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Abstract

Abundant lherzolite, garnet pyroxenite and granulite xenoliths are found in the Neogene Hannuoba basalt of the North China
craton. Garnet pyroxenites generally occur as veins/layers in spinel lherzolites. There is a gradual decrease in olivine and an
increase in orthopyroxene mode going from the lherzolite to the pyroxenite, suggesting that orthopyroxene may be forming at
the expense of olivine. Garnet pyroxenites are enriched in the highly incompatible elements (e.g., Rb, K, Na, Sr, Ba, Nb and Ta)
but have high and uniform Ni contents and Mg#s (83-90). This set of geochemical observations is paradoxical because the
enrichments in highly incompatible elements signify derivation from a melt having either an evolved character or a significant
fluid component, but the high Ni contents and high Mg#s suggest a much more primitive origin. A somewhat similar paradox is
observed in the granulite xenoliths. Many of the granulite xenoliths have intermediate compositions, characterized by SiO,>50
wt.%, high Al,05, Na,O, and Sr contents, low Y and heavy rare-earth contents, and high Sr/Y, La/Yb and Na,O/K,O ratios.
However, these intermediate granulites have unusually high Mg#s (54—71) and high Ni (21-147 ppm) contents for their SiO,
contents and would otherwise suggest that these granulites are more primitive than their SiO, contents indicate.

It has been hypothesized that continuous melt-rock reaction between a silicic melt and ultramafic country rock (lherzolite)
can convert olivine to orthopyroxene, ultimately resulting in the formation of a high Mg# garnet pyroxenite, similar to what is
seen in the Hannuoba garnet pyroxenite composite xenoliths. In addition, silicic melts that have reacted with mantle peridotite
would be predicted to have anomalously high Mg#s and Ni contents (due to the strong buffering capacity of peridotite for Mg
and Ni), producing melts having compositions similar to the intermediate—mafic granulite xenoliths in this study. It is thus
possible that the Hannuoba garnet pyroxenites and intermediate-mafic granulites share a common petrogenetic origin. Such a
link is further supported by the fact that the rare-earth element abundance patterns of melts calculated to be in equilibrium with
the garnet pyroxenites roughly coincide with that of the intermediate granulites. It is concluded that the Hannuoba garnet
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pyroxenite-bearing composite xenoliths may present the first physical evidence for the hypothesized melt-rock reaction
necessary for generating evolved magmas with high Mg# and hence, high-Mg# andesitic signature of the continental crust.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The uppermost part of the Earth’s mantle is
tectonically active which renders it geochemically
complex. Adiabatic decompression results in the
generation of partial melts or fluids, which ascend to
the Earth’s surface to form oceanic crust and/or
continental crust. Depending on what depth melt
generation takes place, these melts/fluids must tra-
verse part of the mantle before reaching the Earth’s
surface. Thus, while some parts of the uppermost
mantle represent simple solid residues of partial
melting, it is likely that other parts represent the
end-products of metasomatic reactions between the
mantle and various melts/fluids that have traversed the
mantle. Studies of xenoliths and primitive mantle-
derived magmas have shown that mantle metasoma-
tism is ubiquitous [1-9]. If much of the mantle has
been hybridized, an important question to ask is what
role, if any, such hybridized mantle plays in the origin
and evolution of the Earth’s crust. It has been
suggested that partial melting of hot subducting
oceanic crust may have been an important process
by which continental crust was generated in the
Archean and Proterozoic [10—13]. This is based on
observations of high Sr/Y ratios in Archean tonalite—
trondjhemite—granodiorite (TTG) suites, which hint at
the influence of a subduction component (high Sr) and
the presence of large amounts of garnet during partial
melting (low Y). The latter suggests a garnet-rich
residue, such as eclogitized subducted crust (or other
garnet pyroxenite lithologies). This hypothesis is
supported by the fact that although high Sr/Y magmas
(adakites) are rare in modem times, the places that
they do occur are typically in regions where anom-
alously young (and hence hot) oceanic crust is being
subducted and potentially melted [14,15]. The prob-
lem, however, is that the compositions of model
average continental crust and adakitic magmas typi-
cally have Mg#s (100*Mg/(Mg+Fe), in atomic
number) and Ni contents too high for either to have

been derived from partial melting of an evolved
source, such as eclogitized oceanic crust [16—18]. To
resolve this issue, it has been hypothesized that the
high Mg#s and Ni contents are due to reaction of
silicic slab-derived melts with the peridotitic mantle
wedge through which the melts traverse before
reaching crustal levels [17].

Experimental studies indicate that the products of
reaction between silicic slab melts and peridotite
wallrock are likely to be garnet- and pyroxene-rich
and have high Mg#s [19]. Although garnet pyroxenites
occur in many xenolith suites (e.g., [20-23]), there is
no clear consensus on their petrogenetic origins. Some
garnet pyroxenites are likely to be high pressure
cumulates [21], but others could clearly form by
melt-rock reaction (e.g., [22]). Furthermore, the geo-
chemical relationship between the reaction zones and
the overlying continental crust has been obscured by
additional metasomatic overprinting (e.g., the pyrox-
ene-rich garnet peridotites found in cratonic environ-
ments [24]).

This study will look at details of the garnet pyrox-
enite veins found in peridotite xenoliths in Hannuoba,
North China to investigate whether there are any links
between the garnet pyroxenite veins and the high-Mg#
intermediate—mafic granulite xenoliths. These garnet
pyroxenites can be shown to be the products of silicic
melt—peridotite reaction and not high pressure cumu-
lates. Moreover, their trace-element compositions are
in equilibrium with the overlying Mesozoic granulitic
crust, which has trace-element compositions similar to
modern adakitic magmas.

2. Geological setting and samples
2.1. Geological setting
The North China craton is one of the world’s oldest

cratons. The presence of >3.6 Ga crustal remnants
exposed at the surface or in lower crustal xenoliths in
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both the northern and southern parts of the block
suggests that it has remained partially intact since the
Early Archean [25,26]. Based on age, lithological
assemblage, tectonic evolution and P—7—¢ paths, the
North China craton can be divided into the Eastern
Block, the Western Block and the intervening Trans-
North China Orogen (insert of Fig. 1) [27]. The craton
experienced widespread tectonothermal reactivation
during the Late Mesozoic and Cenozoic as indicated
by the emplacement of voluminous Late Mesozoic
granites and extensive Tertiary alkali basalt volcan-
ism. Based on petrological, geochemical and isotopic
studies of some of the xenoliths entrained in these
Tertiary basalts and Ordovician diamond-bearing
kimberlites, the tectonothermal events may have
resulted in replacement of the old, cold, thick and
depleted lithospheric mantle by young, hot, thin and
fertile lithospheric mantle resulting in lithospheric
thinning [28-32] and lower crustal recycling [33]. The
Hannuoba basalts occur along the northern margin of
the Trans-North China Orogen and are dated at 14-27

Ma by the K-Ar method [34]. Abundant lower crustal
and upper mantle xenoliths are found in these basalts.
The xenoliths have been studied to varying extents
[31,35-46]. The samples used in this study are
summarized in Fig. 2 and described below.

