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Mega-xenocrysts in alkali olivine basalts: Fragments of disrupted mantle assemblages

KBvrN Rrcnrnn, LrN S. E. Clnvrrcnarr-
Department of Geology and Geophysics, University of California, Berkeley, California 94720, U.S.A.

Ansrnrcr

Megacrysts of augite (34), feldspar (12), kaersutite (10), olivine (8), and biotite (l) from
eight alkali basalt localities in the western U.S. and Mexico have been analyzed by electron
microprobe and wet chemical techniques. These crystals range from I to l0 cm, are free
ofinclusions, and are unzoned. Such crystals cannot have grown from the basalt host, as
that would require unreasonably large growth and difihsion rates. In addition, many of
the megacrysts have fragmented or irregular edges in contact with the host basalt. With
these constraints, such unzoned megacrysts must be xenocrysts acquired along the ascent
path of the basalt host. Their composition and large size indicate that many of the mega-
crysts could be derived from disaggregated gabbroic (olivine, augite, plagioclase, kaersutite,
biotite), pyroxenitic (augite), wehrlitic (olivine and augite), and syenitic (anorthoclase)
dikes or pegmatites.

INrnonucrroN

Megacrysts of clinopyroxene, orthopyroxene, amphi-
bole, feldspar, phlogopite, oxide, and olivine are found
in alkali basalt at many localities throughout the world.
These megacrysts are typically l-10 cm in size, are com-
positionally homogeneous, and may have a glassy ap-
pearance. It is commonly stated in the literature that these
megacrysts are high-pressure cognate near-liquidus phases
(Irving, 1974; Irving and Frey, 1984; Wilkinson and
kMaitre, 1987). Major element partitioning and isotopic
dala are "consistent with an equilibrium relationship"
between augite and host at high pressures (Irving and
Frey, 1984) but are certainly not demonstrative of pqui-
librium. Similarly, as one of the many explanations for
the origin of kaersutite megacrysts in alkali basalts, Wil-
kinson and LeMaitre (1987) stated that an equilibrium
relationship between kaersutite megacrysts and host lavas
at high pressures "would receive the widest support."
There is, however, evidence at many localities for dis-
equilibrium between kaersutite and its host lavas (Stuck-
less and Irving, 1976; Basu, 1978; Bergman and Foland,
l98l; Foland et al., 1983). From the data reported and
discussed in the literature, it is not clear that any ofthe
megacrysts can be shown to be in equilibrium with their
host lavas. The relation between megacryst suites and
associated Group I (chromian diopside) and Group II
(aluminous augite) mantle xenoliths is also unclear (Wil-
shire and Shervais, 1975; Frey and Prinz, 1978).

The compositionally unzoned nature of the megacrysts
requires many to have crystallized slowly, either in a
magma chamber or in dikes or pegmatites within the crust
or mantle. The goal of this study is to determine if any
of the megacrysts crystallized from magmas similar to
their basaltic hosts, or if they represent disaggregated
pieces of mantle peridotite or pyroxenite. We have col-

lected augite, kaersutite, feldspar, biotite, and olivine
megacrysts and host basalt from eight localities in the
western U.S. and Mexico (Fig. l, Appendix 1). Megacryst
and gabbroic xenolith minerals were analyzed by electron
microprobe and the host lavas by X-ray fluorescence
spectroscopy (Tables l-6, Appendix 2). Fe'z+ in the host
lavas and in the augite and kaersutite megacrysts was
determined by wet chemical techniques. Using petro-
graphic information, major element microprobe travers-
es, augite redox equilibria, minor- and trace-element par-
titioning relations, and isotopic data from the literature
it can be demonstrated that many megacrysts could be in
compositional, but not textural, equilibrium with their
hosts at pressures of 5-15 kbar. Megacrysts that appear
to be in compositional equilibrium with their host may
have been derived from disaggregated gabbroic or pyrox-
enitic cumulates, veins, or pegmatites.

Mnc.q.cnvsrs: SrzE, zoNrNG, AND GRowrH RATES

The most intriguing aspects of megacrysts are their large
size and their lack of either compositional zoning or min-
eral and glass inclusions. Augite samples up to 70 mm
have been described from the Dish Hill and Lunar Crater
localities (Wilshire et al., 1988), as have olivines as large
as 50 x 50 mm from Lunar Crater, feldspars up to 30
mm from Cima Volcanic Field, and kaersutite samples
up to 30-40 mm from the Dish Hill and Cima localities
(Wilshire et al., 1988). Previous studies @inns et al., 1970;
Irving, 1974; Aoki,1970) have reported the composi-
tional homogeneity of many megacryst phases; this is il-
lustrated for an augite sample and a kaersutite sample
from Lunar Crater and a feldspar from Valle de Santiago
(Fig. 2). Compositional homogeneity of the feldspars,
represented by the standard deviation ao" is recorded in
Table 3. With the exception of kaersutite, megacrysts are
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Fig. l. Location map for the samples arralyzed for this study
(circles). Major cities from north to south are Los Angeles, Phoe-
nix, Guaymas, and Guadalajara (squares). Briefdescriptions and
references for each locality are given in Appendix 1.

inclusion-free (augite, olivines, and feldspars). In some
kaersutite megacrysts there are inclusions of sulfide (at
San Carlos) and exsolution of pseudobrookite (at Lunar
Crater).

A hypothesis advanced by Carmichael et al. (1977) is
that megacrysts precipitated at high pressures in thermal
response to cooler, engulfed xenolith nodules. This hy-
pothesis has several drawbacks. First, augite from most
localities (Jumat6n, Valle de Santiago, San Quintin, Cima,
Dish Hill, Lunar Crater) has broken or fragmented edges.
That from Punta Piaxtle is rounded and fractured. Both
of these textural characteristics are not consistent with
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growth from the host. Second, this hypothesis is incon-
sistent with the required glowth rates. Precipitation at
high pressures would require rapid growth of megacrysts,
at large degrees of undercooling (AD in order to avoid
compositional zoning, which may occur when P and T
change upon ascent. Ifa change in pressure of I kbar (-3
km) is the minimum to cause detectable (by microprobe)
megacryst compositional change, the time taken to tra-
verse this distance (upon ascent) would be approximately
6 x 103 s (with an ascent rate of 50 cm/s: Spera, 1984).
For megacrysts to attain a length of 4 cm (2-cm radius)
thus requires a $owth rate of at least 3.3 x l0 a cm/s.
Such growth rates have been attained experimentally for
fassaite (Lofgen, 1990) and diopside and anorthite
(Kirkpatrick et al., 1976), in melts of their own compo-
sition. Similar experiments (large AT) on natural lavas
resulted in skeletal and dendritic crystal textures (Kirk-
patrick, 1975; Walker et al., 1976:, Grove, 1978), in stark
contrast to the universally glass-inclusion-free mega-
crysts. For these reasons, it seems unlikely that mega-
crysts grew rapidly; it is likely it grew slowly, in a magma
chamber, vein, or pegmatite.

