.04 2.95 22.20 0.00
Na20 0.27 3.71 0.27 3.71 0.00 0.03 0.21 0.00
K20 0,06 1.28 0.06 1.28 0.00 0.00 0,00 0,00
SOLUTIONS ARE 5.54% 83.28% 3,982 6.45% 0.76%
SENSITIVITY - 2,59 0.09 - 1.76 - 2.15 1.19

Input data also included the foll

owing compositions of these assumed residual minerals!

013 opx3 cpx spnl“
s102 39.40 54.50 49.70 0.00
TIiC2 0.00 0.26 0.55 0.00
AL20 0.00 3,29 6.60 57.70
Fezad 0,00 6.23 0.00 0.00
FEO 9.73 0.00 3.47 8.54
MNO 0.14 0.18 0.13 5.10
MCO 50.00 32.10 16.10 2.38
CAO 0.04 2.94 21.90 0.00
Na20 0.00 0.03 0.21 a.00
K20 0.00 0.00 0.00 0.00
1. Maaloe and Aoki's (1977) suspested composirion for the composition of the upper mantle.
2. Renault (1970).
3. Ernst and Piccardo (1979).
4. Deer and others (1905, p. 3340,
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0.01%7 melting would be required to produce the observed REE
concentrations in the basalts of this study. It is unlikely
that such a small amount of magma would separate from the
residual, unmelted rock. It is therefore proposed that the
parent rock of the lavas of the Carrizozo Basalt Field was

enriched in REE with respect to chondrite values.

History of the Parent Rock

Although the primary sources of mafic magmas are
considered to be ultramafic mantle rocks, it is neither
necessary nor likely that recently erupted magma has been
generated in 2 single cycle; rather it 1is likely that young
basalts have mantle or deep crustal sources which are
themselves products of partial melting (Carmichael and
others, 1974, p. 643). voder suggests that the mantle may
have undergone several periods of remelting, as ig implied
by evidence for mantle heterogeneity. Early in the earth’s
history, when the heat flow was probably much greater than
it is today, rising diapirs may have been terminated at
moderate depths upon contact with the base of a depleted,
less dense, and cooler layer. 1f these diapirs can be
considered daughter liquids of partial melting events, then
they would be enriched in LIL elements relative to a more
primitive, perhaps "chondritic" parent. They could alsb be
sources of magma released on & later cycle of reheating

(Yoder, 1976, p. 42).
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In the previous section, it was proposed that the
parent rock of the lavas of the Carrizozo Basalt Fieid was
enriched in REE with respect to chondrites. The parent réck
may therefore represent a daughter liquid which was produced
by one or more partial melting events. Ma jor element
least-squares fits indicate that 60-70% melting of garnet
peridotite could produce a liquid of Maaloe and Aoki’s
(1977) suggested uﬁper mantle composition (Appendix G;4).

If this liquid were to rise as a diapir and solidify within
the stability fileld of spinel peridotité, Subsequeﬁt melting
in the range of 4-6% could produce the lavas of the
Carrizozo Basalt Field (Table 20).

An iterative argument involving observed REE
concentrations serves to support and réfine this model. The
average observed REE concentrations in the‘samples from the
Carrizozo Basalt Field could be produced by ~5% melting of a
spinel peridotite parent with the follbwing REE enrichment

factors relative to chondrites:

La : 4X
Ce : 3X
Sm : 1.7X

Eu, Tb, ¥b, Lu : 1.6X

These proposed parent concentrations correlate
with Kay and Gast’s (1973) suggestion that the REE content

of the mantle ranges from 1.9 to 5.1 X chondrite values;
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Gast (1968) reached a similiar conclusion in his study of
the REE content of ocean-ridge basalts. This parent rock,
more enriched inm light than heavy REE could represent a
daughter liquid produced by 60-70% melting of a garnet
peridotite with the following REE enrichment factors

relative to chondrites:

Ce: 2X

Sm, Eu, Tb, ¥b, Lu : 1X

The possible genetic relationship between the
lavas of the Carrizozo Basalt Field, a spinel peridotite
parent, and a garnet peridotite "scurce" in terms of REE is
shown in Figure 27 and agrees with the proposals by Haskin

and others (1966) that:

1) The upper mantle is more enriched in light
than heavy REE;

2) The partitioning of light and heavy REE is
accompanied by an increase in the absolute
concentraticn of REE;

3) The mantle becomes less fractionated and more

depleted with depth.

The fact that the model requires the garnmet peridotite
ngource” to be enriched in La and Ce with respect to

chondrite values indicates that perhaps the garnet
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consistent with their formation by 60-70% melting of
the proposed garmet peridotite source.

—_ REE abundances in the proposed garnet peridotite source.
Only La and Ce show enrichments relative to chondrites.

Figure 27. Chondrite-normalized REE patterns showing possible
genetic relationships between the flows of the
Carrizozo Basalt Field, the proposed spinel peridotite
parent, and the proposed garnet peridotite source.
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peridotite has also been generated by a partial melting
event. |

Other workers have found evidence that the parent
material of Rio Grande rift basalts may represent a daughter
liquid produced by partial melting. As a result of Rb-Sr
and Sm-Nd isotopic studies, Williams and Murthy (1978)
conclude that basalts and andesites of the Taos plateau are
derived from a source region which has suffered prior light
REEZ enrichment relative to chondrites. Based on major and
trace element data for a suite of spinel lherzolite and
harzburgite inclusions from Kilbourne Hole, New Mexico, Reid
(1978) argues that the southern portion of the Rio Grande
rift is underlain by a piece of oceanic lithosphere which

has seen one or perhaps several episodes of partial melting.