2.2. Granulite xenoliths

Granulite xenoliths are dominantly mafic and
intermediate with rare metasedimentary members.
Based on geochronologic constraints, they were
classified into three groups: ~ 160-120 Ma mafic—
intermediate, ~ 1.8-2.0 Ga felsic and ~ 2.5 Ga
intermediate granulites [44]. Combination of U-Pb
zircon ages, Sr and Nd isotopes and trace-element
compositions [37,41,44,46] suggests that the granu-
lites have formed primarily in the Mesozoic, though a
few may have formed in the Proterozoic and Archean.
The Mesozoic granulites were interpreted as products
of mantle-derived melt underplating [37,41,42,44], in
which those with convex-upward REE patterns were
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Fig. 1. Simplified geological map of the Hannuoba area. NC: North China craton, YC: Yangtze craton, SC: South China orogen. The division of

the North China craton is after [27].
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Fig. 2. Demographics for the samples used in this work.

pyroxene-dominated lower crustal cumulates [42]. In
this work, we will focus on the Mesozoic granulites
without obvious convex REE patterns, which have
Si0,>50 wt.%. Based on SiO, contents, they are
classified as mafic granulites (Si0,=50-53 wt.%) and
intermediate granulites (SiO,>53 wt.%) (Fig. 2).
Interestingly, all available geochemical data indi-
cate that for a given SiO, content, the mafic and
intermediate granulite xenoliths from Hannuoba tend
to have high Mg#s, compared to the average world-
wide granulite database and with granulite terranes
exposed in the North China craton (Fig. 3). To
illustrate, the Hannuoba granulite xenoliths plot on
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the high-Mg# end member of worldwide granulite
xenoliths for Si0,=40-55 wt.%. For SiO,>55-60
wt.%, their Mg#s appear to plot above that of most
samples in the worldwide database.

2.3. Peridotite and composite pyroxenite/peridotite
xenoliths

The mantle xenoliths from Hannuoba are do-
minated by spinel lherzolites and pyroxenites. Py-
roxenites were classified into garnet pyroxenites,
garnet-free spinel pyroxenites and plagioclase-bear-
ing pyroxenites based on the presence or absence of

920
= [} (b)
70 [ o '.“ .’ °®
I e e res'p ¥ o L]
L ® * * at i-\ ¢ .. :w
50 -_ - :,,- . 5" e * u
C = ™ .: .'.:', . Eﬁ.' . g
- & * :
30 -_ " s * o %
-
10 L 11 11 I 1 1 1 1 I 11 11 | 1 11 1
40 45 50 55 60
Si0p (wt%)

«= Archean terrain granulites, North China craton

Fig. 3. Mg# vs. SiO, diagram of the Hannuoba granulite xenoliths with Si0,=40-62 wt.% compared to worldwide granulite xenoliths (a) and
Archean terrain granulites from the North China craton (b). Archean terrain granulite data from [69]. The Hannuoba granulite xenoliths include
data of [40-42]. Worldwide granulite xenoliths data are from GERM (http://www.EarthRef.org).
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aluminous phases such as garnet, spinel, and plagio-
clase. Two types of mantle-derived composite xen-
oliths were identified based on petrographic
differences: clinopyroxene-rich spinel pyroxenite
(cpx+ol+opx+sp) (type I) and garnet pyroxenite
(opx +gt+cpx+ol+sp) (type II) veins hosted in spinel
lherzolites (Figs. 2, 4a—c). These have previously been
interpreted to be products of mantle metasomatism
[35], high pressure cumulates [38,45] or subsolidus
differentiates by modal segregation of different
minerals within the upper mantle [39]. Certain
petrologic and geochemical features of the composite
xenoliths indicate that, at least some of the type II
composite xenoliths are probably products of reaction
between a silicate melt and peridotite.

Type I composite xenoliths are characterized by
garnet-free pyroxenite layers hosted in lherzolite. The
pyroxenite layer and lherzolite wall have the same
mineral assemblages but different mineral propor-
tions. The mineral proportions generally change
sharply from the wall to the vein. For DMP-314, for
example, major mineral proportions change from 75%
ol, 15% opx, and 10% cpx in the lherzolite wall to
80% cpx, 15% opx, and 5% ol in the pyroxenite vein
(Fig. 4a).

Type II composite xenoliths are characterized by
garnet pyroxenite layers/veins hosted in spinel
lherzolite (Fig. 4b and c). The spinel lherzolite is
characterized by the following relative abundances of
50-70% ol, 25-5% cpx, 25-5% opx. Major mineral
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Fig. 4. (a, b) Thin section-scale pyroxenite veins in lherzolites; (c) sample DMP-124 and thin section-scale pyroxenite veins in lherzolites; (d)
fresh garnet rimmed by kelyphite, and olivine (O1) was partially dissolved (JSB-01); (e) interstitial melt around olivine in DMP-124.
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Table 1
Whole rock compositions
Sample Type 1 Type 11