Megacrysts may have precipitated from their host mag-
mas and grown slowly, without compositional zoning, at
low growth rates of 10-'o-10-tl cm/s (plagioclase, augite,
olivine: Cashman and Marsh, 1988; Marsh et al., l99l);
it would require thousands of years to grow l-cm crystals.
Growth rates for unzoned megacrysts may be even lower,
as the above rates were determined from slightly zoned
phenocrysts in lava lakes and laccoliths. The above growth
rates are therefore an upper limit on growth rates appro-
priate for megacrysts. Variables such as temperature,
pressure, and fo, would have to remain relatively con-
stant during this time period (thousands of years) to en-
sure the growth of compositionally homogeneous crys-
tals. Such conditions may prevail in a longJived magma
chamber. Volcanism began 9 Ma at Cima Yolcanic Field
(Wilshire et al., l99l) and 7 Ma at Lunar Crater Volcanic
Field (Bergman, 1982) and continues to the present at
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Fig.2. Electron microprobe analyses across a 7.5-mm augite megacryst and a l-cm kaersutite megacryst, both from the Lunar
Crater Volcanic Field, and 0.4 mm of a larger (1.5 cm) feldspar megacryst from the Valle de Santiago area. Note the lack of
compositional zoning across the entire length ofthe traverses.
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TABLE 1. Augite megacryst analyses

RIGHTER AND CARMICHAEL: FRAGMENTS OF MANTLE ASSEMBLAGES

Lunar Crater augite Cima V.F. Dish Hill

Oxide

sio,
Tio,
Alro3
Cr,O.
Fe,O"
FeO
MnO
Nio
Mgo
CaO
Naro

Total

FeO.,

R
Fe3+ lFe2+
Mg'(molar)
Mg'(wt)

Oxide

49.9 48.6 48.9
0.86 1.21 1 .00
8.3 9.4 8.8
0.24 0.01 0.14
2.',t4 2.37 2.20
3.22 3.9 3.36
0.14  0 .16  0 .11
0.03 0.02 0.01

15.4 14.2 14.3
19.23 19.38 19.6
0.91 0.99 0.92

100.39 100.20 99.29

5.14 6.03 5.34

0.38 0.37 0.38
0.60 0.55 0.s9
0.90 0.87 0.90
0.83 0.78 0.82

Dish Hill augite

47.2 47.1
1.75 1.80

10.3 10.7
0.11 0.03
3.93 2.94
3.45 4.35
o.17 0.27
0.00 0.00

12.7 12.9
19.58 19.56
1.22 1.23

100.44 100.80

6.99 7.00

0.s0
1.03
0.87
0.79

0.38
0.61
0.84
0.75

46.9 48.2
1.89 1 .35
9.7 9.1
0.00 0.01
3.85 2.40
4.54 4.15
0.11  0 .11
0.00 0.00

12.7 13.6
19.22 19.92
0.99 0.73

99.91 99.55

8.01 6.31

0.44 0.35
0.76 0.52
0.83 0.85
o.74 0.77

47.7 48.9
1.86 1.26
9.4 9.2
0.01 0.01
2.98 2.55
4.38 4.01
o.27 0.29
0.01 0.01

12.8 13.8
19.19 18.76
1.11  0 .98

99.75 99.83

7.06 6.30

0.36
0.61
0.84
o.74

47.8 48.3
1.81 1.87
9.0 8.9
0.01 0.01
3.28 3.17
4.58 4.57
0.32 0.32
0.01 0.01

12.9 12.7
19.01  19 .11
1 . 1 2  1 . 1 0

99.79 100.06

7.53 7.43

0.39 0.39
0.64 0.63
0.83 0.83
0.74 0.73

San Ouintin

48.8
1.04't0.2
0.03
2.03
3.74
o.22
0.00

14.7
19.52
0.99

101.22

5.57

0.35
0.49
0.87
0.80

0.37
0.57
0.86
0.78

San Carlos augite

8278

sio,
Tio,
Al203
Cr.O"
FerOg
FeO
MnO
Nio
Mgo
CaO
Naro

Total

FeO,",

R
Fe3+ lFe2+
Mg'(molar)
Mg'(r rt)

Oxide

48.2
1.88
9.0
0.(X)
3.05
4.64
0.31
0.00

13.0
19.04
1.09

100.21

7.38

0.39
0.59
0.83
o.74

47.9
1.89
9.2
0.01
3.19
4.79
0.29
0.01

12.8
18.87
1 . 1 1

100.06

7.66

0.38
0.60
0.83
0.73

47.9 47.3
1.82 1.88
8.9 9.9
0.00 0.01
3.23 3.08
4.60 5.40
0.30 0.33
0.00 0.01

12.8 12.3
19.07 17.90
1.13  1 .46

99.75 99.56

7.51 8.17

0.39 0.3s
0.63 0.51
0.8it 0.80
o.74 0.70

47.6 47.5
1.87 1.87
9.9 9.9
0.01 0.01
3.16 3.28
5.28 5.17
0.33 0.33
0.00 0.01

12.5 12.6
18.10  18 .16
1.46 1.44

100.23 100.19

8.12  8 .12

47.7 49.1
1.74 0.79
9.9 5.8
0.01 0.01
3.11 4.65
5.01 9.27
0.34 0.59
0.01 0.01

12.8 8.7
18.23 19.29
1.40 1.98

100.19 100.14

7.81

0.38
0.56
0.82
0.72

48.7 48.6
1.50 1.41
8.8 9.2
0.03 0.04
2.46 3.08
6.54 5.75
o.17 0.18
0.00 0.00

14.1 14.0
17.q) 17.22
1.19  1 .06

100.49 100.52

13.45 8.76 8.52

47.9
1.58
9.8
0.01
2.90
5.20
0.35
0.01

13.1
17.82
1.40

100.04

7.81

Valle de Santiago

0.36
0.54
0.81
0.70

Jumaten

0.33
0.50
o.82
0.72

0.36
0.57
0.81
o.71

0.31
0.45
0.63
0.48

Punta Piaxtle

0.26
0.34
0.79
0.68

0.32
0.48
o.82
o.71

229 Black104211152 Green PR-1 PX-1 PX3 PX4 PX-5

sio,
Tio,
Alros
CrrO.
Fe,O"
FeO
MnO
Nio
Mgo
CaO
Naro

Total

FeO",

R
FeP+/FeP+
Mg'(molaD
MS'(v"t)

48.5 47.7
1.62 2.25
8.6 8.0
0.14 0.01
1.95 3.46
5.61 5.60
0.13  0 .1  1
0.00 0.00

14.0 12.7
19.08 19.56
0.76 0.96

100.39 100.39

7.36 8.72

0.23 0.37
0.31 0.56
0.82 0.80
o.71 0.69

46.9 48.3
2j6 2.13
8.6 7.4
0.01 0.07
3.12 3.19
6.32 6.02
0.14 0.10
0.01 0.00

12.9 13.2
19.70 19.84
0.85 0.86

100.61 101.06

9.13 8.89

0.31 0.33
o.44 0.48
0.78 0.80
0.67 0.69

49.5 51.5't.02 0.46
6.9 5.2
0.03 0.77
1.96 0.42
3.89 3.21
o.frt 0.08
0.00 0.00

14.7 16.7
21.31 20.95
0.46 0.42

99.77 99.64

5.66 3.59

0.31 0.11
0.45 012
0.87 0.90
0.79 0.84

47.7
1.28
9.8
0.01
2.62
5.14
0.16
0.01

13.5
19.07
0.80

100.09

7.50

48.1 50.7 47.5 48.4
1.17 0.43 1 .35 1 .12
9.7 7.3 9.8 9.6
0.01 1.10 0.01 0.01
2.81 1.12 2j6 2.38
4.30 3.14 5.70 4.54
0.15  0 .11  0 .17  0 .14
0.02 0.06 0.02 0.03

13.9 16.9 13.3 13.9
19.38 18.85 19.18 19.26
o.77 0.59 0.77 0.79

100.31 100.30 99.96 100.1

6.83 4.15 7.64 6.68

0.24 0.25 0.32
0.32 0.34 0.47
0.91 0.81 0.85
0.84 0.70 0.75

0.31
0.46
o.82
0.72

0.37
0.59
0.85
0.76

both localities, indicating that long-lived magma cham- have shapes that are subhedral, and these are only on one
bers exist beneath these areas. Even if megacrysts have side of a megacryst. Given these textural characteristics,
grown slowly from an alkali basalt melt, they cannot be megacrysts must represent disaggregated pegmatites,
phenocrysts, as many are either rounded or have broken, veins, or cumulates, derived upon ascent.
fragmented edges. Only augite samples from San Carlos Megacrysts lack reaction rims, which one might expect
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Tlele 2. Amphibole and mica megacryst analyses
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San Carlos amphibole Lunar Crater amphibole Valle de
Santiago
GM-l03Mica Psb 5'

sio,
Tio,
Alros
CrrO"
FerO"
FeO
MnO
Nio
ZnO
Mgo
CaO
Naro
KrO
F

Total

FeO.,

R
FeP+/Fe'?+
Mg'(molaD
Mg'(wt)