Type of Partial Melting Involved

The effects of the three types of partial melting
(equilibrium melting, fractional melting, and fractional
melting with collection of the melt) on the concentrations
of trace elements in a daughter liquid are shown in Figures
50 and 28. In further discussions concerning the role of
partial melting in the evolution of the basalts of this
study, only the fractional melting with collection of melt
model will be considered because:

1) This model provides an upper limit on the degree

of partial melting involved;
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3)
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Based on geophysical evidence, Shankland (1978)
proposes a model for the mantle underlying the
Rio Grande rift in which-an anomalous zomne of
partial melting exists at a depth of 45 km; data
are consistent with the melt existing in a dike
or sill complex, rather than as a film of

melt surrounding crystal grains. His proposal
would favor the fractional melting and collection
of melt model, with a collection zoue at 45 km;
Consideration of transition metal data in a
following section leads to the hypothesis

that the process of fractional crystallization
has been involved to a minor extent in the
production of the basalts of this study;
therefore, a holding chamber in which crystal
gsettling may have occurred, may also have

been involved.

Constraints on the Degree of Partial Melting

Results of major element least-squares fits

summarized in Table 20 indicate that the three flows of the

Carrizozo Basalt Field could have been produced by 4-6%

melting of an upper mantle spinel peridotite parent. The

consideration of potassium concentrations is also useful in

placing constraints on the degree of partial melting

involved.

A good estimate of the potassium concentration of
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the proposed parent rock and accurate values for the
concentrations in the proposed daughter liquids are known.
Although potassium can be considered a major element, it can
also be used in trace element modeling studies, because
estimates of its distribution behavior between solid and
liquid phases are available. The progressive enrichment of
potassium in a daughter liquid produced by various melting
processes is shown in Figure 28. If the potassium content
of the parent is assumed to be that of Maaloe and Aoki’s
(1977) upper mantle spinel peridotite (Appendix G), then the
production of the observed concentrations of potassium in
the Carrizozo Basalt Field is consistent with 4-5% melting
of this parent (Figure 28).

Sr and Ba are also useful in placing constraints
on the degree of melting involved, as significant
enrichment in these elements in daughter liquids 1is
provided by small degrees of melting. Figure 29 shows the
calculated enrichment factors in daughter liquids for Sr and
Ba as functions of the degree of melting. Assuming Gast’'s
(1968) estimates of Sr and Ba abundances in the mantle
(Appendix G), the average concentrations of Sr and Ba in the
lavas of the Carrizozo Basalt Field could be produced by
less than 10% melting of a spinel peridotite assemblage.

Zr is a LIL transition metal whose bulk
distribution coefficient is less than 1 for spinel

peridotite (Appendix E). The average observed abundance of
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2L Estimated range of K enrichment
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The fractional melting with collection of melit model suggests
an upper limit for the degree of meiting involved in the
range of 4-3%.

Figure 28. Fractionation of K during partial melting of upper
mantle spinel peridotite (composition of Maaloe
and Aoki, 1977; see Appendix G-1).
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7r in the flows of the Carrizozo Basalt Field (Table 13) 1is
consistent with their generation by 5-8% partial melting of
spinel peridotite.

Many workers (Gast, 1968; Kushiro and Kuno, 1963;
Ringwood, 1975) agree that alkaline basaltic magmas can be
generated by 7.9% melting of upper mantle assemblages.
Baldridge {(1979) concludes that alkali olivine basalts from
the central Rio Grande rift could be derived from ~10%
melting of spinel pyrolite at depths of 50-70 km. Based on
electrical conductivity and seismic velccity data, Shankland
(1978) proposes & model for mantle conditions beneath the
Rio Grande rift which includes a zone of “7% melting at a
depth of 45 km.

REE data cannot provide as much information about
possible degrees of melting as can K, Sr, Ba, and Zr because
concentrations of these elements in the parent rock are
difficult to estimate. Spinel lherzolites containing 41-47%
Mg0 have REE concentrations similiar to chondrites as well
as higher and lower concentrations (Maaloe and Aoki, 1977).
However, Kay and Gast (1973) suggest that the REE content of
the mantle ranges from ~2-5X chondrite values, and this
concentration range has also been proposed for the parent
rock of the lavas of the Carrizozo Basalt Field (see section
titled "History of the Parent Rock"). The suggested parent
concentrations were calculated so "that upon ~5% partial

melting, a spinel peridotite parent could give rise to the
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basalt series under study (Figure 27). It is interesting to

note that REE and major element data are consistent with a

model whereby the assumed upper mantle spinel peridotite is

VMRS LU ET T e A

produced by 60-70% melting of a garmet peridotite
assemblage. This result may justify the use of the proposed
L parent REE concentrations, with their "built-in" capacity to
give rise to the basalts of this study within the same
melting intervals as are suggested by other LIL element data

and major element least-squares fits.
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Fractional Crystallization as a Minor Process

Although the process of fractional crystallization
does mnot appear to have played a dominant role, transition
metal data indicate that this process may have been involved
to a minor extent in the evolution of the basalts of this
study. Basalts which are produced by partial melting of the
upper mantle and erupted without further modification are
called "primitive” and have molar Mg/(Mg + Fe) ratios
(Mg-values) of 0.68-0.72 (Ringwecod, 1975, p. 165).

Mg-values are 0.66, 0.64, and 0.62 for the Broken Back
Crater, lower, and uppef Carrizozo Basalt Flows,
respectively. Baldridge (1974) states that since none of
the mafic lavas from the Central Rio Grande rift have
Mg-values greater than about 0.65, none are genuinely
"primitive"” in composition.

Two trends have been previously identified with
respect to trace'transition metal concentrations (see Tables
13 and 14 and the section titled “Transition metals™). The
first trend is an increase in average transition metal
concentrations from the Broken Back Crater to the lower
Carrizozo Flow. Although this trend is only significant at
the 95% confidence level for Ni and Cu, it is alsc noticed
for 8¢, Mn, Co, Hf, and Ta. Sc¢, Cr, Ni, and Co have bulk
distribution coefficients which are greater than 1 for
spinel peridotite (Appendix E). If evaluated in terms of a

removal with collection of melt model, these elements would
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be expected to show increasing enrichment in daughter
liquids with increasing degrees of melting. Although
distribution coefficients are strongly temperature dependent
for these elements in olivine and pyroxene (Appendix E),
progressive melting with time in the range of 4-6% could
produce this observed trend of transition metal
concentrations.

