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Abstract. A suite of basanitoids and alkali olivine basalts from Grenada, Lesser Antilles were
analyzed for rare earth elements. The REE concentrations of these rocks are characterized
by a small variation in the heavy REE (7 to 9 times chondrite) and a large variation in the
light REE (17 to 93 times chondrite). Among the possible mechanisms to account for the
REE variations, fractional crystallization processes at low and high pressures, and partial
melting processes (both batch melting and fractional melting) were examined, using the
partition relationships of REE among silicate minerals and melts. It is suggested that the
observed REE variations are best explained by variable degrees of batch partial melting, in
which garnet is present as one of the solid phases through 2 to 17% melting of a garnet
lherzolite parent rock.

Introduetion

Trace element abundances in volcanic rocks are parameters sensitive to varieties
in petrogenetic processes. Gast (1968) has outlined the theoretical considerations
necessary for the interpretation of trace element data in terms of major processes
such as partial melting and fractional crystallization. The rare earth elements
(REE) are one group of elements whose variations in a given suite of volcanic
rocks can be explained, at least qualitatively, by partial melting and/or fractional
crystallization models (e.g. Schilling and Winchester, 1969; Zielinski and Frey,
1970; Philpotts et al., 1971; O’Nions and Clarke, 1972). Fractional crystallization
models based on the phenocryst assemblages and on the partition relationships
of REE between phenocryst mineral and magma have been particularly successful
for voleanic rocks from Gough Island (Zielinski and Frey, 1970) and for those
from Reunion Island (Zielinski, 1974). Application of the partial melting models
(partiticularly partial melting of garnet lIherzolite) have been difficult, however,
due to the uncertainty of data on the partitioning of REE between garnet and
liquid. For the same reason, eclogite fractionation (O’Hara and Yoder, 1967) has
also been difficult to assess. The recent experimental determination of the REE
partitioning between garnet and liquid at high pressures {Shimizu and Kushiro,
1975) has made it possible to assess the petrogenetic processes at high pressures
in some detail in a semi-quantitative manner.

In this article, we present REE concentrations determined on a suite of
basanitoids and alkali olivine basalts from Grenada, Lesser Antilles island arc,
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and evaluate both fractional crystallization and partial melting models based on
the REE partitioning among phases involved.

Samples and Procedures

The island of Grenada is located at the southern end of the Lesser Antilles island arc and is
characterized by volumetrically small amounts of andesitic rocks relative to the islands to
the north (Arculus, 1973; in preparation) and by occurrence of strongly silica-undersaturated
lavas (Sigurdsson et al., 1973). The samples selected for REE analysis represent the range of
basanitoid and alkali olivine basalt compositions suggested by Arculus (1973) to have been
derived by various degrees of partial melting of an upper mantle source. Major and trace
element (other than REE) compositions are given in Table 1 together with a brief petro-
graphic description. The sample localities are given in the geologic map (Fig. 1).

REE were analyzed by an isotope dilution technique (Shimizu, 1974). The REE con-
centrations of standard BCR-1 agree with those reported in the literature to within 5%.
Total blanks of the procedure (0.2 ng for Ce and 0.01-0.06 ng for other REE) are negligible
in all cases. Isotope measurements were reproducible to within 0.5%. Overall, we consider
the concentrations presented here to be reliable to 5%.

Results and Discussion

REE concentrations are summarized in Table 2 and illustrated in Fig. 2. The
suite of samples are characterized by very little variation in the heavy REE (Er
and Yb; 7 to 9 times chondrite) and a large variation in the light REE (Ce varies
by about a factor of 6). There is no detectable Eu anomaly in any of the samples
studied here.

Among the possible mechanisms to account for the REE variations, fractional
crystallization processes at low and high pressures and partial melting processes
(batch melting and fractional melting) are examined in the following sections,
based on the partition relationships of REE among phases involved.