39.2 39.2
5.02 4.86

13.2 13.2
0.01 0.o2
9.08 4.90
8.52 12.42
o.42 0.41
0.00 0.00
0.00 0.00
8.4 9.3

10.29 10.32
2.19 2.27
2.10 2.06
0.08 0.08

98.43 99.05

16.69 16.83

39.5 39.2 33.8
5.06 5.70 7.40

14.0 13.8 14.6
0.00 0.00 0.00
9.99 3.04 2.60
5.99 10.30 17.30
0.32 0.31 0.34
0.00 0.00 0.00
0.00 0.00 0.00

10.2 11.0 8.7
9.93 9.98 0.01
3.21 2.86 0.66
1.29 1.31 8.98
0.08 0.07 0.10

99.65 97.67 94.49

14.98 13.04 19.64

0.60
1.50
o.75
0.63

o.21 0.12
o.27 0.14
0.66 0.47
o.52 0.33

39.4 39.5
6.50 5.54

15.0 15.0
0.01 0.02
7.68 4.81
4.O2 6.43
0.13 0.1 1
0.01 0.01
o.o2 0.02'11 .4  11 .1

10.95 11.28
2.62 2.72
1.17  1 .09
0.00 0.00

98.89 97.62

10.93 10.76

39.5 39.3
6.19 6.1 1

14.8 't4.7

0.02 0.o2
9.35 7.44
2.67 4.11
o.12 0.28
o.o2 0.00
0.01 0.00

1't.4 12.7
10.96 11.14
2.65 2.53
1.16  1 .26
0.00 0.04

98.84 99.57

11.08  10 .81

0.76 0.62
3.15  1 .63
0.88 0.85
0.81 0.76

39.2 39.1
6.07 6.17

14.7 14.7
0.01 0.01
2.92 3.68
7.83 7.49
0.30 0.31
0.00 0.00
0.00 0.00

12.8 12.8
11.30 11.2',1
2.42 2.56
1.24 1.20
0.06 0.07

98.91 99.26

10.46 10.80

0.2 40.8
54.70 3.28
0.s 13.0

5.99
6.68
0.14
0.00
0.00

12.7
11.12
2.67
0.57
0.'12

34.66
1.80

8.3
0.41

100.58 96.51

32.96 12.07

0.49 0.26
0.96 0.36
0.64 0.57
0.50 0.43

0.63 0.40
1.72 0.67
0.83 0.75
o.74 0.63

0.25 0.31 0.45
0.34 0.44 0.81
0.74 0.75 0.77
0.62 0.63 0.66

' Feros for pseudobrookite calculated using charge balance and stoichiometry considerations.

of minerals that are not in equilibrium with their host
lavas. The experiments of Tsuchiyama (1986) demon-
strated that olivine xenocrysts do not develop pyroxene
reaction rims when pyroxene is not on the liquidus of the
host liquid. Since orthopyroxene is not a phenocryst in
any of these host lavas, it is not surprising that the oli-
vines do not have reaction rims. These minerals also lack
compositional zoning, which may form as a xenocryst
starts to reequilibrate with its host. A magma ascending
from 50 km (-15 kbar) at an ascent rate of 50 cmls
(Spera, 1984), requires approximately 30 h to reach the
surface. Thus, any diffusion-controlled compositional
zoning in a xenocryst must occur within this time frame.
Mg-Fe diffusion rates in olivine are the fastest of any
megacryst phase in this study, and these require - 1600
yr to homogenize a I -cm Fono crystal (Buenig and Buseck,
1973).lt is clear that originally unzoned xenocrysts may
remain unzoned after incorporation into the magma; dif-
fusion-controlled zoning will not develop on such a short
time scale as the ascent time of these magmas.

Mpc.q.cnvsr souRCES: XnNor,rrrrs

It is clear from textural observations (fragmented or
rounded megacrysts, without zoning) that these mega-
crysts must be xenocrysts, derived from along the ascent
path of the alkali basalt magma. The question remains,
however, from what rock type are the megacrysts de-
rived? Mantle peridotites and pyroxenites, both Type I
(chromian diopside) and Type II (aluminous augite), and
gabbroic xenoliths are found at most localities.

Gabbroic and pyroxenitic xenoliths

Gabbroic and pyroxenitic xenoliths are found at many
of the megacryst localities (see Appendix I and Wilshire

et al., 1988), evidence that crystal accumulation has oc-
curred under these areas. These gabbros contain olivine,
augite, plagioclase, kaersutite, and Fe-Ti oxides (see Ta-
ble 6 for Valle de Santiago and Jumat6n mineral data).
In fact, oceanic island localities (Hawaii: Fodor and Van-
dermeyden, 1988; Reunion: Upton and Wadsworth , 1972;
Galapagos: McBirney and Will iams, 1969; Gough:
LeMaitre, 1965) and continental localities (New South
Wales: Wilshire and Binns, 1961) both have gabbroic
xenoliths containing aluminous augite, and such rocks
also occur in layered intrusions (Kiglapait Morse, 1980;
Newark Island: Wiebe and Snyder, 1993; Cumberland:
Rutherford and Hermes, 1984). The assemblage olivine
* augite + magnetite * ilmenite allows one to calculate
P, if the composition of each of these phases is known
(Frost and Lindsley, 1992). We have applied Ca-QUIIF
equilibria (Lindsley and Frost, 1992) to 15 gabbro sam-
ples from the above localities in order to estimate pres-
sure. Gabbros that equilibrated at higher pressures (- l5
kbar) generally have more sodic feldspars (Fig. 3) and
aluminous augite. It is clear that the megacrysts could
originate in a gabbroic rock, and thus at pressures of 5-
15 kbar. Could the gabbros and plroxenites have crys-
tallized from the host magmas that brought them to the
surface? Equilibrium crystallization calculations at 10
kbar, with a regular solution model for silicate liquids
(SILMIN: Ghiorso et al., 1983), predict mineral compo-
sitions that are nearly identical to those measured in gab-
bro xenoliths at the Cima, San Carlos, Jumat6n, and Valle
de Santiago localities (Table 7).

Hydrous veins and pegmatites

Many composite peridotite xenoliths and peridotite
massifs contain veins or pegmatites of pyroxenite, am-
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Tmu 4. Olivine megacryst analyses
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Valle de
Santiago

Oxide
Lunar
Crater

Punta
Piaxtle Jumatan 2',t'l152104

San
Carlos

Dish
Hitl

sio,
Alr03
Cr,O"
FeO
MnO
Mgo
CaO
Nio

40.6
0 .1
0.08

10.93
0.07

47.9
0.20
0.33

100.19

89

40.9
0.0
0.o2
9.97
0.16

48.4
o.o7
0.34

99.87

90
88-90

40.9
0.0
o.02
9.56
0.16

48.8
o.o2
0.35

99.88

90

39.5
0.1
0.00

16.46
0.26

43.5
0.22
0.08

100.11

82
81-82

39.7
0.0
0.00

15.35
0.25

44.1
o.25
0.04

99.74

39.8
0.0

12.00
0.14

47.4
0 .15
o.21

99.82

87

38.2
0.1
0.01

21.S1
0.32

38.7
o.21
0.04

99.34

76
76-81

38.4
0.1

22.33
0.31

39.0
0.21
0.04

100./t4

75

Total

Xro

Range
u
84-85

phibolite, amphibole pyroxenite, and feldspar amphibo-
lite (xenoliths: Frey and Prinz, 1978; Wilshire et a1., 1980;
Nielson and Noller, 1987; Wilshire et al., 1988; McGuire
et al., I 99 1 ; Wilshire et al., I 99 I ; massifs: Conquere, I 97 I ;
Sinigoi et al., 1983). Such veins and pegmatites are com-
monly preserved only as selvages or at the edge of peri-
dotite xenoliths-that is, they are disaggregated upon
eruption. Type II veins (aluminous augite, kaersutite, bi-
otite) are thought to be related to the magmatism that
brings them to the surface (Roden et al., 1984; Menzies
et al., 1985; Roden and Murthy, 1985).