The second identified trend is a decrease in
average transition metal concentrations from the lower to
the upper Carrizozo Flow. This trend is significant at the
95% confidence level for Se¢, Co, Ni, and Cu, but also
noticeable for Cr, Hf, and Ta. Increasing degrees of
melting in the range of 4-6% would not significantly
increase Sc, Co, Ni, and Cu concentrations. Thus, to a
first approximation, concentrations of transition metals in
the lower Carrizozo Flow can be used as estimates of parent
liquid concentrations from which mineral phases may have
crystallized and separated to produce a "differentiated"
upper Carrizozo Flow. Transition metals such as Cr, Co, and
Ni have distribution coefficients which are generally
greater than 1 for olivines and pyroxenes ( Appendix E);
these elements strongly "prefer" to enter these crystalline
phases than to remain in the melt upon coolinge.
Crystallization of one or more of these minerals and their
removal from the system would be the best way to explain the

second identified trend.
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Ni ‘and Co data indicate that from 2~5%
crystallization and removal of olivine would account for the
average concentration decreases of these elements from the
lower to the upper Carrizozo Flows. Distribution
coefficients for Sc in olivine are estimated at less than 1
(Appendix E); therefore an additional crystallizing phase
such as pyroxene may Dbe necessary to account for the
observed Sc decrease in this interval. The 147% decrease in
¢cr between the lower and upper Carrizozo Flows is not
significant at the 95% confidence level, but may also
require pyroxene to be an additional crystallizing phase.
Alternatively, the decrease in Cr concentrations in this
interval could be explained by the development of spinel
inclusions in crystallizing olivine.

The average concentration of Mn is essentially the
same in all three flows of the Carrizozo Basalt Field. This
can be explained by the distribution behavior of Mn in mafic
liquids. Duke (1976) has determined the distribution
coefficients for Mn in olivine and clinopyroxene to be 1.25
and 0.63, respectively. Because these values are unear 1,
and because only moderate variations occur with changes in
temperature {(Duke, 1976), the concentration of Mn in a
daughter liquid would not be expected to vary considerably
with partial melting orT fractional crystallization

processes.
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Depth of Origin

Based on laboratory behavior of crystal-melt
equilibria in basaltic systems at high pressures and the
occurrence of xenocrysts of high—-pressure minerals and
lherzolite xenoliths, the sources of alkali basalt are
generally considered to exist at depths of 40-100 knm
(Carmichael and others, 1974, p. 487). MacGregor (1968)
suggested depths up to 50 km as depths of formation for
subalkaline basalts. Leeman and Rogers (1970) indicate that
for the Basin and Range Province, calculated geothermal
gradients intersect pyrolite solidus curves at 50-60 km;
however, even a small amount of water present in the mantle
would depress the solidus curves and allow partial melting
at depths as shallow as 40 km. Therefore the suggested
depth of origin for Basin and Range basalts is at 40-60 km,
in the upper mantie near the Moho (Leeman and Rogers, 1970).

Geotherms for the Rio Crande rift in southern New
Mexico calcﬁlated from accidental lherzolite xenoliths in
basalts are shown in Figure 30; these generally represent
minimum values and intersect the 5% and 10% melt curves at
~40-50 km for pyrolite containing 0.1% water (Seager and
Morgan, 1979). Studies cited by Seager and Morgan (1979)
and Baldridge (1979) indicate that basanitic lavas of the
Rio Grande rift formed along an isotherm in the 50-70 km
depth range; the subalkaline bas;lts of this study might be

expected to originate at lesser depths. The anomolously
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high eléctrical conductivity and low selsmic velocities of
the mantle under the rift indicate the presence of pértial
melt in an anomalous zone af a depth of 45 km (Shankland,
1978).

Kushiro and Xuno (1963) suggest that the
production of various basaltic magmas from a single
peridotite 1s possible if various components of peridotitic
minerals enter into the liquid fraction in different
proportions depending on the temperature and pressure of
melting. The basalt classification scheme they propose is
based on major element chemical analyses and is used to
place constraints on the temperature and pressure conditions
at which basaltic magmas form. Samples from the Carrizozo
Basalt Field beiong to a compositional group, which
according to Kushiro and Kuno (1963), can only be formed by
the incongruent melting of orthopyroxene. Experimental data
indicate that this incoungruent melting vanishes at some high
pressure, in the range of 6-15 kb (20-45 km). Based on this
approacn, and on the information discussed above, the
basalts of this study might be expected to originate at

depths of 40-50 km, within the stability field of spimnel.
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Comparison with Other Types of Basalts

Condie (1976a) suggests that the three principal
magma series (tholeiite, calc-alkaline, and alkali) have
distinct distributions when considered in terms of their
plate tectonic settings. A summary of these relationships
is given in Table 21 and the average compositions of various
types of basalts and samples from the Carrizozo Basalt Field
are given in Table 22.

Generally, it can be said that the basalts of this
study are compositionally transitional between the average
continental rift tholeiite and the average continental rift
alkali basalt compositions. The average SiO2 content of
samples from the Carrizozo Basalt Field matches well with
the average given for continental rift tholeiites. Elements
whose concentrations in the basalts of this study are

transitional between these two groups, but closer to the

co;tinental fift thoiéiite category include Sr, Ba, Zr, Cr,
and Co; those closer to the continental rift alkali basalt
category include Ni, YD, and Th.

Also, it is interesting to note that several major
oxides (Fe0O, Ca0, and NaZO) and the suite of light REE (La,
Ce, Sm, and Eu) (Figure 31) have average concentrations 1in
the basalts of this study which closely resemble those of
Condie’s (1976a and 1976b) avefage oceanic alkali basalt, an

average of Hawaiian alkali basalt compositions. Frey and

others (1968) note that subalkaline to alkaline continental
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Table 22. Compositions of average basalts from various plate
tectonic settings.