DMP- DMP- DMP- DMP- DMP- DMP- DMP- DMP- DMP- DMP- DMP- DMP-

314 314y 315 407 134 254 456 440 124 124v 425 425v

Lw PV PV PV SPX SPX SPX SPX Lw PV Lw PV
Si0, 44.4 50.9 49.2 50.7 46.4 46.0 454 493
TiO, 0.03 0.18 0.45 0.43 0.38 0.41 0.10 0.45
Al1,0; 1.22 4.00 3.72 4.28 10.3 10.2 3.02 6.76
TFe,04 9.24 5.20 8.86 129 6.68 7.04 8.33 4.44
MnO 0.13 0.11 0.14 0.17 0.14 0.15 0.12 0.10
MgO 442 26.8 20.4 24.6 21.1 232 38.8 19.4
CaO 0.63 9.97 154 6.12 11.7 10.8 2.62 15.0
Na,O 0.05 0.57 0.38 0.27 0.59 0.71 0.18 0.97
K,0 0.00 0.01 0.04 0.01 0.64 0.41 0.01 0.05
P,0s 0.01 0.01 0.01 0.01 0.06 0.05 0.01 0.03
LOI 0.52 0.74 1.04 0.85 1.69 0.93 1.08 1.57
Total 100 98.5 99.5 100 99.6 99.9 99.7 98.1
Na,O/K,0 57.0 9.50 27.0 0.92 1.73 18.0 19.4
Mg# 90.5 91.1 82.0 79.0 86.2 86.7 90.2 89.7
Sr/Y 5.90 7.70 7.30  10.1 13.7 14.2 32.8 11.4 8.89 7.38 3.80 4.50
Sc 9.43 27.5 59.2 325 30.5 90.2 27.1 27.8 8.84 13.3 11.1 41.6
v 343 184 196 166 264 302 166 212 66.9 124 67.7 257
Cr 2441 4961 2950 520 3003 2325 1730 1110 1658 2799 2461 4500
Co 145 78.2 913 127 922 104 58.7 93.4 98.3 70.7 125 61.2
Ni 2590 992 426 279 699 828 242 592 1781 1248 2080 652
Cu 138 103 176 58.0 142 76.2 46.6 35.1 88.5 80.8 143
Zn 110 79.8 125 80.5 88.2 29.1 0.82 27.5 90.5 94.3 96.6 92.9
Ga 2.04 3.87 7.36 8.28 11.1 8.71 522 11.9 4.56 6.61 3.74 6.06
Rb 0.67 0.92 0.89 0.90 16.2 10.8 11.8 8.57 2.76 3.90 1.06 222
Sr 5.30 41.0 70.9 71.2 219 245 500 256 279 48.8 9.15 64.3
Y 0.90 5.35 9.77 7.05 16.0 17.3 15.3 22.4 3.13 8.28 2.43 14.2
Nb 0.22 0.43 0.65 0.47 4.96 4.69 2.10 2.97 0.17 0.48 0.31 3.10
Cs 0.02 0.03 0.01 0.03 0.02 0.02 0.02 0.06 0.01 0.01 0.03 0.05
Ba 2.39 5.52 4.06 2.14 46.2 55.8 47.4 60.9 10.1 14.6 2.33 16.5
La 0.15 1.17 1.53 1.25 2.86 3.16 1.30 1.67 0.22 0.49 0.22 2.03
Ce 0.34 3.58 5.67 4.36 4.75 6.72 3.01 3.58 0.69 1.50 0.53 4.72
Pr 0.049 0.60 1.06 0.75 0.62 0.85 0.40 0.47 0.12 0.26 0.088 0.76
Nd 0.23 3.24 6.47 4.10 3.16 4.27 2.01 2.46 0.73 1.65 0.51 3.93
Sm 0.052 0.80 2.03 1.19 1.21 1.39 0.70 0.79 0.30 0.64 0.21 1.38
Eu 0.016 0.23 0.64 0.37 0.46 0.49 0.30 0.32 0.11 0.24 0.074 0.50
Gd 0.061 0.72 1.75 1.08 1.71 1.60 1.04 1.19 0.38 0.84 0.24 1.66
Tb 0.011 0.13 0.28 0.17 0.35 0.35 0.27 0.30 0.08 0.18 0.05 0.31
Dy 0.074 0.81 1.81 1.11 2.40 2.26 221 2.52 0.53 1.36 0.36 2.20
Ho 0.017 0.16 0.34 0.23 0.56 0.52 0.55 0.72 0.11 0.30 0.084 0.49
Er 0.050 0.53 0.96 0.64 1.57 1.43 1.75 2.30 0.31 0.86 0.23 1.37
Tm 0.009 0.082 0.14 0.10 0.24 0.21 0.30 0.41 0.05 0.14 0.043 0.21
Yb 0.050 0.48 0.75 0.60 1.41 1.33 1.87 2.57 0.27 0.84 0.24 1.29
Lu 0.008 0.071 0.11 0.085 0.21 0.20 0.29 0.40 0.04 0.13 0.034 0.19
Ta 0.07 0.06 0.05 0.06 0.30 0.36 0.20 0.25 0.01 0.03 0.07 0.19
Pb 2.28 2.07 3.09 0.81 2.31 0.76 0.77 0.85 1.55 1.68 1.87 2.77
Th 0.19 0.24 0.21 0.20 0.54 0.36 0.28 0.32 0.16 0.17 0.20 0.47
U 0.02 0.02 0.02 0.01 0.10 0.12 0.06 0.07 0.07 0.03 0.05 0.09
Zr 1.76 5.97 16.4 18.8 21.1 36.8 222 21.7 6.63 14.0 3.88 21.8
Hf 0.041 0.20 0.63 0.64 0.64 2.33 0.49 0.55 0.21 0.44 0.11 0.64
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DMP- DMP-  DMP- DMP-  DMP- DMP-  DMP- DMP-  DMP- DMP-  DMP- DMP- DMP-