Type I xenoliths

The Lunar Crater locality has wehrlite (chromian di-
opside group) and dunite xenoliths (Wilshire et al., 1988).
Most other localities (Cima, Dish Hill, San Carlos, San
Quintin, and Punta Piaxtle: Wilshire et al., 1988; Frey
and Prinz, 1978; Luhr et al., 1992) have lherzolite

Trau 5. Major element analyses of host lavas

(chromian diopside group) and websterite xenoliths. The
Cima Volcanic Field has an unusual number of compos-
ite peridotites, with chromian diopside websterites being
the most common host rock for the crosscutting veins
and dikes. Recent studies have determined pressures of
7-13 kbar and temperatures of 980-1100 "C for spinel
lherzolites from San Carlos, San Quintin, Punta Piaxtle
(Kohler and Brey, 1990; Luhr etal.,1992). These P and
Z conditions are similar to estimates at the Cima locali-
ties (900- I 100 "C and 8-25 kbar: Wilshire et al., 199 l).

MBclcnvsrs

Gabbroic megacrysts

Megacrysts of olivine, augite, and feldspar at the Ju-
mat6n and Valle de Santiago are identical in composition
to the phases in the gabbroic xenoliths from these local-
ities (see Tables 6 and 7). Megacrysts of olivine, auglte,

Lunar Cima
Crater V.F.

Grand
Canyon

x -11

San Carlos Punta Piaxtle

Flow Scoria

Valle de Santiago

2111 4152476
Dish
Hitl

Jumaten
103 104

sio,
Tio,
Alro3
Fe,O"
FeO-
MnO
Mgo
CaO
NarO'*
K,O*'
PrO,

Total

FeO,.

ANNO (1 bar)
ANNO (10 kbar)
K,O/Na,O
Fe+lFe+
Mg'(molar)
Mf (wt)

45.6 47.8
2.38 2.O1

14.9 16.8
3.42 4.80
7.99 4.64
o.21 0.16
7.8 7.0
9.91 8.85
4.26 4.'t4
2.01 2.03
0.73 0.54

99.18 98.77

11.07 8.96

0.51 2.64
1.60 3.63
o.47 0.49
0.39 0.93
0.63 0.73
0.49 0.60

45.1 42.9
2.75 3.00

14.7 13.4
3.59 4.65
7.67 8.37
0.19  0 .18
8.7 7.9
9.17 9.54
4.32 4.97
2.32 2.09
0.67 0.94

99.12 98.75

10.9 12.55

o.77 1.25
1.81 2.20
0.54 0.42
o.42 0.50
0.67 0.63
0.53 0.49

45.2 45.5
2.38 2.40

14.7 14.9
5.09 4.61
6.81 7.06
0.20 0.2
6.9 6,6
7.05 7.14
5.12 4.45
3.27 3.37
0.91 0.89

97.63 97.12

1 1.39 11.2'l

1.84 1.56
2.82 2.59
0.64 0.76
0.67 0.59
0.64 0.63
0.s0 0.48

48.2 47.9
2.08 1.94

16.7 16.0
2.38 2.87
7.44 7.20
0 .18  0 .17
5.5 8.6
8.08 9.43
4.6 4.7
2.11 0.55
0.64 0.46

97.91 99.87

9.s8 9.78

47.8 53.9 47.4
1.89 1.38 2.58

17.2 't7.7 16.2
3.75 3.06 3.76
6.15 4.88 7 .10
0 .16  0 .12  0 .17
7.2 4.3 6.6

10.36 7.24 8.85
3.41 3.86 3.85
0.78 1.48 1.59
0.34 0.41 0.60

99.04 97.81 98.71

9.52 7.63 10.48

1.11 ' t .?2
2.27

0.38 0.41
0.47 0.48
0.61 0.62
o.47 0.48

46.7 46.3 47.8
2.66 3j2 2.81

16.9 16.6 16.8
4.70 4.00 2.43
7.02 7.45 8.52
0.17  0 .17  0 .17
6.8 7.1 6.2
8.68 8.98 8.8s
3.81 3.35 3.61
1.29 1.50 1.48
0.52 0.55 0.s0

99.22 99.12 99:12

1't.25 1 1.05 10.7'l

1.94 1.41 0.O2
2.89 1.96 0.97
0.34 0.45 0-41
0.60 0.48 0.26
0.63 0.63 0.s6
0.49 0.49 0.42

0.14 0.66 1.44
1.09 1 .61 2.59
0.46 0.12 0.23
0.29 0.36 0.55
0.57 0.68 0.68
0.43 0.54 0.54

' Wet chemical determinations.
-' Afkafis determined by flame photometry (except 475 and 476, Punta Piaxtle).
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Tmu 6. Gabbro xenolith mineral analyses

Valle de Santiago 2548
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Valle de Santiago 254D Jumaten

Olivine Augite Plag Mgnt Olivine Augite Plag Mgnt Olivine Augite Plag

sio,
Tio,
Al203
C12O3
VrO"
FerO"
FeO
MnO
Mgo
CaO
Naro
KrO
SrO
BaO

Total

FeO-
Xon

Mg'(molar)
rfc)
ANNO

37.5 49.0 53.0 0.08 0.02
1.64 15.96 47.29
6.2 29.2 6.0 0.6
0.01 0.01 0.00

0.66 0.3it
3.81 32.49 13.49

25.88 6.04 0.28 38.68 30.72
0.38 0.19 0.38 0.34

35.8 13.3 5.0 6.4
0.07 20-15 12.03 0.02 0.03

0.81 4.32
0'47
o.22
0.03

99.73 100.80 99.57 99.31 99.29

9.47 67.92 42.86
0.59

Y' :" = f6:.

37.1 46.6 54.2 0.12 0.03
2.36 19.24 48.58
8.4 28.6 7.6 0.7
0.00 0.00 0.01

0.58 0.29
2.19 24.95 10.84

30.02 7.58 0.34 42.89 34.11
o.47 0.21 0.44 0.41

32j 11.9 4.7 5.1
0.17 19.44 10.67 0.02 0.03

0.84 5.51
0.50
0.24
0.02

99.89 100.28 100.21 100.61 100.18

9.55 65.34 43.87
0.50'j' 

:- = B:f

40.0 51.6 46.6
0.96
6.0 3t!.9

14.12 5.25 0.37
0.23 0.o7

44.9 15.4
0.26 20.88 16.74

o.47 1.87
0.06
0.16
0.02

99.60 100.63 99.70

5.25
0.84

0.84 0.84

A/ote: Fe2O3 for Fe-Ti oxides calculated using charge balance and stoichiometry considerations. f and fq calculated using Ca-QUllF equilibria of Frost
and Undsley (1992).

and feldspar occur at the Punta Piaxtle, San Quintin, and
Lunar Crater localities (there are no published data on
the gabbros from Lunar Crater). Equilibrium crystalli-
zation calculations (Ghiorso et al., 1983) indicate that
these megacrysts could represent disaggregated gabbroic
material that crystallized from the host magma at pres-
sures of 5- I 5 kbar (Table 8).

Augite. The augite megacrysts from all localities are
similar in composition (Table l). Most are magnesian
with values of Mg' [MgO/(MgO + FeO) varying from
0.75 to 0.90. Augite samples from the Valle de Santiago
Maar Field (Appendix l) have the lowest values of Mg',
whereas those from Lunar Crater have the highest. All
the augite samples have AlrO, contents between 6.9 and
10.7 and notable amounts of NarO (0.85-1.46). The R
values [Fe3+/(Fe2+ * Fe3*)] of augite from a given lo-
cality are uniform [Dish Hill : 0.36-0.39; San Carlos

(nos. l-5) : 0.31-0.38; Mexico : 0.23-0.331, with the
exception of Lunar Crater samples, which range from 0.35
to 0.50 (Table l).