1. Fractional Crystallization at Low Pressures. Phenocryst minerals in these
rocks are olivine, clinopyroxene, spinel and plagioclase (Table 1). Because the
partition coefficients of REE observed for these minerals (e.g. Schnetzler and
Philpotts, 1970: D§i=0.009, DIP=0.023; D= 0.096, DEL, = 0.227; D =0.06,
DEP=10.02 for Ang,; see also Grutzeck et al., 1973 for Dgpx) are small except for
spinel, whose effect is neglected in this paper, fractional crystallization of these
phases generally results in an increase of REE concentrations in the residual
liquid. Significant plagioclase crystallization can be ruled out by the absence of
negative Eu anomaly. A point to be noticed here is that the partition coefficients
for light and heavy REE differ by a factor of about two for both olivine and
clinopyroxene, so that relative fractionation of REE in the residual liquid by
crystallizing olivine and clinopyroxene would be limited (relative fractionation
refers to the difference in fractionation between heavy and light REE). Therefore,
the separation of olivine and clinopyroxene and subordinate amount of plagioclase
from a magma would result in an essentially parallel upward shift of the REE
pattern in the residual melts in a similar way to that observed by Zielinski and
Frey (1970) for voleanie rocks from Gough Island and by Zielinski (1974) for
those from Reunion Island. This process is obviously incapable of producing the
observed REE variations (Fig. 2) from a common parental magma,



REE in Grenada Lavas 233

6175’ 670’
.Hot Spring

Mountain summit

Probable geological boundary 2 8 6
~

Pyroclost tlows e ——

Levera %Gmen Is

n
L Lxxx/
Mt.

&, .Rodney ™ xlﬁ [f_-!‘,
: “/}’ Mt j&)cr&ve@? &Q«é‘)}"
44 4 e x

ZX William

Grenada

DEINE s

" £
Andesitic lava flows and domes Crayfish ffx x x X)\k\ );' Bay
ALX X ~ 5 0t e 2 4
LR x Ky - & *
Basalt lava flows 1 L ~ S\:"Sﬁ‘ % x x) Malagon g & R.Sullee@‘ ———
Unditferentiated South East i \3‘;’:: ’;gL, t & Tp’\?nchbowl _l;v{; v A
Mt. volcanics \\q\go 34 E“"a"g,“’" Ay {l Lake
3 . M i
v v v[ Scoria and Ash \ ,‘ﬁq ?*l‘fg ,-dﬁ Ig;é-‘\q\;ntreml \’szovlg Antoine
7 A =,
> * Jution HAlIZS f *yo%?i P S
D Rewarked volcanics b A AEstalg Ty ‘749 0sBo00000Y | & 12410°N
4 LS N 00000%00 6 Ly
e 9 p
Tutton Hall Formation P RN X XY 000 el St John's
&‘:'\;‘ \tﬂ \‘E:I S o f‘?
SN Mt S1.F o LE-K-X-X]
h2°10'N N W (@Q?QW
'9,9,.;\;,_{\ N9 oo000009 3¢ 2 paraciete
m Mudflow § e oyl \Ofboﬁ‘\Ph\ fd &
e I
A b N R
[T timestone 608 " piyidere
(_ro-‘\)o 0 \) "le‘
" Dothan 2 Mk&r}unby
¥/ Grenville
L3
Cs
5 0 9 — X :5//) « ‘\f\’f\‘ %
NI 7, X
» % X'y oMt Qua Qua 5PN 5
S0 i\ 531
= P R X X <
NP 2 )//\lderand \n 3
S Ay @ S ) = —
_@ ~ Y " 6%4, ~ \\\;f ::I’E;:/“"g I N ) 12°05°N
~ Beausejour PR ol (o § South Edst V4 bt |
7__ o Ko 9K XX KDY CaMountain, \|
R .Y X X ) SMonicho=
— EXN Annundql(ek XX - (;A Mt Munic -
_12'05’N “q.gt Moritz Fatls Yy x x % (\/l‘rk \>\|‘.ebanon S
n— — - - et Singialt A TN,
. - PAY LR ] OV »
— mg/./‘_m‘e(/\,’,(; }x r\"\35
= TS e SN AN
05 N e Y N
o ASA Queens |y ys? crj 7"“‘"\{\”‘,\; S
Park. 75-3/’\‘ "\\’_‘,-\"‘s
e % XA
0 0 — 0 3 ~
A St George's
g 2 ™
12°00°N |

61°45° 61740

Fig. 1. Outline geologic map of Grenada with sample localities indicated by heavy numerals