Low—K Tholelite Cont.
Continen=- Island High-Al Oceanie Rife Carrizozo
Rise Arc ral Rift Thzoleiize Thaletice Alxall Alkali Basalt
Tholellite Basalt Basalt Fileld
510, 49.8 51.1 50.3 43,4 51.7 47.4 47.8 30. 64
Ti0, 1.5 0.83 2.2 2.5 1.0 2.9 2.2 W74
Al:,'t)3 16.0 16.1 14.3 13, 16.9 18.0 15.3 17.08
FeOT 9.0 10.6 12.2 11.2 10.4 9.3 11.2 9.29
Mg0 7.5 5.1 5.9 8.4 6.5 4.8 7.0 6.62
Cao 11.2 10.8 9.7 16.3 11.9 8.7 9.0 8.50
Nazo 2.8 2.0 T2.5 2.13 3.10 3.95 2.85 3.58
K_ZO 0.14 Q.30 0.3 0.38 0.40 1.66 1.31 1.37
Cr 300 50 100 250 40 67 400 237
Ca’ 32 20 40 10 50 25 60 42
Ni 100 25 100 152 25 50 100 111
Cu 70 30 100 50
Rb 1 5 30 5 10 a3 200
Sr 135 225 350 350 330 800 1500 451
Cs Q.02 0.03 1 0.1 0.3 2 >3
Ba 11 50 200 100 115 s00 700 363
Zr 100 60 200 125 100 330 800 188
La 3.5 3.9 27 7.2 10 17 54 22
Ce 12 7 86 19 50 95 46
Sm 3.9 2.2 8.2 4.6 4.0 5.5 9.7 5.7
Eu 1.5 0.9 2 1.6 1.3 1.9 3.0 1.6
) Gd 5.8 4.0 8.1 5.0 4.0 6.0 8.2
™ 1.2 0.5 1.1 0.82 0-80 0.81 0.9
B ™ 3 2 2.5 1.7 2.7 1.5 1.7 2.6
p Lu 0.3 0.3 0.4 0.45
U 0.10 0.15 0.4 0.18 0.2 0.75 0.5 1.3
Th 0.18 0.5 1.5 0.67 1.1 4.5 4.0 3.3
Th/U 1.8 3.3 3.8 3.7 5.9 6.0 8.0 2.5
K/Ba 105 1) 32 32 12 28 16
K/Rb 1180 660 176 630 344 420 35
Rb/St G.007 0.0z2 0.08% 0.014 0.029 0.045 0.13
La/Yb 1.2 2 10 4,2 3.7 11 32 8.5

(modified after Condie, 1976z and 1976b)
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and oceanic island basalts are characterized by an
enrichment of light REE with respect to heavy REE ana that
there aré no obvious gross differences in terms of REE
distributions betweenl subalkaline to alkaline continental
and oceanic basalts. Based on their ph isotopic properties
and alkaline chemistries, Everson and gilver (1978) conclude
that the alkaline basalt magmas between Socorro and Las
Cruces have source regions which resemble those of alkaline

ocean island basalts.

gummary and Conclusions

Because the three flows of the Carrizozo Basalt
Field are closely related in terms of spatial distribution,
age, and composition, it is proposed that these basalts were
derived from a common source by a common mechanism: to &
first approximation, the three flows of the CarrizoZo Basalt
Field may represent three major eruptive phases from 2
compositionally-zoned magma chamberT. Major element, alkali
and alkaline earth trace element, and light REE data are
consistent with the hypothesis that all three flows were
generated from a spinel peridotite parent by increasing
degrees of partial melting with time. Results of major
element least-squaTes fits indicate that the Broken Back
Crater, lowerT, and upper Carrizozo Flows require 4,8, 5.2,

and 5.5% melting of spinel peridotite, respectively, for

their formations (Table 20). Statistically, these figures
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are virtually identical, but they do vary in the right
direction to support the model. Observed concentrations of
K, Sr, Ba, and light REE show trends of decreasing average
concentrations with decreasing age of the flows, which dis
consistent with a model of progressive increases in the
degree of melting with time in the range of 4-6 Z. These
effects are shown in Figures 9 and 28 for K, Figures 10 and
29 for Sr, Figure 29 for Ba, and Figures 12 and 27 for the
light REE. Potassium and tﬂe light REE appear to be
fractionated between the three flows of this study and show
a pattern which constitutes good evidence that a continuing,
evolutionary partial melting process was involved. The
model of progressive tapping of a compositionally-zoned
magma chamber can best account for these observations.

In a study of Quaternary basalts from the Mohave
Desert area, Califormnia, Wise (1969) noted a series with
increasing SiO2 and decreasing X, Rb, and Sr concentrations,
and a decreasing Mg/(Mg + Fe) ratio with time, a trend which
generally exists for the lavas of the Carrizozo Basalt
Field. He believes that this series may represent &
succession of magmas tapped from a zone of continuing
partial melting in the mantle.

If some assumptions are made as to how a
compositionally-zoned chamber forms and how magma is erupted
and flows from it, then the compositional variations of the

1avas of this study can be related to the compositional
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stratification which may have existed in the proposed
holding chamber. |

Melting of the mantle may be initiated by é local
increase in temperature, by tensional faulting and
consequent pressure release, or by influx of mobile
constituents such as water which have the effect of
depressing the melting point of the solid (Cox and others,
1979, p- 5). Magna formed within the mantle is less demnse
than the surrounding country rock and has a tendency to move
upward.

In a simple wremoval with collection of melt”
model, & conduit and/or holding chamber must be available
for magma storage. It is assumed that the first increments
of melt which separate‘from the parent rock and collect in
the chamber would be less dense than later extracts, so that
magmas having compositions representing smaller degrees of
melting would be concentrated toward the top of the chamber.

A somewhat more complicated model for the
production of a compositionally—stratified zone of partial
melting 1s suggested by Harris (1957) and Kushiro (1968).
They also call upon the mechanism of continuing partial
melting to explain trends in basalt compositions, but their
model does not require a pre-existing void space for magnma
collection. It is proposed that melting begins at oOF near
the isobaric invariant points of &ystems jncluding the

components of upper mantle materials; compositions of
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magmas produced by partial melting are closely related to
the composition of these invariant points. Melting is
expécted to take place more rapidly at the ceiling of a
molten zome, since crystals are more soluble at the top
where the total pressure is lower, and since the temperature
of complete melting 1s greater than the temperature of
partial melting. Magma formed at this ceiling would have a
composition at orf close to the invariant point corresponding
to the pressure at which melting is occurring, and 1its
composition would change with ascent of the melting zomne.
The final composition of the magma would be determined by
the composition of the invariant point at the depth pressure
at which the ascent ceases. A compositionally—zoned magma
chamber would result since the compositions of invariant
points are pressure-dependent and would be different betweel
the top and bottom of the melting zone.