There is much compositional evidence in support of
aluminous augite being a high-pressure precipitate. Alu-
minous augite is a liquidus phase in high-pressure exper-
imental studies of basanites and alkali basalts (Green and
Ringwood, 1967; Green and Hibberson, 1970; Thomp-
son, 1974). Sr and Nd isotopic analyses of aluminous
augite megacrysts are identical to those of their host lavas
at many localities (Stuckless and Irving, 1976; Basu, 1978;
Wilkinson and Hensel, 1991). Trace-element partitioning
between host lavas and augite is consistent with high-
pressure partition coefficients (Iruing and Frey, 1984).

The regular solution model SILMIN (Ghiorso et al.,
1983) does not predict nonquadrilateral clinopyroxene
components (Fe3+, Ti, and Al), which are significant in

TABLE 7, Summary table for equilibrium crystallization calculations, gabbro, and megacryst compositions

Valle de
Santiago

(152) Gabbro Meg.
Jumaten

(396) Gabbro
Cima

Meg. (1633-T) Gabbro- Pyrox
Gab-

Meg. San Carlos bro*' M€.

wt% Hro
P (kbao
r (qc)

Fo
An
100-Mg'
(Augite)
Oxide

1 . 0
1 0

1 000
NNO

77 (Ul 84
54 82-85
85 84

1 . 0
1 0

r000
QFM

67 (79) 64-71 75-76
50 49-59 46-64
80 74-80 80-82

73
61

84
50-84

87

1 . 0
1 0

1 000
OFM

69 65-70
50 48-60
83

12-60 '12

83-8s

1 . 0
1 0

1 000
NNO-2

78 (85)
41
83

x

90
6-10

80-82

Nofe.' values in parentheses indicate liquidus olivine composition. NNO: Ni + nickel oxide bufier; QFM : quartz + fayalite + magnetite buffer.
Meg. : megacryst; Pyrox. : pyroxenite.

'Gabbro and pyroxenite data are from Wilshire et al. (1991).
" Gabbro data are from Frey and Prinz (1978).



these augite samples. If the augite megacrysts are cumu-
lates from liquids similar to their host lavas, pyroxene-
liquid redox equilibria calculations should be consistent
with the redox state of the host lava. As an example of
the equilibrium that could exist, we consider the reaction

caFe2+SirOu + 'lCaAlrSiOu + '/oMgrSirOu* yoO,
hedenbergrte Ca-Tschermak's clinoenstatite gas

: CaFe3+AlSiOu+ lrCaMgsiro6 + SiO, (l)

as a function of temperature and pressure. Entropy, en-
thalpy, and heat capacity data given by Berman (1988)
have been used to calculate the Gibbs free energy ofre-
action:

LGi: A-F19e8 + C P d T

f f . l r "- r la ,s8 ,8+ |  GP/T)dT l+  |  vdP
L  v 2 c 8  )  r l

which is then recast as a function of temperature and
pressure, as -ln Kt-- LG/RT: A/T + B + C(P - l)/T
where

". 
- (a!S,oXal'"til'rr',"")'"(cAy.:'^t'"")

(a il"rli,,"" )(a tltili'o" )'" (a'nifl '.',,o" 
) " U o )' "

The enthalpy and entropy of silica liquid (at 298 K), as
well as the entropy, enthalpy, and heat capacity ofessene-
ite, were estimated as described in Appendix 3. Ther-
modynamic data reported by Bennington et al. (1984)
were used for hedenberyite. Esseneite is a naturally oc-
curring pyroxene that containst6lFe3* (Cosca and Peacor,
1987). The activities of CaFeSirOu, CaMgSi,Ou, MgSi,Ou,
CaAlrSiO6, and CaFeAlSiOu in augite are calculated as
follows:

atlsltr,o, : ?tl?S;",' Xi'.'' Xi'"'' (Xl)'

atlno,lls"o, : 7tffi;o.' XY' XMj' (Xil'

aiHi',o. : Tiif;li'o.'XM?' X#i' (X {)'

t237

Megacrysts

0

Pressure (kbar)

Fig. 3. Gabbro feldspar compositions plotted against pres-
sure (solid circles) as calculated from olivine + augite + mag-
netite + ilmenite Ca-QUIIF equilibria (Lindsley and Frost, 1992)
for gabbro xenoliths from Hawaii (Fodor and Vandermeyden,
1988), San Carlos (Frey and Prinz, 1978), Cima Volcanic Field
(Wilshire et al., 1991), and Valle de Santiago Maar Field (this
study). Temperatures and /o, values are constrained by two ox-
ide equilibria, silica activity is constrained by equilibria involv-
ing silica, and the uncertainties in the calculated pressures are
+ 1-3 kbar. Also plotted are feldspar compositional ranges (as a
function oftemperature in degrees Celsius: triangles) from equi-
librium crystallization calculations (SILMII.| on trachybasalt
from Valle de Santiago (152), at pressures of5, 10, and 15 kbar,
coexisting with augite and olivine. The megacryst compositional
range is shown to the right ofthe figure (open squares : equilib-
rium at high pressures; squares with crosses : disequilibrium
anorthoclase and bytownite).

atlfif,*o. : ytX'o]!",""' 4XY:' X X'' X [,' X {,

aflsp!',*a15;e" : "yt??1.*r.,s,o"'4XY:' XY"\' XL' X{r Q)

where Fe2* and Mg are distributed in the Ml and M2
sites in accord with bulk Mg/(Mg * Fe'?+) values. Activ-
ity coefficients for diopside, hedenbergite, and enstatite
are calculated using relations given by Davidson and
Lindsley (1989), whereas those for esseneite and calcium
aluminum pyroxene are calculated from the results of
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Tlau 8. Summary table for equilibrium crystallization calculations and megacryst compositions

Lunar Punta San
Meg. Meg. Meg

Dish
Hitl Meg.

wt% H,o
P (kbar)
7rc)

xF.
Xo^
100'Mg'
(Augite)
Oxide

1 . 0
1 0

1000
NNO

81
48
86

x

1 .0
1 0

1000
NNO.2

78 (85)
41
83

x

88-90

83-86

90
20-50
84-90

1 . 0
1 0

1025
NNO

75 (81) 82
49 49
85 82-85

1 . 0
1 0

900
OFM

69
43 28-32
85 79-82

Note.' these localities (except Punta Piaxtle) have gabbro xenoliths, but there are no compositional data for comparison; ( ) indicates liquidus olivine
composition; NNO : Ni + nickel oxide buffer; QFM : quartz + tayalite + magnetite buffer; Meg. : megacryst.
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Fig. 4. (a) Comparison of calculated megacryst redox state
(Reaction l) with the host lava redox state. Calculations utilize
the augite redox equilibrium (Reaction 1), and the redox state
of the host lava (+9.5 log f, units) is calculated at l0 kbar and
1200 'C, using the expression of Kress and Carmichael (1991)
(see Appendix 2). The error bars (dashed lines) for the calculated
redox state of augite and melt are a combination of factors: an-
alytical data (probe, XRF), free energy data, and activity coem-
cients. Solid line is 1: l. Augite data from other localities are from
Aoki and Kushiro (1968), Best and Brimhall (1974), Binns et al.
(1970), Binns (1969), Ghent et al. (1980), Huckenholz (1965a,
1965b), Irving and Frey (1984), lrving(1974), Irving and Green
(1976), McGuire (1988), McGuire et al. (1989), and Yoder and
Tilley (1962). (b) Same data set as a, except aluminous augite
samples are solid symbols, and chromian diopside samples or
those augite samples found with orthopyroxene megacrysts are
open symbols with crosses.
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experimental studies as outlined in Appendix 3. The ac-
tivity of SiO, has been calculated using the SILMIN mod-
el of Ghiorso et al. (1983). Values for A, B, and C are
-12725.50, 4.4786, and 0.1484, respectively (A: AH/
R, B : A,S/R, C : LV/R). Knowing these parameters
together with the activities, one can calculate the /o, de-
fined by 41 ar'gite-host pair. Comparison of the fo, cal-
culated from the augite redox equilibrium (Eq. l) with
the /o, of the host lava (after Kress and Carmichael, l99l;
see Appendix 2) is shown in Figure 4, for calculations at
l0 kbar. The error estimates for the augite redox equilib-
rium calculations are based on uncertainties in the mi-
croprobe and XRF analyses (+0.2 log f, units), activity
coemcients (+0.2 log /o, units), and the free energy data
[(+ L3 log f, units) see Fig. 4].