2. Fractional Orystallization ot High Pressures. If a parental magma undergoes
fractional crystallization at high pressures, the effects of this process on the REE
concentrations in the residual liquid may be different from those created at low
pressures because of the appearance of phases stable at high pressures in the same
magma. Possible high pressure phases include orthopyroxene, clinopyroxene and
garnet for pressures of 20 to 35 kbar (e.g. Yoder and Tilley, 1962; Green and Ring-
wood, 1967; O’Hara, 1968). The fractionation of orthopyroxene has an effect
16*
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Table 1. Major and trace element analyses of Grenada basanitoids and alkali olivine basalts2

474 500 24 314 507 286 505 43 449 503 531 509

SiO,
AlO,
Fe,0,
FeO
MgO
CaO
Na,O
K,0
TiO,
P,0;
MnO

Or
Ab
An
Ne
Cpx
Opx
0l
Mt
n
Ap

Ba
Nb
Zr
Y
Sr
Rb
n
Cu
Ni

46.50 46.45 46.95 46.22 46.46 46.82 46.39 45.98 46.74 45.60 45.14 45.07
16.31 17.27 17.60 15.65 16.45 17.62 16.66 16.55 17.62 15.91 16.08 15.49
115 1.10 1.07 108 1.09 1.06 1.06 108 1.01 1.07 113 1.10
824 793 7.67 7.75 7.81 1761 759 777 7.24 7.69 813 7.90
13.00 11.67 11.59 13.14 12.19 9.59 10.90 12.07 10.68 10.95 10.80 12.37
10.50 11.19 10.28 11.63 11.61 11.86 12.06 11.34 11.28 13.50 12.91 .11.03
185 1.80 222 180 196 250 247 2.58 299 1.88 240 3.00
033 048 059 048 040 0.71 053 049 042 101 092 146
0.88 091 083 093 0.82 0.89 1.00 080 082 095 1.03 1.06
009 015 0.4 025 016 027 031 031 019 040 037 048
0.22 0.17 021t 022 017 0.22 0.7 017 021 0.18 0.8 0.17

193 2.82 345 281 234 418 3.11 286 245 594 540 847
1645 16.05 19.71 15.04 16.35 1640 14.93 14.26 16.93 6.65 6.42 5.27
34.89 37.38 35.92 32.84 34.58 34.57 32.51 31.67 32.92 31.84 30.18 24.03
0.00 0.00 0.00 056 065 3.55 4.22 514 571 6.08 899 12.70
12,90 13.44 10.89 18.08 17.15 17.75 19.82 17.42 16.79 25.77 24.82 21.27
480 3.23 077 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00
26.45 24.38 26.71 27.76 26.34 20.66 22.28 25.80 22.65 20.45 20.83 24.70
1,19 114 111 112 143 110 110 111 1.04 111 117 113
121 126 1.4 1.28 113 1.23 138 110 113 132 142 145
0.19 0.3t 029 052 033 056 0.64 064 039 083 077 0.99

108 114 192 454 181 474 229 177 500 345 414 448
7 3 8 12 2 14 12 2 10 9 11 14
62 64 73 104 68 102 109 68 73 123 126 212
17 16 18 20 20 16 20 18 18 20 20 17
327 287 484 692 398 820 596 396 542 902 933 627
7 11 12 11 6 27 5 12 14 23 12 54
81 73 80 75 78 87 88 76 78 69 75 76
62 78 97 124 101 65 11 84 86 90 158 115
485 384 495 271 358 260 277 369 301 170 254 368

a The analyses are listed in order of increasing silica-undersaturation. Major and trace
element analyses were completed by X-ray fluorescence {major elements in weight per cent,
trace elements in ppm). Major element compositions were recalculated to 100% on a water-
free basis. Normative compositions were calculated assuming an oxidation ratio of
Fe,0,:FeO of 1:9.

Sample number, rock type and description:

474

500:
24

Alkali olivine basalt. Microphenocrysts (< 0.5 mm) of olivine (ol), clinopyroxene (cpx)
and spinel (sp). Groundmass contains glass plus microlites of plagioclase (pl), cpx,
ol and sp.

Alkali oﬁvine basalt. Phenocrysts (<1.0 mm) of ol and sp. Trachytic textured ground-
mass eontains pl, cpx, sp and ol.

Alkali olivine basalt. Phenocrysts (<2.0mm) of ol, sp and sector-zoned ecpx.
Groundmass composed of pl, ¢px, ol and sp.