1+ is assumed that the earliest parts of an
erupted sequence coOme from the upper part of a storage
chamber and that successive products come from deeper levels
(Cox and others, 1979, p. 272). It is possible that the
magma erupted from the upper part of a chamber would travel
farthest from the vent, as it would contain more volatiles
and so be less viscous than magma from the lower part of the
chamber.

Pahoehoe flows are believed to advance in the

following manner (McDonald, 1972). Very soon aftér
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eruption, the upperT few inches of the flow cool quickly to
produce a cemi-solid, plastic crust; however, beneath this
crust, a liquid interior exists. Continuing addition of
liquid stretches the plastic crust at the flow margin until
rupturing occurs to allow a stream of liquid to push ahead
to form a lava "toe'". Margins of pahoehoe flows are thought
to advance by the protrusion of omne toe after another.

Based on the assumptions that a
compositionally—zoned magma chamber was involved where magma
representing the smallest degrees of partial melting was
concentrated toward the top, 2 simplified model for the
eruptive history of the Carrizozo Basalt Field is shown
schematically in Figure 32. The tapping of Zone 1 would
produce the Broken Back Crater Flow; later eruption of Zones
2 and 3 would produce the lower and upper Carrizozo Flows,
respectiv;ly.

Although it 1s suggested that partial melting was
the dominant process operating to produce the lavas of the
Carrizozo Basalt Field, a previous discussion of trace
transition metal data indicates that up to 5% fractional
crystallization of olivine and possibly pyroxene may also
have been involved (see section titled "Fractiomnal
crystallization as a minor process'). Assuming that sone
partial melting process can establish trace transition metal
concentration gradients in a holding chamber, that magmas

representing the smallest degrees of melting are
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concentrated near the top of the chamber, and that the zones
are erupted sequentially from top to bottom, an incréase in
average concentrations with decreasing age of the flows
would be expected for such elements as Cr, Co, Ni, and Cu
which have distribution coefficients greater than 1 for
mafic minerals (Appendix E).

However, decreases in the average concentrations
of these elements from the lower to the upper Carrizozo Flow
is observed. The transition metal concentration pattern
produced Dby fractional crystallization may be superimposed
upon the pattern produced by partial melting here. It is
proposed that, at some time after the eruption of the Broken
Back Crater Flov (the uppermost zone), crystallization of
olivine and possibly pyroxene begins in the remaining part
0of the chamber, which has omn a large scale retained the
compositional zonation set up by paytial melting (Figure
33). 1f these crystals can be removed from the system by
gravitational settling, more crystals might be expected to
be removed from Zone 3 rather than Zone 2, as Zone 3 has a
longer subsurface residence time and also borders on the
system (Zones 1-3 of the magma chamber) boundary. 1In this
case, the average concentration of a trace transition metal
such as Ni, Co, or Cr would be greater in Zone 2
(representing the lower Carrizozo Flow) than in Zone 3
(representing the upper Carrizozo Flow). HoweverT, within

each of these zones, an increase in Ni, Co, and Cr
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concentrations with depth would be seen due to the effects
of both partial melting and gravitational settling
processes; The concentrations of LIL elements would be
essentially unaffected by this fractional crystallization.
Because pahoehoe flows are believed to advance by protrusion
of lava “toes" (McDonald, 1972), lava at the distal ends of
the lower and upper Carrizozo Flows may represent magma
which was erupted last, from the deepest portions of the
respective compositional zones (Figure 33); within the
lower and upper Carrizozo Flows, the depth from which magma
was erupted from the condult or holding chamber is believed
to increase with distance from the vent. The model for the
manner of lava advance is consistent with the model
developed for a compogitionally—zoned magma chamber in that
within the upper and lower Carrizozo Flows, the observed
concentraticns of trace transition metals tend to increase
with distance from the vent (Figures 13-17).

The model heretofore propesed 1is a simplified
one, based primarily on the average compositions of the
Broken Back Crater, lower, and upper Carrizozo Flows. The
distribution of trace elements within the individual flows
indicates that a more complex model is required to account
for the natural situatiom. For example, different ways of
grouping samples according to compositional relationships
are suggested by the distributions of different trace

elements. In the cases of K, Sr, Ni, and possibly Cu,
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sample groups representing the lower and upper Carrizozo

i Flows could be different than those defined by Renauit
(1970): if four samples from the narrow neck area of the

gﬂ lower Carrizozo Flow (CAR-15, CAR-16, CAR-17, and CAR-27)
are grouped with the samples from the upper Carrizozo Flow,

then two reasonably well-defined linear trends are observed

(e T PR

(see sections titled waAlkali and alkaline earth elements"
and "Transition metals").

Tn order to offer some explanation for these
irregularities, it must first be remembered that the
simplified model 1is based on a number of assumptioms which

are somewhat idealized. It has been assumed that:

?; 1) A compositionally—zoned magma chamber can be
created in some manner by partial melting;

2) Such a chamber can retain its compositional
stratification for some period of time

(convection in the chamber is prohibited);

3) In such a chamber, magma is erupted in an

orderly manner from the upper zones downwards;
eruption does not disturb the compositional
gradients of the zomnes;

4) Erupted magma flows in an orderly direction.

Cox and others (1979, p. 36) state that wvariation

diagrams for volcanic rock suites showing reasonable

coherence illustrate the chemical evolution of liquids,
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whether formed by progressive partial melting or by
fractional crystallization, but that it is perhaps too much
to e%pect of a complex natural systen that the
reproducibility of the fractionation process, OT indeed the
duplication of the parental magma supplied at different
times should be exact. They suggest further that the simple
idea that a parental magmna fractionates. progressively to
give rise to the members of the series may be replaced by
the idea of a fractiomation process which is reproducible at
different times. Thus each of the three sample groups of
Renault (1970) may represent a series of related
compositions which are derived from a coOmmmON SOUICE, even
though the effects of the fractionation process(es) involved
are not continuous nor exactly reproduced in the three flows
of this study. It is alsé not surprising that variation
diagrans for different elements suggest different ways of
grouping samples or that they define linear trends of
varying slopes.