The redox state of the host lavas at most localities leads
to /o, values that are in good agreement with augite redox
calculations at l0 kbar. With an increase in pressure, the
equiline (l:l) would shift to the right in Figure 4. Figure
4b distinguishes between clinopyroxenes that are alumi-
nous augite and those that are chromian diopside or that
occur together with orthopyroxene. That the augite sam-
ples that occur with orthopyroxene megacrysts fall on the
high pressure side of the equiline (> l0 kbar-to the right
in Fig. 4), is consistent with the fact that, at higher pres-
sures, orthopyroxene should replace olivine in lavas with
this silica activity. This occurs for these lavas at approx-
imately 20 kbar and 1200'C. The agreement between the
two calculated /o, values indicates that variations in Fe3+/
(Fe3+ * Fe'z*) in aluminous augite can be ascribed to
pyroxene-melt redox equilibria at high pressures (-10
kbar). Notable exceptions are the chromian diopside
samples (e.g., Jumat6n, Table l), which have calculated
values of ANNO : 2-3 units below the equivalence line
Gig. a). Their redox state is much lower than that of their
host lavas.

Feldspar. Recent studies on the partitioning of Sr and
Ba between plagioclase and melt (Blundy and Wood, l99l)
and alkali feldspar and melt (Guo and Green, 1989,1992)
allow one to examine equilibrium partitioning between
the feldspar megacrysts and host lavas of this study. Blun-
dy and Wood (1991) combined experimental and natural
data to derive relations for the partitioning ofBa and Sr
as a function of Zand X"" (range ofxo" : 0-100 and Z
: 800-1400 "C) (Table 3). Guo and creen (1989,1992)
reported partition coefficients for Ba between alkali feld-
spar and melt at 10-25 kbar and 900-1 100 "C, for X". :
38-61; they estimated a Duu (anorthoclase melt) of 1.5,
based on these experiments. Ds. (alkali feldspar melt) are
taken from studies by Hill (1978) and Henderson (1982).
BaO and SrO for feldspar megacrysts and host lavas are
reported in Table 3. Using the compositions of the feld-
spars (Xo", wto/o SrO, and wto/o BaO) and the partitioning
expressions presented in these studies (see Table 3), one
can calculate how much Sr and Ba (in the host) should
be in equilibrium with the feldspar. The Lunar Crater
feldspar analyzed in this study is oligoclase; however, an
extensive study by Bergman (1982) (see also Schulze,
1987) revealed a population of feldspar megacrysts with

O almiroeugite

(B chromimdiopsidc/opx



a larger compositional range, from andesine (Anro) to an-
orthoclase. The SrO and BaO for the andesine (Bergman,
1982), as well as Sr isotopic analyses (Wilshire et al., 1988)
of the feldspars and host lavas at Lunar Crater are con-
sistent with equilibrium. San Carlos anorthoclase 3 has
low BaO and SrO, consistent with equilibration with the
host basanite (Table 3). Feldspar megacrysts from four
other localities (Cima, San Quintin, Punta Piaxtle, Valle
de Santiago) have BaO and SrO contents consistent with
crystallization from an alkali basalt host (see Table 3).
BaO and SrO contents of feldspar megacrysts from Ju-
mat6n, San Carlos, and Lunar Crater are inconsistent with
equilibrium, and they are discussed in the next section.

Hydrous pyroxenite or syenitic megacrysts

The absence of plagioclase feldspar megacrysts at the
Dish Hill, Cima V.F., and San Carlos localities rules out
the possibility of a gabbroic source for the megacrysts
there. The kaersutite and augite megacrysts found there
(see also Colville and Novak, l99l) may have come from
disaggregated kaersutite (+ anorthoclase) pyroxenite veins
or pegmatites.

Kaersutite. All of the amphiboles analyzed in this study
are kaersutite according to the classification of Leake
(1978), where molar Ti > 0.50. The kaersutite is fairly
homogeneous in major element composition at a given
locality, except for variable R [Fe3+/(Fe3+ * Fe'z+ )] val-
ues (Table 2, Fig. 5). Lunar Crater R values range from
0.25 to 0.76, and the San Carlos values from 0.21 to 0.60.
The Lunar Crater kaersutite has high Mg', from 0.75 to
0.88, whereas the San Carlos values range from 0.57 to
0.75. Concentrations of F- and Cl-, determined by elec-
tron microprobe, are low in kaersutite from both locali-
ties, ranging from 0.04 and 0.01 at Lunar Crater to 0.08
and 0.01 at San Carlos. This suggests that the OH site is
occupied with OH- or O' as the dominant species (see
also Garcia et al., I 980). Several ofthe Lunar Crater kaer-
sutite samples contain oriented lamellae of pseudobrook-
ite. One of the San Carlos kaersutite samples (no. 5) con-
tains rounded inclusions of a sulfide mineral that has
exsolved into two phases.

R values in kaersutite are inversely correlated with HrO,
suggesting that FerO. is produced during dehydration
(Boettcher and O'Neil, 1980; Popp and Bryndzia, 1992).
Although Dyar et al., (1992) hypothesized that kaersutite
R values could be solely due to variations in mantle /r,,
rather than %,, there is evidence at Lunar Crater that
suggests that high R values in kaersutite (Fig. 5) is a con-
sequence of oxidation as well as dehydration. Pseudo-
brookite (FerTiOr) lamellae occur in the kaersutite from
Lunar Crater (Table 2); pseudobrookite is stable under
oxidizing conditions (near the hematite + magnetite buff-
er: H + M + I at 1000 oC), and temperatures >585 "C
(Anovitz et al., 1985; Lindsley, 1991). Its presence sug-
gests that oxidation is occurring at >600 oC and near the
H + M buffer, severallog fg,units above the redox state
of the Lunar Crater basanite (NNO + 0.5).

Although a few of the San Carlos and Lunar Crater
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ANNO lava
Fig. 5. (a) Shaded region represents the range ofequilibrium

R [Fe]*/(Fer* + Fe'*)] values based on those obtained experi-
mentally in calcic amphiboles (Spear, 1981; Clowe et al., 1988;
Popp et al., 1992). This equilibrium region is extended to higher
values (dashed lines) by including the range ofR values for augite
megacrysts (and the ANNO of their host lava). (b) The R values
of kaersutite megacrysts from San Carlos and Lunar Crater (open
circles), and Japan, Australia, the Grand Canyon, and Saudi
Arabia (solid circles: Wilkinson, 1962; Boettcher and O'Neil,
1980; Aoki, 1963; Irving and Frey, 1984; McGuire et al., 1989;
Pallister, 1985; Best and Brimhall, 1974), along with the equi-
librium region of a. Triangles are amphibole phenocrysts from
flows at (1) Devil's Punchbowl, Mono Craters (Cam-73: Car-
michael and Ghiorso, 1990), (2) and (3) Volcdn Colima (COL-2
and COL-15: Luhr and Carmichael, 1980; Carmichael, unpub-
lished data), and (4) Valle de Santiago Maar Field, Mexico (GM-
I 03: Tables 2 and 5). Nos. 1, 3, and 4 are amphibole phenocrysts
(without reaction rims) in quenched scoria-they plot \.ithin the
equilibrium region. No. 2 amphibole has opacite reaction rims,
and the high R value indicates that oxidation has occurred upon
cooling. The ANNO is calculated for the host lava using the
expression derived by Kress and Carmichael (1991) (see Appen-
dix 2).

kaersutite samples have R values consistent with mega-
cryst-host equilibrium (Fig. 5), isotopic data from these
and other localities suggest disequilibrium. The Lunar
Crater (Bergman and Foland, l98l; Foland et al., 1983)
and San Carlos (Basu, 1978) kaersutite has 875r/865r val-
ues that are significantly lower than those ofits host lavas
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Fig. 6. Histogram of Sr isotope analyses of kaersutite mega-
crysts and host lavas from localities in the western U.S., Austra-
lia, and Antarctica (data sources are Stuckless and Ericksen, I 976;
Basu, 1978; Wilshire et a1., 1988; Wilkinson and Hensel, l99l).
Range of values for MORB from Basu (1978). The only two host
lava values that overlap with the kaersutite values are from Aus-
tralia (Spring Mount) and Antarctica.