: Alkali olivine basalt. Phenocrysts (<{2.0 mm) of ol, sector-zoned cpx, pl and sp in

coarse-grained groundmass of same phases.

: Alkali olivine basalt. Phenocrysts (<2.0mm) of ol, sp and sector-zoned cpx.

Groundmass contains microlites of ol, epx, sp, pl and glass.

: Alkali olivine basalt. Phenocrysts (<1.0 mm) of ol, cpx and sp. Groundmass consists

of microlites of pl together with ol, cpx, sp and glass.

: Basanitoid. Phenocrysts (2.0 mm) of ol, sp and sector-zoned cpx. Fine-grained

groundmass composed of pl, epx, ol and sp.

: Basanitoid. Phenocrysts (<2.0 mm) of ol, sp and sector-zoned cpx. Coarse-grained

groundmass contains pl, ol, and sp.

: Basanitoid. Phenocrysts (<{1.0 mm) of ol, cpx and sp. One megacryst (3.0 mm) of

strained ol present in section. Groundmass of pl, ¢px, ol and sp.

: Basanitoid. Phenocrysts (<2.0 mm) of ol, cpx, pl and sp. Coarse-grained groundmass

composed of the same phases.

: Basanitoid. Phenocrysts (<1.0 mm) of ol and cpx. Fine-grained groundmass composed

of pl, cpx, ol and sp.

: Basanitoid. Phenocrysts (<{1.0 mm) of ol and cpx. Groundmass composed of sector-

zoned cpx, ol, sp, pl and glass.
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Fig. 2. Chondrite-normalized REE patterns of basanitoids and alkali olivine basalts from
Grenada. Sample numbers (as in Table 2) are indicated on the left hand side. Normalizing
factors are from Hubbard and Gast (1971) )

Table 2. Concentrations of REE (ppm)

Sample 500 474 507 43 24 449 505 314 286 531 509 503
No.

Ce 134 153 158 19.0 23.6 314 40.2 452 524 53.1 574 73.2

Nd 896 9.70 11.0 10.8 13.6 16.7 20.0 228 250 250 293 25.6

Sm 249 270 3.07 2.85 324 393 454 493 526 524 578 527
Eu 0935 1.02 111 103 1.15 131 1,55 152 1.67 1.67 167 1.68
Gd 2.95 329 355 348 3.64 4.02 457 472 489 483 480 5.05
Dy 298 315 337 3.06 3.24 343 355 3.63 3.72 372 358 3.75
Er 178 1.88 199 174 1.74 188 188 184 191 1.92 186 1.93
Yb 1.66 169 181 158 170 1.70 165 173 1.68 1.64 1.65 1.70

similar to the phenocryst minerals mentioned above as the partition coefficients
of REE between orthopyroxene and liquid are smaller than those of clinopyroxene
(Schnetzler and Philpotts, 1970). However, the partition coefficients of REE
between garnet and liquid (Shimizu and Kushiro, 1975; D%=0.01-0.02, DY*=4.0)
indicate that the separation of garnet or garnet-bearing assemblages would result
in an increase of light REE and a strong depletion of heavy REE in the residual
liquid and thus effectively change the slope of the REE pattern of the residual
liquids.

Two different processes involving garnet crystallization were examined here.
The first process consists of successive separations of garnet and one or more
phases. Fig. 3A illustrates the principle of this process. Starting with the sample
with the least enrichment of light REE (such as No. 500, Fig. 2), garnet is sub-
tracted from this liquid until the residual liquid has (Ce/Yb)yl=12.4 (observed in

1 (Ce/Yb)y denotes concentration ratio after being normalized to chondrite.
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Fig. 3A and B. Variations of the liquid REE patterns by fractionation of garnet-bearing
agsemblages. Enrichment relative to the initial concentrations is shown as Cy/C,. (A) successive
separations of garnet and other phases. Ly( = C,) denotes the initial liquid, L, the liquid after
separation of garnet and L, the final liquid. Solid arrow from L, to L, shows the effect of
garnet separation, open arrow from L, to L, the effect of other phases. (B) fractionation of
eclogite (clinopyroxene 81% and garnet 19%). L, denotes the initial liquid, L, the residual
liquid after 82% subtraction. L, and L, denote the residual liquids after subtracting smaller
amounts of eclogite. Note that Yb stays constant for this particular eclogite fractionation