Some of the observed inter- and intraflow
compositional variation may also be due to the porphyritic
nature of these basalts, complex flow pattermns, OT to the
effects of "flowage differentiation”, in which sclid

particles tend to concentrate in the center of a flowing

liguid (Cox and others, 1979).
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Appendix A. Definition and Discussion of Statistical Parameters
(from Johnson and Bhattacheryya, 1977, wnless otherwise noted)

1. Coefficient of Variation (CV):
(Relative Standard Deviation)

cv = (¢/M) x 100 where:
s = sample standard devi-
ation

M = mean composition of
samples :
(Renault, 1970)

9. Confidence Interval (CI):

For small sample size (n<30), if the population distri-
bution is normal and if o (population standard deviation)
is unknown, the 100 (1-=)7% confidence interval for u
(population mean) is

5 S
X £ t s where:
a/2 )
X = sample mean
ta/2 = upper ¢/2 point
of the t-distri-
bution with n-1
degrees of freecom
s = sample standard
deviation
n = number of samples

3. Correlation Coefficient (r):

(xi-}‘c) (Yi—‘?)

H-e1 3

-1

where:

; n
. (Xi—}_{)ﬂ E . (Yi—?)ﬂ (Xl,Yl),...,(Xn,Yn) are
o 1=

the n pairs of observa-
tions

H
1l
=
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% Counting Error (CE):

CE = 100
I

NZ

Lower Limit of Detection (LLD):

1 \
LLD v o (217
- m Tb/

Sample Mean (X):

Il
z Xi
i=1

% Relative RMS Error:

’ 9
o RMS = E(ci—Mi>“
M
L

3

x 100

where:

N = number of counts

where:

m = number of counts/sec
per % of element

Ib = number of backround
counts

T. = backround counting
time (sec)

whnere:

n = number of samples

3 . T
Xi = wvalue of the 1
sample
where:
Ci = concentration of

element in ith stan-
dard calculated
from calibration

curve

Mi = agssumed concentration

of element ith stan-
dard used to con-
struct calibration
curve

n = number of standard
peints used to
construct calibra-
tion curve



8. Sample Size Determination (n):

Assuming a normal population distribution, the number of
samples required for the mean value of these samples to
be within a given tolerance range at the 100(l-u)% con-
fidence level is given by

[

n = t . S where:

d t = the tabulated walue
\ al2 of the t-distri-
bution for prob-
abilitcy =/2 with
M-1 degrees of
freedom

m = number of samples
from which sample
standard deviation
was calculated

s = gample standard
deviaticn
d = specified tolerance
level
(Krumbein & Graybill, 1965)
9. Sample Standard Deviation (s):
b o 2
s = L (X, -X)° where:

- i

i=1
n = number of samples

n-1
. T
X, = value of the 1 h
sample
X = mean value of the
samples
10. Standard Error (SE):
s .
SE == where:
Jn

s = sample standerd

deviation

number of samples

}
it
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3)
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Wilcoxon Rank-Sum Test to Compare 2 Populations:

The 2-sided Wilcoxon rank-sum test is a non-parmetric
inference procedure and is used to compare 2 populations
based on independent, random samples and to detect
statistically significant differences between them. This
procedure does not require modeling of a population in
terms of a specific parametric form of density curves,
such as a normal distribution; it instead uses simple
aspects of sample data (in this case, order relation-
ships) to calculate a "test-statistic". The Wilcoxon
rank sum test is appropriate for the small sample sizes
that are involved in this study.

The following is a description of the procedure used to
detect major and trace element concentration differences
hetween the Broken Back Crater, lower and upper Carrizozo
Flows, based on a discussion by Lehmann (1975, p. 23-
297 :

Let aq,..., ay and bl""’ bn be independent random

L
samples from continuous populations A and B, respectively.

Raenk the combined sample of N = m + n observations in
increasing order of magnitude.

Compute Wg, the sur of the ranks of samples from popu-

lation B in the combined sample ranking.

B=A 1f W, >

N

3 n (N+ 1) + C;

AB if Wy ¢ xn (W + 1) +C;

suspend judgment if §WB—% n (N + 1)| <C.

The constant C is determined by specifying «, the maxi-
mum tolerable error probability, and solving the equa-
tiom:

a=P[ng}sn<N+1>—<]=PE»IB_>%n<N+1>+c]
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Appendix B. Mass absorption coefficient values at various analytical

wavelengths.
o Cr Mr N1 Cu Rb Sr
Kg (A) 2,291 2.103 1,659 1,542 G.927 0.877
Samrles
CAaR-12 188,346 148,44 76.74 42,44 T.24 13.046
CAR-13 185.96 1446.54 75.78 61,83 15.04 12.89
CAR-14 188.83 148.80 764,93 &2.77 15,25 13.09
CaR-1% 170.73 150,34 77.81 63.91 15.47 13.27
ChaR~-16 192,01 151.37 78,34 &83.97 15,60 12.37
CaR-17 189.48 149,50 77.3% 63,13 15,37 13.18
CAR~18 191,68 151.08 78.18 463.82 15.59 12.33
CAR-19 152.38 151.645 78,49 464,07 15.61 13.39
CAR-21 191,45 150,95 78.11 &3.76 15.53 12.32
CAR-22 123.16 152,27 72.81 64,33 S.ER 13,44
CAR=-24 189.71 149,53 774,40 63,18 15,40 13,21
CAR-25 190.15 149,87 77.94 &£3.,29 15.41 12,22
CAR-24 193.31 132.38 78.86 64 .37 15,469 15,45
CaR-27 191.41 150.88 738,08 63,73 15.53 13.31
CAarR-5 188.54 148,57 746483 b2 49 14.98 13.07
Car-6 191.5% 1%0.97 78,10 4£3.74 15.52 13,31
CAR-7 190,46 150,29 77.77 &3.47 15,44 13.26
CAR-8 190.24 149 .96 7740 2,248 12.21 13.04
CaR-9 187.61 148.0% 74,57 ST, 4T 152,01 13.04
Car-10 192,59 151,79 75.24 64,11 15.62 13.3%
CAR-11 193.11 151.20 78,73 64.26 15.64 13.41%
Standards
FCC-1 111.83 I7.320 11.30 ?.A8
BECR-~1 204.12 150.98 83.43 68,13 14,65 14,29
AGY~1 161,45 127.04 &5.43 L2033 12.84 11.02
G5F-1 116469 59.88 42,74 11,64 @,98
HILCR 1465.94 69 .05 13.&73
LR 212,91 87.24
T-1 153.09