448 448v 458 458v 460 460v 464 464v 441 441v 466 466v 145
Lw PV Lw PV Lw PV LW PV Lw PV LW PV SPX
44.0 46.9 44.9 47.5 43.9 47.6 45.0 46.1 452 46.9 46.2 46.7 47.6
0.22 0.46 0.14 0.38 0.13 0.40 0.17 0.34 0.17 0.34 0.30 0.45 0.31
4.61 8.33 4.53 11.3 2.77 9.32 5.16 13.8 4.25 11.7 7.38 12.5 8.31
9.05 7.03 8.68 5.46 8.46 5.66 8.75 5.21 8.38 6.24 10.2 8.05 8.33
0.12 0.13 0.13 0.14 0.12 0.15 0.12 0.14 0.12 0.16 0.13 0.18 0.13
36.9 26.6 36.3 19.8 38.4 21.1 359 17.6 353 21.5 28.0 19.8 26.3
3.55 7.50 3.93 11.2 4.52 11.4 3.19 12.4 4.64 9.34 5.25 8.92 6.95
0.36 0.87 0.27 0.99 0.19 0.70 0.38 1.18 0.32 0.86 0.55 0.98 0.61
0.20 0.39 0.06 0.49 0.06 0.51 0.16 0.13 0.08 0.48 0.04 0.06 0.23
0.02 0.03 0.01 0.04 0.02 0.06 0.03 0.03 0.01 0.04 0.03 0.03 0.02
0.35 0.91 0.57 1.37 0.040 1.38 0.55 1.43 0.86 1.28 1.45 1.47 0.88
99.4 99.2 99.5 98.6 98.6 98.3 99.4 98.4 99.3 98.8 99.5 99.1 99.6
1.80 2.23 4.50 2.02 3.17 1.37 2.38 9.08 4.00 1.79 13.8 16.3 2.65
89.0 88.3 89.3 87.8 90.0 88.1 89.1 87.0 89.3 87.2 84.6 83.0 86.2
12.4 14.7 5.40 7.80 9.10 12.5 8.50 8.10 6.35 6.00 9.05 5.95 8.70
9.21 13.6 14.0 37.1 12.3 32.6 9.34 29.5 13.9 343 10.6 23.7 15.3
91.4 173 112 316 97.7 247 87.3 217 129 236 126 183 156
2403 2464 1793 1963 3137 2848 3126 1563 1891 1471 1863 1534 1985
156 118 133 113 145 96.2 152 107 190 104 113 81.8 93.6
1875 1313 1823 932 2292 705 1643 687 1865 822 1463 442 1075
67.7 180 124 179 219 126 102 192 99.1 129 109 45.6 127
93.1 105 105 117 112 352 99.3 124 54.6 87.7 93.7 20.3 98.4
5.28 7.98 4.95 9.57 4.15 7.48 5.88 11.4 4.38 6.83 9.23 8.50 8.30
4.73 8.69 1.91 16.0 1.76 12.2 2.80 2.83 3.13 13.9 1.53 2.09 5.79
61.9 194 25.0 195 18.7 213 24.6 111 37.7 174 44.6 119 80.0
5.01 132 4.65 25.1 2.06 17.0 2.89 13.7 5.94 29.0 4.93 20.0 9.20
0.84 1.89 0.32 2.72 1.58 5.27 1.81 2.05 0.30 2.47 0.57 0.68 0.52
0.01 0.02 0.01 0.03 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.02
232 435 7.94 71.0 6.88 104 11.9 36.7 11.9 56.9 4.30 9.14 24.0
0.70 1.62 0.28 1.92 0.94 3.17 1.09 1.48 0.29 1.71 0.35 0.61 0.95
1.97 4.38 0.84 4.84 1.67 5.90 2.18 3.53 0.96 4.10 1.15 1.95 2.36
0.31 0.63 0.14 0.73 0.21 0.74 0.27 0.47 0.17 0.57 0.19 0.34 0.32
1.70 3.68 0.82 3.66 1.03 3.68 1.24 2.58 0.99 2.93 1.20 2.01 1.82
0.55 1.16 0.34 1.23 0.37 1.16 0.35 0.85 0.35 1.00 0.48 0.90 0.66
0.18 0.42 0.13 0.47 0.12 0.43 0.12 0.37 0.16 0.40 0.21 0.40 0.25
0.61 1.42 0.48 1.83 0.41 1.55 0.41 1.17 0.61 1.64 0.67 1.40 0.81
0.12 0.26 0.10 0.38 0.068 0.32 0.072 0.24 0.12 0.40 0.13 0.34 0.18
0.77 1.98 0.72 3.20 0.37 2.48 0.44 1.88 0.85 3.42 0.81 2.84 1.32
0.16 0.45 0.15 0.79 0.067 0.62 0.092 0.44 0.19 0.91 0.17 0.70 0.33
0.45 1.33 0.46 2.56 0.13 1.79 0.24 1.29 0.52 3.03 0.41 2.16 0.97
0.074 0.21 0.07 0.44 0.021 0.32 0.038 0.24 0.09 0.56 0.063 0.38 0.18
0.40 1.35 0.41 2.89 0.11 2.08 0.24 1.44 0.50 3.52 0.30 2.52 1.02
0.055 0.21 0.057 0.43 0.014 0.32 0.031 0.23 0.073 0.57 0.038 0.36 0.17
0.16 0.20 0.086 0.26 0.14 0.42 0.22 0.24 0.16 0.26 0.073 0.099 0.10
1.70 2.28 222 2.42 2.62 1.29 1.87 2.62 1.34 1.95 2.34 0.87 1.95
0.24 0.30 0.20 0.35 0.28 0.60 0.30 0.36 0.18 0.33 0.19 0.21 0.18
0.04 0.06 0.01 0.06 0.05 0.16 0.06 0.14 0.01 0.06 0.09 0.06 0.03
12.7 25.1 7.32 28.3 6.57 252 9.63 19.2 7.71 26.5 11.9 254 14.0
0.37 0.71 0.19 0.73 0.20 0.79 0.24 0.48 0.22 0.62 0.33 0.69 0.43

(continued on next page)
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Table 1 (continued)