(Fig. 6). In fact, kaersutite megacrysts from all over the
world have a narrow range of 875r/865r values, which are
similar to the range defined by midocean-ridge basalts
(MORB; Fig. 6). The eNd measured for three kaersutite
megacrysts also fall within the range for MORB, with
values of 6.4-7.5 (Wilshire et al., 1988; Wilkinson and
Hensel, l99l; Daley and DePaolo, 1992\. Atmost of these
localities, the host lavas have higher sTSr/86Sr values
(>0.7030), suggesting that the kaersutite crystals are out
of equilibrium with the host lavas. Only in a few cases
(Spring Mount: Australia and Antarctica) do host lavas
have equally low 875r/865r values. Sr isotopic values for
kaersutite megacrysts at Dish Hill are identical to those
of the vein kaersutite in associated ultramafic xenoliths
(Basu, 1978; Wilshire et al., 1980); the megacrysts at Dish
Hill and other localities (San Carlos and Lunar Crater)
may thus represent disaggregated vein material or kaer-
sutite-bearing Group II pyroxenites or peridotites, both
ofwhich occur at these localities (Frey and Prinz, 1978;
Wilshire et al., 1988).

Biotite. Biotite megacrysts occur in alkali basalts at
several localities throughout the world (see Irving and
Frey, 1984). The biotite megacryst from San Carlos con-
tains 7.40 wto/o TiO,, and has a molar Mg' of 0.47 (Table
2). Such TiOr-rich biotite has been found in hydrous veins
in peridotite at San Carlos (Frey and Prinz, 1978). Only
three of these megacrysts have been analyzed for Fe2+
and Fe..,: those from Mumrmburrah (Boettcher and
O'Neil, 1980), Rockeskyller (Irving and Frey, 1984), and
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San Carlos (Table 2). Some experiments on the R value
of biotite as a function of /o, have been reported by Wones
and Eugster (1965). The R value increases with fo,) all
three biotite samples have R values consistent with equil-
ibration at mantle fugacities (-I.INO). Wilkinson and
Hensel (1991) measured Sr and Nd isotopic ratios for
kaersutite, biotite, anorthoclase megacrysts, and their host
analcimite (Spring Mount) and found no significant dif-
ference among all the samples, suggesting that these
megacrysts may have been derived from veins or peg-
matites associated with the alkaline magmatism.

Feldspar. Many feldspar megacrysts have trace-ele-
ment and Sr and Nd isotopic ratios that are inconsistent
with an equilibrium relation with their host lavas. All
three of the Jumat6n feldspars have too much BaO and
SrO to be in equilibrium with the host trachybasalt (Ta-
ble 3). The high BaO and SrO in anorthoclase and oli-
goclase (Table 3) megacrysts from Lunar Crater are in-
consistent with crystallization from an alkali basalt liquid.
San Carlos anorthoclases I and 2 (Table 3) contain too
much BaO and SrO to be in equilibrium with the host
basanite. They may represent disaggregated veins or peg-
matites as well. In fact, syenitic xenoliths and plutonic
rocks are associated with alkali basalt magmatism in the
Galapagos (McBirney and Will iams, 1969), Hawaii
(Moore et al., 1987), and Tahiti (McBirney and Aoki,
1968). The syenitic material may represent residual liq-
uids from fractionated alkaline magmas. Similar conclu-
sions were drawn in a study of Scottish feldspar mega-
crysts (Aspen et al., 1990).

Lherzolitic or wehrlitic megacrysts

Several ofthe Lunar Crater clinopyroxenes and the Ju-
matan and Punta Piaxtle green clinopyroxenes contain
up to l.l wto/o CrrO.. Our calculations suggest that these
minerals could only be in equilibrium with their host
lavas at pressures of approximately 30 kbar (Fig. 4), where
orthopyroxene is stable; all three ofthese lavas have ol-
ivine and not orthopyroxene megacrysts, suggesting that
the diopsides are out of compositional equilibrium with
their hosts at l0 kbar. At Lunar Crater, chromian diop-
side megacrysts are identical in composition to chromian
diopside in the Type I peridotite xenoliths (Bergman,
1982). For these reasons, it can be concluded that chro-
mian diopside megacrysts are derived from disaggregated
Tlpe I peridotite xenoliths.

Olivine megacrysts from San Carlos and Dish Hill are
too magnesian to be in equilibrium with their host lavas
(see results of calculations in Tables 7 and 8). Although
the Dish Hill olivine is close to the calculated equilibrium
olivine, its major- and minor-element contents (NiO :
0.34; CaO : 0.07) are identical to those reported for ol-
ivine from a lherzolite at this locality (sample 32-22:W1l-
shire et al., 1988). The Dish Hill olivines may then be
xenocrysts derived from dunite and wehrlite xenoliths
that are present in the same host lava (Wilshire and Sher-
vais, 1975; Wilshire et al., 1988). The San Carlos olivines
may similarly be derived from disaggregated Type I pe-



ridotite or dunite xenoliths at this locality (Wilshire et al.,
l 988).

SulrtynnY

All of the megacrysts in this study represent xenocrysts;
none of them has crystallized directly from the host ba-
salt. The augite, olivine, and feldspar megacryst assem-
blages at Lunar Crater, Cima V.F., San Carlos, San Quin-
tin, Punta Piaxtle, Jumat6n, and Valle de Santiago can
be attributed to disaggregated gabbroic and pyroxenitic
material, from pressures of 5-15 kbar. Augite, kaersutite,
biotite, and anorthoclase megacrysts from San Carlos,
Lunar Crater, and Dish Hill may have formed in dis-
rupted Type II mantle veins or pegmatites. Magnesian
olivine (Forr-ro) and chromian diopside megacrysts at Lu-
nar Crater, San Carlos, Punta Piaxtle, and Jumat6n must
be derived from Type I, chromian diopside lherzolite and
wehrlite.
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ApprNlrx 1: S.lupr,r LocALrrrES

Easy Chair Crater, Lunar Crater Volcanic Field, Nevada
Basanite host; augite, kaersutite, plagioclase, olivine
megacrysts; mafic and ultramafic xenoliths; Wilshire
et al. (1988).

Cima Volcanic Field, southeast California (cone 1633 T)
Trachybasalt host; arrgile, kaersutite, and feldspar
megacrysts; mafic and ultramafic xenoliths; Wilshire
et al. (1988).

Dish Hill, southeast California
Basanite host; augite, kaersutite, olivine, and spinel
megacrystsl mafic and ultramafic xenoliths; Wilshire
et  a l .  (1988).

Peridot Mesa, San Carlos, Arizona
Basanite host; augite, kaersutite, anorthoclase, oliv-
ine, and phlogopite megacrysts; mafic and ultramafic
xenoliths; Wilshire et al. (1988).

San Quintin, Baja California, Mexico
Alkali basalt host; plagioclase and augite megacrysts;
mafic and ultramafic xenoliths; Bacon and Carmi-
chael (1973), Basu (1978).

Punta Piaxtle. Sinaloa. Mexico
Alkali basalt host; augite, feldspar, and olivine mega-
crysts; mantle xenoliths.