Mass absorpticn coefficients calculated by means of a couputer program
(CHEM? by J.R. Renault) using major element analyseé (Z2nauvlt, 1970)
and Victoreen (1949) paramsters.

.

Zr
0.788

.71
?.98
.72

?.826
?.24
9.8
¢.91
.95
?.%0
?.29
¢.81
?.82
10.00
?.50

?.71
°.89
@, 8%
T, &P
P67
PG
.97

7,18
12,463
8.17



Appendix C. Chemical analyses for non-USGS rock standards.

BCLR BR T-1

510 53.5 38.20 62.65
A1283 18.1 10.20 16.52
Fe O3 T 7.62 12.88 6.03
Mg% 4.85 13.28 1.89
Cal 8.39 13.80 5.19
Na,0 3.57 3.05 4,39
KZO 1.32 1.40 1.23
T102 0.89 2.60 0.59
Total 98.24 95.41 98 .49
Ba 370 1050 680
Ce 28

Co 30 50 13

Cr 130 420 24

Cs 2.5

Cu 9 70 47

Eu 1.28

Ga 15
Ho 1.1
HE 4.3

La 12 85
Lu 0.55
Mn 1080 850
Nd 15

Ni 100 270 10
Pb 26 37

Rb 37 45 30

Sc 32

Sm 4.0

Sr 234 1350 680

2 0.48

Tb 0.8

Th 4,0

v 240 56
Y 37 27 25
Yb - 3.5

Zn 57 160 190
Zr 188 240 200

BCIR and BR are New Mexico Tech standard basalts (Condie,
unpublished data, 1978).

T-1 is a standard tomalite (Tanganyikan Geological Survey, 1963).

Major elements concentrations are given in oxide weight
percent; trace element concentrations are given in ppm.



Appendix D, Rare earth element chondrite values (ppm).

La 0.30 + 0.06
Ce 0.84 + 0.18
Pr 0.12 + 0.02
Nd 0.38 +0.13
Sm 0.21 *+ 0.04
Eu 0.074 + 0.015
Gd 0.32 + 0.07
Tb 0.049 + 0.010
Dy 0.31 + 0.07
Ho 0.073 + 0.014
Er 0.21 + 0.04
Tm 0.333 + 0.007
Yb .17 +0.03
Lu 0.031 + 0,005

Values are taken from Haskin and others (1966).
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Appendix E. Distribution coefficients for

Definitions

mafic-andesitic mineral and rock compositions

1f trace elements are assumed to obey Henry's Law, simple
activity-composition relaticnships may be used to describe the
distribution of trace elements between different phases (Wood

and Fraser,

1978) :

Nernst distribution coefficient (KD):

Xp

Bulk distribution coefficient D:

cmin
L

Cmelt
1

D,
L

Xl KD

where:

KD = Nernst (mineral)
distribution coeffi-
cient

min .

C. = concentration of

S . .
element i in the
mineral phase

melt .

Ci = concentration of
element 1 in the
melt phase

where

Di = bulk distribution

coefficient for the
parent rock for
element 1

n . .
x " = initial weight frac-
tion of mineral n
in parent rock
n . . ,
KD = Nernst distribution

coefficient for
mineral n and
element i



I-—l
Ut
-~

RBulk distribution cecefficient P:

51 1 2 2 .o.n o, n
Pi = P" K +- P7 K + ...P KD

D D
where:
P. = bulk distribution
i Y

coefficient for the
parent rock for
element i

P” = the weight fraction
of melt contributed
by mineral n

KDn = Nevrnst distribution

coefficient for
mineral n and
element i
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Mineral distribution coefficients (KD) values used

O0livine  Ortho- Clino- Spinel  Garmet Plagioclase
pyroxene  pyroxene

K n0.01 0.01 0.02 0.03 0.2

Sr Q.01 .02 0.05 0.02 1.8

Ba ~0.01 0.02 0.05 0.03 0.2

La 06.01 0.02 0.1 0.02 0.05 0.10
Ce 0.01 0.02 0.1 0.02 0.1 0.10
Sm 0.01 0.02 0.3 0.03 0.4 0.07
Eu*® .01 0.03 0.3 0.05 0.5 0.07
Tb 0.02 0.05 0.4 0.08 2 0.05
pé3) 0.03 0.1 0.5 0.10 7 0.04
Lu 0.03 0.1 Gg.5 0.10 7 0.04
Sc 0.4 0.5-1.5 1-8 0,05 10-30 0