Sample Intermediate—mafic granulites

DMP-236 DMP-251 DMP-284 DMP-508 DMP-255 DMP-278
Ref. This work
SiO, 54.5 53.3 53.4 53.2 51.2 50.2
TiO, 0.46 0.72 0.51 0.92 0.59 0.51
Al1,0; 19.1 18.1 19.2 16.9 16.1 11.3
TFe,05 5.53 7.29 6.73 7.91 11.1 14.0
MnO 0.07 0.10 0.09 0.11 0.14 0.21
MgO 4.57 5.51 5.95 7.01 8.67 12.4
CaO 7.37 7.78 8.36 6.36 6.43 7.21
Na,O 433 3.63 3.59 3.85 2.81 1.96
K,0 1.75 1.81 1.38 1.67 1.29 0.63
P,0s 0.07 0.14 0.08 0.30 0.06 0.16
LOI 2.66 1.60 1.17 1.74 2.08 1.16
Total 100 100 100 100 98.4 98.5
Na,O/K,0 2.47 2.01 2.60 231 2.18 3.11
Mg# 62.1 60.0 63.7 63.8 60.8 63.7
Sr'Y 184 159 157 50.6 53.2 26.2
Sc 13.1 21.3 17.1 17.0 39.4 69.4
v 205 132 130 181 303 170
Cr 119 94.7 70.2 53.4 230 351
Co 40.1 27.6 67.9 23.4 47.4 82.4
Ni 63.5 37.5 100 21.4 147 91.6
Cu 473 11.1 11.3 54.1 9.61
Zn 50.8 72.8 57.4 86.0 82.4 146
Ga 18.1 18.3 16.1 22.3 15.3 17.0
Rb 27.3 23.3 20.0 11.7 339 18.9
Sr 1582 1345 1203 900 934 752
Y 8.58 8.46 7.69 17.8 17.5 28.8
Nb 3.81 1.33 1.74 5.35 2.88 2.57
Cs 0.07 0.03 0.02 0.05 0.09 0.09
Ba 508 960 728 776 338 273
La 4.41 11.1 8.88 21.7 4.55 14.1
Ce 9.18 21.8 18.2 479 10.9 359
Pr 1.13 2.62 2.13 5.87 1.57 4.93
Nd 5.33 11.8 9.40 26.4 8.09 22.7
Sm 1.26 2.19 1.77 522 2.13 4.93
Eu 1.23 1.33 1.11 1.67 1.10 1.31
Gd 1.22 1.96 1.54 4.48 2.04 4.21
Tb 0.20 0.26 0.23 0.62 0.38 0.71
Dy 1.14 1.31 1.18 3.22 222 391
Ho 0.26 0.27 0.24 0.58 0.51 0.86
Er 0.74 0.71 0.63 1.57 1.40 2.28
Tm 0.12 0.11 0.10 0.23 0.22 0.36
Yb 0.83 0.69 0.58 1.32 1.56 233
Lu 0.14 0.11 0.09 0.21 0.23 0.36
Ta 0.24 0.09 0.13 0.24 0.16 0.16
Pb 1.96 5.39 4.19 6.87 1.52 1.81
Th 0.23 0.04 0.16 0.20 0.30 0.15
U 0.24 0.03 0.10 0.02 0.18 0.09
Zr 28.9 36.0 40.0 100 47.6 71.6
Hf 0.77 0.98 1.59 2.58 0.99 2.15

LW=lherzolite wall; PV=pyroxenite vein/layer; SPX=single pyroxenite xenolith. Units are wt.% for major elements and ppm for trace
elements.
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Lower crust
DMP-73 90DAS 91DAI 9IDA3 91SANI
[42] [40] [48]
54.8 51.1 50.9 52.4 53.1 53.4
1.15 0.72 0.25 0.38 0.37 0.82
17.1 15.3 15.9 16.7 18.9 16.9
7.70 8.77 10.4 7.08 6.43 9.52
0.10 0.13 0.13 0.10 0.09 0.10
4.58 8.80 11.1 9.53 7.51 7.24
6.65 9.11 4.25 9.03 9.18 9.59
4.30 2.55 2.96 2.53 2.89 2.65
2.14 0.98 0.84 0.82 0.76 0.61
0.33 0.09 0.03 0.04 0.14 0.10
1.82 3.82 0.84 1.20
98.8 97.5 96.8 98.7 99.4
2.01 2.60 3.52 3.09 3.80 4.33
54.1 66.5 68.0 72.7 69.8 60.2
68.5 105 475 218 260 21.8
21.3 31.0
140 204 95.0 95.0 83.0 196
73.8 121 120 130 85.0 215
22.4 40.0 45.0 30.0 21.0 38.0
31.9 58.0 190 109 71.0 88.0
14.9 150 26.0
114 110 78.0
22.0 13.0
27.1 19.0 22.0 13.0 20.0 11.0
1069 1000 960 1200 1170 348
15.6 9.50 2.02 5.50 4.50 16.0
9.91 2.00 1.33 1.95 1.83 5.00
0.08 0.06 0.70 0.03 0.01 0.30
1447 900 660 450 900 259
28.3 8.50 3.65 5.00 6.50 8.00
62.6 20.0 5.50 10.0 12.0 20.0
7.68 2.50 0.73 1.35 1.50 2.38
31.2 12.0 2.50 6.40 6.50 11.0
5.76 2.50 0.42 1.35 1.45 2.80
1.77 1.20 0.53 0.75 0.80 1.10
531 2.30 0.40 1.40 1.40 3.10
0.65 0.35 0.06 0.23 0.20 0.48
3.12 2.00 0.42 1.20 1.07 3.10
0.56 0.39 0.09 0.23 0.23 0.68
1.53 1.13 0.28 0.71 0.55 1.90
0.20 0.15 0.04 0.09 0.08 0.24
1.20 0.90 0.27 0.60 0.48 1.50
0.18 0.14 0.05 0.09 0.07 0.25
0.40 0.10 0.16 0.25 0.19 0.60
13.8 3.30 2.74 2.10 4.00 4.00
0.22 0.28 0.10 0.21 0.24 1.20
0.18 0.09 0.15 0.06 0.05 0.20
119 95.0 62.0 89.0 80.0 68.0
3.44 1.10 0.38 0.72 0.50 1.90
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proportions of garnet pyroxenite veins vary signifi-
cantly for different samples, 5-60% for garnet and
orthopyroxene, 5-30% for clinopyroxene and 5-30%
for olivine. Grain sizes in garnet-bearing composite
xenoliths increase gradually from the wall (mostly
<2 mm in diameter) and into the garnet pyroxenite
vein (mostly 2~10 mm in diameter). Some xenoliths
were collected as garnet pyroxenites without peri-
dotite host rocks. These have similar mineral
assemblage and structure (e.g., coarse grained) to
garnet pyroxenite veins/layers. These could be frag-
ments of thick garnet pyroxenite layers/veins.
Although garnets in most samples have decomposed
into kelyphite assemblages consisting of extremely
fine-grained spinel and plagioclase, their bulk com-
positions still preserve the major element composi-
tion of pyrope-rich garnet as demonstrated by
microprobe analysis using large beam sizes (7-10
um) [43]. Fresh garnet cores with kelyphite rims are
preserved in garnet pyroxenites DMP-457 and JSB-
01 (Fig. 4d). Finally, some xenolith samples contain
interstitial silicate glasses (Fig. 4d—e). These glasses
may have formed as a result of heating, decom-
pression, and/or infiltration of host melt during
transport of xenoliths to the surface.

For the samples in this work, last equilibrium
temperatures range from 980 to 1000 °C for spinel
lherzolites [31], 950 to 1040 °C for garnet pyrox-
enites, 770 to 915 °C for garnet-bearing mafic
granulites [43] and ~ 910 °C for garnet-free granulites
[42]. Last equilibrium pressures vary from 10 to 18

kbar for garnet pyroxenites and 9—11 kbar for garnet
bearing mafic granulites [43]. The geothermobarom-
etry imply that the granulites and pyroxenites were
spatially close in the lithospheric column.