the sample most enriched in the light REE such as No. 503, Fig. 2). Then other
phases are subtracted to bring the heavy REE concentrations back to the initial
level. In Fig. 3A, only the enrichment relative to the initial concentrations are
shown. Using the partition coefficients given above (Shimizu and Kushiro, 1975)
and the Rayleigh fractionation equation, 37% of the initial liquid is subtracted as
garnet, resulting in the residual liquid pattern with (Ce/Yb)y=12.4 (this liquid
pattern is qualitatively shown as L1 in Fig. 3A). In order to shift this pattern
back to the initial level, an additional 75% of the residual liquid must be crystal-
lized as other phases. For samples with smaller (Ce/Yb)y, smaller amounts of
garnet and additional phases are to be subtracted (shown as dashed lines in Fig.3A).
The normative compositions of these rocks (Arculus, 1973) show that the rocks
with small light REE enrichment (such as No. 500) have higher anorthite and
olivine components than those with a large light REE enrichment (such as No.503).
If the composition of liquidus garnet could be approximated by 1:1 (by mole)
mixture of normative anorthite and olivine, the normative compositions of these
rocks appear to be consistent with this model. However, it would be quite fortui-
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tous if this two-stage process resulted in almost constant heavy REE concentra-
tions as observed in our samples.

The second process examined is “eclogite fractionation proposed by O’Hara
and Yoder (1967) and O’Hara (1968) as an effective process by which trace
element concentrations can be significantly changed without greatly changing the
major element composition. The proportions of garnet and and clinopyroxene of
“eclogite”” would be a function of pressure and temperature. In the present calcu-
lation, the proportions of garnet and clinopyroxene were selected so as to obtain
the bulk partition coefficient for heavy REE (Yb) of 1. By fractionating this
particular eclogite (consisting of 81% clinopyroxene and 19% garnet, using the
above partition coefficients), the heavy REE concentrations in the residual
liquid could be held constant, while the light REE concentrations could be suc-
cessively increased. Fig. 3B shows the principle of this process. Starting again
with the REE pattern of No. 500, 82% of the initial liquid is crystallized as
eclogite to obtain the REE pattern of No. 503 by the Rayleigh fractionation of
the eclogite. It is expected that eclogite fractionation would result in a decrease
of normative albite which is potential jedeite component in elinopyroxene and of
normative diopside. Although the amount of normative albite (and nepheline) is
lower in No. 503 than in No. 500, the former is more enriched in normative diopside
than the latter. Eclogite fractionation, therefore, seems inconsistent with the
major element compositions of these rocks. If the proportions of garnet and
clinopyroxene are 1:1, which appears more or less typical for eclogite inclusions
in kimberlites, the situation is similar to the one mentioned previously (Fig. 3 A),
because the bulk partition coefficient for Yb is around 2 so that eclogite fractiona-
tion results in depletion of the heavy REE in the residual liquid. A two-stage
process similar to the one mentioned above should therefore be considered and
again it would be fortuitous to have almost constant heavy REE concentrations
for the series of rocks as products of the two-stage process.

3. Partial Melting of Garnet Lherzolite. Two different types of partial melting
processes are examined here, i.e. batch partial melting and fractional partial
melting. In the batch melting, the liquid and the bulk solid are in equilibrium.
The model calculations require an estimate of the proportions of phases in the
initial solid and also those in equilibrium with liquid at a given degree of partial
melting. Theoretically, the proportions and compositions of phases at any stage
of equilibrium partial melting would be unique for a given starting material and
conditions. However, no experimental data are available for the variations of
phase proportions during partial melting, so that the model calculations cannot
give a unique solution. The calculations were therefore made here to test whether
it is possible to obtain the two extreme REE patterns observed here (such as
No. 500 and No. 503) from a common source material by changing the degree of
partial melting and hence changing the phase proportions of solid in equilibrium
with liquid. In the calculation, the formulation of Gast (1968) was used with a
modification similar to that discussed by Shaw (1970). The partition coefficients
used were (for Ce and Yb): D, =0.1; DEP.=0.23 (Schnetzler and Philpotts,
1970; Grutzeck et al., 1973), D= 0.01; DE’.— 4.0 (Shimizu and Kushiro, 1975).
Olivine and orthopyroxene were treated together with the partition coefficients
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Fig. 4A and B. Variations of the liquid REE patterns by partial melting of garnet lherzolite.
Relative enrichment is shown as C1/C,. (A) batch melting. S,(=C,) denotes the original solid.
L,=2.2% melting and L,=17% melting, see text. (B) fractional melting. 1, 1,, etc denote
liguid increment of each stage. Ly, Ly, etc denote liquids in the reservoir. S, and 8, are solid
residua left after first and second stage melting