Jumat6n Falls, Nayarit, Mexico (396)
Trachybasalt host; augite, olivine, and feldspar
megacrysts; mafic xenoliths; Gastil et al. (1978).

Valle de Santiago Maar Field, central Mexico
Alkali basalt host [Maars Hoya Alverez (14, 229),
San Nicholas (103, 104), Cintura (152), and Rancho
Unidos flow (2ll)l; plagioclase, augite, and olivine
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megacrysts; gabbroic and troctolitic xenoliths; Mur-
phy (1986), Hasenaka and Carmichael (1987)

AppnNoIx 2: MrNnnql- AND Hosr LAvA ANALysEs

Individual augite and kaersutite megacrysts were
crushed and sieved to a 45-80 mesh size and then mag-
netically separated and hand-picked under a stereoscope.
Mineral separates were ultrasonically cleaned in distilled
HrO and washed in acetone. These grains were then an-
alyzed by electron microprobe. The ARL-SEMQ micro-
probe at the University of California, Berkeley, has eight
channels, with a 52.5" take-off angle. Operating condi-
tions were l5-kV accelerating voltage, 30-nA sample cur-
rent, and l0-s counting times. Ten to 30 l0-s analyses
from a given area are averaged together. Standards used
include a variety of synthetic (TiOr, MgrSiOo, and FerSiOo)
and natural (kaersutite, diopside, rhodonite, and jadeite)
materials. The mineral analyses presented in Tables l-4
are averages ofthree point scans (10-30 points per scAn).
Traverses were conducted on individual grains to detect
compositional zoning. Kaersutite, feldspar, and augite
megacrysts that were analyzed in greater detail are com-
positionally homogeneous (Fig. 2). Host lavas were pow-
dered in a tungsten carbide shatterbox for I min and then
fused with lithium tetraborate flux into glass disks for
analysis by X-ray fluorescence (XRD spectroscopy. Stan-
dards used in XRF spectroscopy include six samples that
were analyzed using wet-chemical techniques ranging from
alkali basalt to rhyolite. Both the mineral separates and
Iava powders were analyzed for Fe,* using a modified
version of the technique described by Wilson (1955). Rock
powders were analyzed for NarO and KrO by flame pho-
tometry.

Host lavas

Major-element analyses of all host lavas are presented
in Table 5. The lavas from Dish Hill, San Carlos, and
Lunar Crater are all basanites with 7.4-8.6 wto/o total al-
kalis at SiO, of -45.5 wt0/0. The Fe3+/Fe2+ values range
from 0.39 to 0.67, and Mg' values are less variable from
0.63 to 0.67 (Table 5). The lavas from Cima V.F. and
Mexico (San Quintin, Jumat6n, and Valle de Santiago)
contain lower alkalis, from 5.1 to 6.2 at 46-47 wto/o SiOr,
and are trachybasalts. Their Mg' values overlap those of
the western U.S. samples, from 0.62 to 0.63.

ANNO

The /", ofnatural lavas has been calibrated as a func-
tion of temperature, pressure, composition, and Fe3+/Fe2+
ratio (Kress and Carmichael, 1991):

l v  \

tn(#*l : a tn(fo,) + b/T + c + > dtxt
\  Jo.o /
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The redox state ofa natural lava (above the liquidus) does
not change relative to an O buffer such as NNO (Ni +
nickel oxide) with changes in temperature, thus allowing
one to calculate the redox state ofa lava relative to such
a buffer at a nominal temperature (Kress and Carmichael,
1991); this relative value is referred to as ANNO (calcu-
lated here at 1200'C). If the magma was closed to O
during ascent and eruption, then the ANNO value rep-
resents the redox state of the liquid before eruption. The
San Carlos lava flow and scoria samples have the same
value of ANNO, indicating that no oxidation has oc-
curred during the pyroclastic eruption, as opposed to the
flow. The redox state of these lavas (calculated at I bar)
ranges from ANNO : 0-2.6 (Table 5), which is signifi-
cantly more oxidized than midocean-ridge basalts (ANNO
: -3-0; Chrisrie et al., 1986).

AppnNnrx 3: TrrnruronvhlAMrc ESTTMATES

l. Thermodynamic data for esseneite were estimated
as follows (using data from Berman, 1988):

Entropy and heat capacity

S!n, (esseneite) : S9r, (calcium aluminum pyroxene)

+ Y,S2r8 (hematite)

- /"S|tt (corundum)

: 159.06 J/(mol'K).

Enthalpy

The following two bracketing reactions are utilized to
calculate the enthalpy of esseneite. The Gibbs free energy
of both reactions must be negative:

CarAlrSiOT * FerO, + SiO, : 2CaFe3+AlSiOo
gehlenite hematite quartz esreneite

aG. < 0 (Al)

2CaFe3*AlSiO6 + CaAlrSiOu : 6u.p.'*Si3o,, + 2AlrO3
esseneite qlcium

aluminum
plToxene

A G , < O

corodum

(42)

The freo onergy of esseneite must be <-2693.02 kJ/mol
(Al), and > -2712.07 kJlmol (A2) in order for esseneite
to be stable. These two reactions must be spontaneous,
as we don't find melilite-bearing granites (Al), and es-
seneite and calcium aluminum pyroxene are not stable,
separate phases at 298 K and I bar (A2). The average of
these two bracketing values, AGrn, : -2702.54 kJ/mol,
in combination with Srn, (esseneite) : 159.06 J/(mol.K),
is then used to calculate the enthalpy ofesseneite, AF12e8
: -2873.14 kJ/mol.

2. The enthalpy and entropy of silica liquid (at 298 K)
were estimated relative to cristobalite (Berman, 1988),
using the heat offusion ofcristobalite (Richet et al., I 982)
and the heat capacity of silica glass (Stebbins et al., I 984)
as follows:

( T - 7 . \ P  . P 2+g  
,  * n7



f r e e a
(aFl1eee)",i",: (Al1]uea)*i,, * 

J,,* 
(G)..,* dr

(AFIrrrr)!'S;d : (AFlreee).,i,t + (AF4,").,i",

r2e8
(A11?,r8)i$id : (A}1,r,")!11jld * 

J,nnn 
(C")s,o,,,""" df.

The values calculated are then ,S9r8 (SiO, liquid) : 11 .19
J/(mol.K) and AI1!,, (SiO,liquid) : -901.556 kJ/mol.

3. Activity coemcients (z) for esseneite and calcium
aluminum pyroxene were calculated as a function of
composition and temperature, utilizing (l) experimental
data for coexisting augite, feldspar, spinel, and glass (at a
specific temperature and fo); and (2) the regular solution
model for silicate melts of Ghiorso et al. (1983). The
reactions that we considered were CaAl,SiO. + SiO, :

CaAlrSirOr, where

ln 1tfi1,.,", : (Go/RT + ln aETX,!!'ii]. - ln algf

- ln X|'#'i'o.)
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and 3CaFe3*AlSiO6 + l.5Al,Oj + 3SiO, : Fe.Oo +
3CaAlrSirO, * 0.25Or, where

ln "yils;!',*^,.,.u : (G" /RT + 0.25 ln fo, + 3 ln a$i;3ll'i,

+ ln affil - ln alitsld - l.5ln afffi

- 3 ln X[iSi.rArsiou)/'3.

Free energy data given by Ghiorso et al. (1983), together
with mineral and glass compositions reported from ex-
periments by Mahood and Baker (1986), Sack et al. (1987),
Tormey et al. (1987), Grove and Juster (1989), Grove et
al. (1990), Kennedy et al. (1990), and Juster et al. (1990),
have been used to derive 7 for these two phases. Curves
of X vs. RI ln y can be fitted to the experimental data
for each pyroxene component, thus allowing one to cal-
culate "y as a function of pyroxene composition. The
equations for these curves are esseneite: RZ ln ^y :
(-9617.4In X) - 4939.1, and calcium aluminum pyrox-
ene: RZ ln z : e97l5.6ln ,4 - 38002.0, where X is
the mole fraction of the pyroxene component according
to Equation 2 in the text.
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