3. Analytical methods

The xenoliths under investigation are <8 cm across.
The pyroxenite vein and lherzolite/pyroxenite wall
was separated by sawing and then washed and crushed
to about 60 mesh in an alumina jaw crusher. About 60
g of the sample split was powdered in an agate ring
mill to less than 200 mesh for whole rock analysis.

Whole rock major elements were analyzed by X-
ray fluorescence spectrometry (Rikagu RIX 2100) at
the Key Laboratory of Continental Dynamics, North-
west University, China. Analyses of a USGS basalt
standard indicate precision and accuracy both better
than 4% [31]. Trace element compositions are
analyzed by ICP-MS at China University of Geo-
sciences and Northwest University, China. Analytical
procedure is the same as in [42]. Analyses of the
international rock standards BHVO-1 and BCR-2
indicate that the analytical precision is mostly better
than 5% as indicated by the relative standard deviation
(RSD). Whole-rock compositions of the xenoliths are
listed in Table 1. In-situ trace element analyses of
clinopyroxene in Table 2 were performed by Laser-
Ablation-Inductively Coupled Plasma Mass Spec-
trometry at the Key Laboratory of Continental

Table 2
Parameters used for melt calculations
Partition coefficients Concentrations
(ppm)
[67] [68] DMP-124 (garnet-poor) DMP-440 (garnet-rich)
gt cpx opx ol cpx whole rock cpx whole rock
La 0.025 0.052 0.031 0.0028 1.14 0.49 0.76 1.67
Ce 0.04 0.105 0.0277 0.002 4.01 1.50 2.93 3.58
Nd 0.086 0.28 0.0279 0.0003 5.00 0.26 4.52 2.46
Sm 0.83 0.444 0.0278 0.0049 2.16 1.65 1.16 0.79
Eu 0.74 0.604 0.0276 0.0006 0.78 0.64 0.54 0.32
Gd 1.13 0.65 0.0388 0.0069 2.71 0.24 0.98 1.19
DY 44 0.78 0.0762 0.0095 3.06 0.84 1.23 2.52
Er 11 0.99 0.1526 0.0064 1.40 0.18 0.58 2.30
Yb 14 0.64 0.254 0.0313 0.84 1.36 0.45 2.57
Lu 16 0.79 0.323 0.0473 0.12 0.30 0.05 0.40
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Dynamics, Northwest University. The laser-ablation
system is a GeoLas 200M (MicroLas, Gottingen,
Germany), which is equipped with a 193 nm ArF-
excimer laser and a homogenizing, imaging optical
system. The ICP-MS is an Elan 6100-DRC. External
calibration was performed using NIST 610. Ca was
used for internal standardization. Gao et al. [47]
reported the analytical details and analysis of NIST
SRM (610, 612, 614) and USGS (BCR-2G, BHVO-
2G, BIR-1G) glasses.

4. Geochemical features
4.1. Type I spinel pyroxenites

Type I pyroxenites have low Al,O3, Na,O, K,O,
Rb and Ba contents similar to the concentrations of
these elements in peridotite (Figs. 5 and 6a—c).
However, their Mg#s are highly variable, ranging
from 79 to 91 compared to the narrow range seen in
the peridotite xenoliths (89-91). The type I pyrox-
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enites also have significantly lower Ni contents than
peridotite xenoliths (Fig. 6j) and show convex
upwards rare earth elements (REE) patterns with
slight enrichments in the LREE (Fig. 7b).

4.2. Type Il garnet pyroxenites

Type II pyroxenites differ from the Type I
pyroxenites in having significantly higher K,O,
Na,O, Al,O3;, Rb, Ba, and Sr contents (Figs. 5
and 6). These enrichments in large ion lithophile
elements (K, Rb, Ba, and Sr) are characteristic of
interaction with an evolved melt or fluid-bearing
melt because these elements are highly incompatible
and fluid-mobile. Paradoxically, however, their
Mgi#s range from 83 to 90, which are not only
higher than most of the Type I pyroxenites but
overlap with that of residual peridotites (Fig. 6). In

addition, the Type II pyroxenites have higher Ni
contents than most of the Type I pyroxenites. The
Type II pyroxenites also have slightly greater
concentrations of high field strength element (e.g.,
Nb, Ta, and Zr), HREEs and Y. The LREE-enriched
character gives rise to generally concave REE
abundance patterns, which differs from the convex
patterns of the Type I pyroxenites (Fig. 7b and e).
The HREE enrichments are consistent with the
presence of garnet in the Type Il pyroxenites. The
Mg#s and Ni contents of the Type II garnet
pyroxenites are significantly higher than the Han-
nuoba mafic granulite xenoliths, many of which are
garnet- and pyroxene-rich [42]. These granulite
xenoliths undoubtedly have a crustal origin indicated
by their unradiogenic Nd (eng@y=— 12.6-19.3) and
radiogenic Sr isotopic (*’St/*°Sr=0.707-0.709) com-
positions [44].
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4.3. Granulite xenoliths

The mafic and intermediate granulite xenoliths
have relatively high Mg#s (54-71 with an average of
64) and AlLO; (11.3-19.2 wt.%), Na,O (2.0-3.9
wt.%) and Ni contents (21-147 ppm) (Table 1). For
their SiO, contents (~ 50-55 wt.%), these Mg#s
appear to be anomalously high given that mid-ocean
ridge basalts (SiO, ~50 wt.%) have on average Mg#s
of only 55. The Al,O3 contents and Mg#s are also
higher than model estimates of the bulk continental
crust, but they are very similar to model estimates of
global low crustal compositions [48] (Figs. 5 and 6;
Table 1). The granulite xenoliths are also character-
ized by high Sr contents (752—-1582 ppm), and high
Sr/Y (26-260), La/Yb (2.9-24) and Na,O/K,0O (2.0-
3.8) ratios (Table 1). They are characterized by flat
and depleted HREE abundance patterns and by the
presence or absence of positive Eu anomalies (Fig. 7¢
and f). Many of these features (e.g., high Sr/Y and flat
HREE patterns) are similar to so-called adakitic lavas,
which have been interpreted to represent silicic melts
derived from partial melting of a garnet-bearing
source, such as eclogitized subducted oceanic crust
[19,49].