Cr 0.8 2-8 1-10 50-500 10-20 ¢

Co 1-10 1-5 0.5-3 2-3 3~5 0

Ni 1-50 1-10 1-10 5-10 0.5-5 0

Zr <0.01 Q.05 0.1 éO.S é0.0l
U <0.01 0.01 ~0.002

Th <0.01 ~0.003

* At 20-30 kb

from Drake, 1976 and Irving, 1978

TR AR S




E4§=LJ i e e

Mg

Bulk distribution coefficients used

for < 25% melting for > 297 melting
Garnet Peridotite Garnet Peridotite
D P D P
K 0.01 0.02
Sr 0.02 0.03 0.01 .02
Ba 0.02 0.04 0.01 0.02
La 0.03 0.07 0.01 0.02
Ce 0.04 0.09 0.01 0.02
Sm 0.10 0.33 0.03 0.04
Eu 0.12 0.38 .05 0.07
To 0.35 1.13
Yb 1.07 3.53
Lu 1.07 3.53
Spinel Peridotite Plagioclase Peridotite
D P D P
K 0.01 0.02 0.04 0.11
Sr 0.02 0.03 0.29 0.92
Ba 0.02 0.03 0.05 0.12
La 0.02 0.06 0.04 0.08
Ce 0.0z 0.06 0.04 0.08
Sm 0.04 0.17 0.07 0.12
Eu 0.04 0.17 0.07 0.1z
Tb 0.05 0.24 0.09 0.14
Yh 0.08 0.30 0.12 0.17
Lu 0.08 0.30 0.12 0.17
Sc 0.54 1.88
Cr 2-12 2-7.5
Co 1--8 0.75-5
Ni 1-36 1-20
Zr 0.03 0.07

Calculated from mineral distribution coefficients (see Appendix
E-3) and modal and eutectic minerals proportions (see Appendix G-3).
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Appendix F. Fractional crystallization:mdel

Coggositions of grcgosed parent magmas

ort T crT” pPm 11’ crT®

sio, 46.95 494 50.3 St 350 350
10, 2.0 2.5 2.2 Ea 100 170
aL,0, 13.10 138 14.3 la 7.2 33
sFe,0, 3.5 4.00 3.70 Ce 26 98
*Fe0 7.94 8.81 10.18 Sa 4.6 8.2
MnO 0.15 NG NG Eu 1.6 2.3
Mg0  14.55 8.4 5.9 Th 0.82 1.1
c0  10.16  10.3 9.7 Yo 1.7 4.4
2,0 1.73 2.12 2.5 cr 230 160
K,0 0.08 0.38 0.66 - Co 30 38
Ni 150 8s

zr 125 200

U 0.18 Q.4

To 0.67 1.5

Compositions of proposed residual minerals

9kb 9kb 9kb 9k 1¢xb 13.5 kb

1230%  1250°¢ 1200%¢  1250°¢C 1420%¢ 135¢°¢
al ol ol opx 07X cpX
SiO2 39.8 39.9 40.3 52.9 53.4 49.3
Al,04 ND ND ND 6.9 7.3 11.3
FeO 14.7 14.0 12.3 9.1 6.4 8.3
Mg 45.2 . 45.8 47.1 28.5 30.4 21.2
Cal 0.3 0.3 0.2 2.6 2.5 9.9

NG = not given % has been recalculatec from ?eOT

ND = not detected

1. Olivine theleiite: Groen & Ringwood, 1967.

2. Average island tholeiite: Coundie, 1976, 7. 1=%.

3. Average coatinental rifc tholeiite: Condie, 1376, B. 148.
4. Green & Ringwood, 1967.
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Results of major element least-squares fits to a fractional crystallization

nodel

Fractionation at 35-70 km:

Model 3a (see Table 20)

INPUT DATA ACCEPTED
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K e s s a2
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oy ”

ENC ML OmM
LT WL -y 2t
L% ® e a2 v o2 0
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1.30

[ J ol wl il «A s Rosiadian o

X s 3 s v e v s 0

VONTMIOUTNND
W e e

vCcoCcoeRC QD
N N I R )
[ vt vt vt et v v e et

t

SONMNT D o
HCONNCOOCNO
et 1510 T DTN
CUuFaih bz

100,00

TOTAL
SUM

V,04552

0.77721
CALCULATEL DATA

0.8237, SO0LUTIUNS

COHCQCICoCQ
G CMmOSTC e O
M o x s e s e
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AT NN N M T
AL N LT MM
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e T M DO M
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e Rt R e R L et
Iy
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1Ny
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5,65%

94.35%

SOTUTIONS ARFE
SEFSITIVITY

Model 3b (see Table 20)
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W oear e oo
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Compositions of proposed parent magmas

Appendix G. Partial Melting Model

1
PY SPER2

SiO2 45.16 44,20

TiO2 0.71 0.13

A1203 3.54 2.05

= * 3

FVZO3 0.46 1.63

Fel 8.04 * §.83
MnO 0.14 0.13
Mg0 37.47 42.21

ca0 3.08 1.92
NaZO 0.57 0.27
KZO 0.13 0.06

2
SPER™ SPER4 GLH25 ARCH6

Sr 49 19-26
Ba 120 T
b 0.33-0.51
Sc 14-20
Cr 2870 2400 5500 3000
MnQ 0.18 0.13 0.17 0.15
Co 190 100
Ni 2040 1900 2400 2000
Cu 17

Zr 14 10-13
1. Pyrolite: Ringwood, 1975, p. 188.
2. JUpper mantle spinel peridotite; Maaloe and Aoki, 1977.
3. Garnet peridotite: Carswell and Dawson, 1970.
4. Spinel peridotite: Ernst and Piccarde, 1979.
5. Fertile garnet lherzolite: Gurnmey, 1978.
6. Archaen mantle: Sun and Nesbitt, 1977.
7.

Upper mantle: Gast, 1968.

GPER3

46.

o

30~60
10-20
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Proposad modal compositions:

PYl PPERl SPER—A2 SPER—B3 S?ER—C3 _GPER“A4 GPER-B
ol 60 51 66.70 65 35 62.6 57
OpX 25 17 23.74 20 40 30 17
cpx 15 17 7.83 10 20 2 12
spin 1.73 5 5
plag 15
zar 5 14
phlog 0.4

Proposed eutectic compositions

PYl PPERl SPER—A; SPER"B3 SPER—C3 GPER—A5 GPER-B
ol 25 1l 25 25 25 3 3
OpPX 20 11 20 25 25 3 3
cpx 55 28 55 50 50 42 &7
spin
plag 50
gar 42 L7
phlog 10
PY = pyrolite
PPER = plagioclase peridotite
SPER = spinel peridotite
GPER = garnet peridotite
1. Schilling (1975)
2. Maaloe and Aokl (1977)
3. Gast (1968)
4. Carswell and Dawson (1970)
5. White and Schilling (1.978)
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