of 0.003 for Ce and 0.007 for Yb, based on Cpx/Opx and Cpx/Ol REE ratios
reported by Philpotts ef al. (1972). The calculated liquid must satisfy (1) (Ce/Yb)y
ratios observed and (2) constant heavy REE concentrations. Fig. 4 A illustrates
the results of this calculation.

Starting with a garnet lherzolite with 10% garnet and 10% clinopyroxene
(these proportions are typical for the sheared garnet Therzolite nodules in kimber-
lites from northern Lesotho, Boyd and Nixzon (1972)) and with a chondritic
relative REE pattern, the sample with the highest light REE enrichment can
be modeled by 2.2% melting with 1% clinopyroxene, 0.5% garnet and 0.7%
olivine and orthopyroxene entering the melt. On the other hand, the sample with
the smallest light REE enrichment can be modeled by 17% melting with 4.8%
clinopyroxene, 5.7% garnet and 6.5% olivine and orthopyroxene entering the
melt. For these two liguids, the above requirements are satisfied. The phase
proportions in the melt suggest that the first liquid is more enriched in normative
diopside than the second, whilst the second liquid is more enriched in normative
olivine than the first, These features are consistent with the normative composi-

- tions of the samples.
It is emphasized that the important factor maintaining almost constant heavy
REE concentrations in the liquids generated is the presence of garnet during 2 to
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17% partial melting. Melting experiments of a natural garnet lherzolite (e.g. Tto
and Kennedy, 1967) show that both clinopyroxene and garnet disappear in a
small temperature interval (around 50° C) above the solidus under dry conditions.
If this is the typical circumstance for partial melting in nature, the Grenada
magmas may have been produced in a very small temperature range (say about
30°C). Under hydrous conditions, the temperature interval in which both
clinopyroxene and garnet are in equilibrium with liquid is increased to several
hundred degrees (e.g. Mysen, 1973).

Fig. 4B illustrates another type of partial melting (fractional melting as
described by Gast, 1968). In this process, liquid produced is immediately removed
from the system and stored in the reservoir. The residue left after a stage of
melting becomes a parental material for the next-stage melting. The resultant
voleanic magmas erupted on the surface are considered as representatives of the
reservoir at various stages. In the present case, the same starting material as the
batch melting case is used and 3% melting is assumed for each increment of the
liquid. As shown in Fig. 4B, the second and third stage increments are already
depleted in Ce relative to Eu due to the strong depletion of light REE in the
residual material as discussed by Gast (1968). However, the liquid in the reser-
voir is not very sensitive to the pattern of later-stage liquids because the contribu-
tion of the later-stage increment is of diminishing importance.

In order to produce the observed range of Ce (a factor of 5.5), seven successive
stages were required. Compared with the batch melting model, this process
encounters several minor difficulties such as: (1) the variation for Yb is larger
(~20%), (2) Ce/Eu ratio of L7 is lower than that in the sample No. 500, and
(3) Eu/YDb ratio of L7 is higher than No. 500. These difficulties may be removed
by changing the phase proportions in the melt. In the calculation, however,
constant phase proportions were assumed, which is clearly not consistent with
the variations of normative compositions of the rocks. Therefore, the phase
proportions should be changed in such a way that the liquid in the reservoir in
the later stage has more olivine and orthopyroxene components than the earlier
stage. This would be inevitable in fractional melting of a garnet lherzolite source
(O’Hara, 1968). The successive modifications of the phase porportions to satisfy
the normative compositions of the observed lavas then becomes incompatible
with the observed REE patterns. REE concentrations (constant heavy REE
abundances and variable Ce/Yb ratios) are not predicted as the melt of increasing
olivine and orthopyroxene proportions in the melt.

Comparison of the calculations together with the normative composition of the
rocks suggests that the observed REE variations may be best explained by
various degrees of batch partial melting of a garnet lherzolite parent.
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