5. Discussion

5.1. The case for melt—peridotite interaction: tran-
sition from lherzolite to garnet pyroxenite

We now discuss the origins of the Type I and Type
IT pyroxenites. These pyroxenites differ fundamen-
tally in several aspects. First, in terms of overall
mineralogy and texture, the transition between the
Type II garnet pyroxenite veins and the lherzolite
wallrock is gradual. This contrasts with the very sharp
transition between Type I spinel pyroxenite veins and
the lherzolite wallrock (Fig. 4). Second, within the
transition zone between Type 1 garnet pyroxenite and
lherzolite, there is a gradual decrease in olivine and an
increase in orthopyroxene mode going from the
lherzolite to the pyroxenite (Fig. 4b—c). This suggests
that orthopyroxene may be forming at the expense of
olivine. Third, unlike lherzolites and Type I pyrox-
enites, the Type II garnet pyroxenites are enriched in
the highly incompatible elements (Rb, K, Na, Sr, Ba,

Nb and Ta) but have high and uniform Ni contents and
Mg#s (83-90) (Figs. 5 and 6). This set of geochemical
observations is paradoxical because the enrichments
in highly incompatible elements signify derivation
from a melt having either an evolved character or a
significant fluid component, but the high Ni contents
and high Mg#s suggest a much more primitive origin.
These features suggest that the Ni content and Mg# of
the pyroxenite veins was probably “buffered” during
their formation [50]. In contrast, the Type I pyrox-
enites have lower and more variable Ni contents and
Mgts as well as highly incompatible elements (Rb, K,
Na, Sr, Ba, Nb and Ta).

Various hypotheses have been put forward to
explain the origin of these pyroxenites. These include
formation by modal segregation [39], modal meta-
somatism/melt-rock reaction [35], and/or cumulate
processes [38,45]. Modal segregation is unlikely for
either type of pyroxenites. On the one hand, modal
segregation alone cannot explain the enrichments in
highly incompatible elements in the Type II garnet
pyroxenites (Figs. 5-7). On the other hand, the Type I
spinel pyroxenites show LREE-enriched and convex
REE abundance patterns (Fig. 7b) and highly variable
Mg# and Ni (Table 1), which are typical of
clinopyroxene-rich cumulates derived from LREE-
enriched basaltic magmas.

However, we interpret the above features to
indicate that the Type Il garnet pyroxenites represent
melt-rock reaction between an evolved melt and
peridotite, while the Type I pyroxenites probably
represent cumulates from a fractionally crystallizing
magma in a dike or magma chamber as suggested by
Xu [45]. By melt-rock reaction, we specifically mean
the continuous porous flow of melt through peridotite
without significant net crystallization from the melt. A
melt that is continuously reacting with the rock
through which it passes will likely have its compo-
sition buffered, which may explain not only the high
Ni contents and Mg#s in the Type II garnet pyrox-
enites but also their remarkable uniformity (Fig. 6j).
Fractional crystallization, on the other hand, will
cause the melt composition to evolve; this evolution
will be manifested as variable compositions in the
cumulates, possibly explaining the variable Ni con-
tents and Mg#s of the Type I pyroxenites. Melt-rock
reaction should also be manifested in terms of reaction
zones as seen in the Type II garnet pyroxenites but not
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in the Type I spinel pyroxenites, which display sharp
wallrock—vein contacts.

Finally, we suggest that the melt responsible for
forming the Type Il garnet pyroxenites was probably
silicic. Formation of orthopyroxene at the expense of
olivine, as seen in our samples, is the reaction product
predicted from phase petrology between a silicic melt
and a lherzolite or harzburgite. This has been
confirmed by recent experiments by Rapp et al.
[19], who showed that reaction between peridotite
and a silicic melt would result in the formation of
garnet and orthopyroxene-rich reaction zones. It has
also been shown that in such reactions, orthopyroxene
mode can increase while Mg#s and Ni contents
remain roughly buffered [24].

The question that now arises is what could be the
source of a silicic melt within the mantle. It is
probably not possible to generate a silicic melt by
direct partial melting of peridotite [S1-54]. However,
melting of basaltic crust, either in the form of a
subducting slab or delaminated lower crust, can
generate a silicic melt [8,33,55,56]. There is yet no
direct evidence for slab melting, but some magmas
with high Sr/Y ratios (so-called adakites) have been
interpreted to have formed by partial melting of an
“eclogitic” source [14], such as subducted oceanic
crust or delaminated continental lower crust (e.g.,
[18,57,58]). The problem is that such magmas have Ni
contents and Mg#s too high to be simply direct melts
of a basaltic protolith. Proponents of this hypothesis
have suggested that slab-derived silicic melts must
undoubtedly react with the mantle wedge through
which they pass [17,59-61]. If the Type II garnet
pyroxenites were indeed converted from lherzolite by
melt-rock reaction, they may represent the first
physical evidence for these hypothesized melt-rock
reaction zones in the mantle.

5.2. Link between the garnet pyroxenites and
intermediate—mafic granulites

As discussed above, the mafic and intermediate
granulites are characterized by (1) anomalously high
Mgi#s for their SiO, contents, (2) high Sr/Y, Al,Os3,
and Na,O values, and (3) depleted and flat HREE
patterns. These characteristics are typical of so-called
adakitic lavas, which have been hypothesized to
originate by partial melting of eclogitized subducted

oceanic crust followed by reaction with the overlying
mantle through which the melt passes [17,19,59-61].
Reaction of the silicic melt with the mantle appears to
be necessary because partial melts of eclogitized
oceanic crust should have Mg#s (<45; [8,55,62,63])
less than that of typical oceanic crust (~ 55). Indeed,
experimental studies have confirmed that reaction of a
silicic melt with peridotite can yield evolved melts
with high Mg# (>51; [19]) and accordingly, melt—
rock reaction products with high and “buffered”
Mgts.

If the Type II garnet pyroxenites are interpreted to
be reaction products between silicic melt and mantle
peridotite, and the intermediate granulites are inter-
preted to be melts derived by such reactions, the
question arises as to whether these two rock types in
Hannuoba are in fact petrogenetically linked. Below,
we list three lines of evidence that are consistent with
such a link.

1) Assuming a Kp(Fe/Mg) for pyroxenes of ~ 0.3, the
high Mg#s of the intermediate granulites (54—71)
predict Mg#s of ~ 80-89 in the solids (e.g., the
solid residues or cumulates) with which they were
last in equilibrium. These predicted Mg#s are
consistent with those of the Type II garnet pyrox-
enites (83-90).

2) The Ni contents of melts in equilibrium with the
Type II garnet pyroxenites (440—1300 ppm) should
be roughly in the range of 50 to 200 ppm, which
overlaps the range seen in the mafic—intermediate
granulites (20150 ppm).

3) The REE abundance patterns of calculated melts in
equilibrium with the Type II garnet pyroxenites
coincide with that of the intermediate granulites.
The liquid composition was calculated using both
the trace element composition of the bulk rock and
the trace element composition of the clinopyrox-
ene, the latter determined by laser ablation ICP-
MS. The partition coefficients used are given in
Table 2. The single mineral approach is probably
more accurate, particularly for the LREEs due to
the fact that late-stage interstitial silicate glasses
(Fig. 4d—e), characterized by LREE enrichment,
occur in many of these xenoliths. Fig. 8 shows the
calculated melt compositions for a garnet-rich
(DMP-440; 40% gt) and garnet-poor pyroxenite
vein (DMP-124; 5% gt). The match between the
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Fig. 8. Cl-normalized REE patters of melts equilibrated with garnet pyroxenites. Melts were calculated according to bulk rock (BR)
compositions of DMP-440 (0.4gt+0.400px +0.lcpx+0.101), DMP-124 (0.500px +0.301+0.15¢cpx +0.05gt) and singe grains of cpx, respectively.

Parameters used for calculations are listed in Table 2.

calculated equilibrium REE abundance patterns and
the intermediate—mafic granulites is remarkable.

These features indicate that the Type II garnet
pyroxenites and granulites with SiO,>50 wt.% have
major and trace-element compositions consistent with
equilibrium between the two. We thus argue that the
Type II garnet pyroxenites in Hannuoba represent the
products of reaction between a silicic melt and mantle
peridotite and that the Mesozoic granulites may in
fact represent these hybridized melts or evolved
cumulates derived from such melts. If the garnet
pyroxenites and the granulites could be demonstrated
to be coeval, this would lend further support to the
proposed link. Unfortunately, we have not yet found
zircons in the garnet pyroxenites. If our interpreta-
tions are correct, the Type II garnet pyroxenites
represent the first physical evidence for the hypothe-
sized melt-rock reaction products necessary for
generating evolved magmas with high Mg# from
partial melts of mafic crust. In the next section, we
discuss possible sources of this silicic melt and the
implications of this process for continental crust
formation.

5.3. Speculations on the origin of the silicic melts

If the Mesozoic granulites and the garnet pyrox-
enites are in fact linked and originate via melt-rock
reaction between silicic melt and peridotite, this raises
the question, where did the silicic melt come from?
There was no active subduction zone in the Hannuoba
region during the Mesozoic, so melting of subducting
oceanic crust is not a viable option. Two possibilities

for a silicic melt in the mantle are possible. The first is
the generation of a silicic melt by fractional crystal-
lization in a deep magma chamber. The second is
delamination of dense, lower crustal mafic rocks into
less dense, underlying mantle peridotite (e.g., [64—
66]), followed by heating and generation of a silicic
melt by partial melting of the descending, mafic
crustal rocks [18,57,58]. The former seems unlikely
for explaining the considerably radiogenic Sr isotopes
of the (garnet-bearing) pyroxenites [45]. Furthermore,
all granulite xenoliths undoubtedly have a crustal
origin indicated by their unradiogenic Nd and radio-
genic Sr isotopic compositions [41,44]. Thus, the
delamination hypothesis seems more attractive. In
such a process, foundering of ancient mafic crustal
rock into the mantle peridotite would result in the
mafic material being heated up and subsequently
melted. This melt would be silicic and of low Mg#
and evolved Nd-Sr isotopes, but as it rises up through
the overlying mantle, its Mg# could increase due to
reaction with the mantle. Such melts may continue to
rise to form the protolith of the Mesozoic granulitic
lower crust in Hannuoba.

One problem with the lower crustal delamination
hypothesis is that it has previously been shown from
Re—Os isotopic systematics on peridotite xenoliths
from Hannuoba that much of the original Proterozoic
and Archean lithospheric mantle was still intact at the
time the Hannuoba basalts were erupted [30]. This
suggests that either the lower crust did not delaminate
or that, if it did, it delaminated through the litho-
spheric mantle. Given the high strength of lithospheric
mantle, lower crustal delamination seems unlikely at
face value. An alternative explanation would be
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partial melting of basaltic layers that were previously
subducted (a fossil oceanic slab) or underplated into
the base of the lithospheric mantle. The type II garnet
pyroxenites have considerably unradiogenic Sr iso-
topes (*’Sr/*®Sr=0.7056-0.7068) relative to their Nd
isotopic compositions ('**Nd/'**Nd=0.5130-0.5131)
(our unpublished data), which is a potential feature of
ancient altered oceanic crust. Thus a fossil oceanic
slab is preferred. Subsequent heating and/or delami-
nation of such layers would not disturb the uppermost
part of the lithospheric mantle.

Regardless of whether delamination occurred or
not, the garnet pyroxenite and granulite data in
Hannuoba are evidence for the reaction of silicic
melts in the mantle. The high Mg#s of the Mesozoic
Hannuoba granulites are interesting in light of the fact
that compositional models of the bulk continental
crust also appear to have high Mg# (although not as
high as the Hannuoba granulites) [48]. It has been
suggested that the high Mg# of average bulk
continental crust is due to reaction of slab-derived
melts with mantle peridotite [17] and that this process
was most likely dominant in the Archean and Early
Proterozoic when ambient mantle temperatures were
high enough to melt subducting oceanic crust [10-
13,16]. The Hannuoba garnet pyroxenites and gran-
ulites are evidence that similar processes can also
occur during the Phanerozoic, albeit the ultimate
origin of these Mesozoic silicic melts is probably not
subducting oceanic crust, but possibly fossil oceanic
slabs. What remains to be answered is how wide-
spread this process is during the Phanerozoic.

6. Conclusions

The geological, mineralogical and geochemical
evidence indicate that the Hannuoba garnet pyrox-
enite-bearing composite xenoliths represent products
of melt—peridotite interactions. The high-Mg# inter-
mediate—mafic granulite xenoliths could be derived
from the melts involved in melt—peridotite interac-
tions, and thus obtained its high-Mg# signature. The
garnet pyroxenite-bearing composite xenoliths present
physical evidence for the hypothesized melt—rock
reaction products necessary for generating evolved
magmas with high Mg# to build the high-Mg#
andesitic signature of the continental crust.
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