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The article considers xenocrysts and megacrysts hosted in the rocks of Early Cretaceous olivine-basalt-basanite-nepheli-
nite association that outcropped in the erosion crater of Makhtesh Ramon (Natural Reserve of Mishmar ha-Nagev, Isra-
el). This magmatic rock association contains a wide spectrum of xenoliths trapped at different crustal levels. These are up-
per mantle, lower and upper crustal xenoliths. Mantle xenoliths are represented by peridotites, olivine clinopyroxenites,
clinopyroxenites, olivine websterites, websterites and their amphibole-bearing analogues. Lower crustal xenoliths are ma-
fic granulites, such as metagabbros and plagioclasites, whereas upper crustal xenoliths are the fragments of Neoproterozoic
tuffs. Xenocrysts and megacrysts are the fragments of xenoliths that chipped from them on their way to the surface. Alte-
rations in xenoliths, xenocrysts and megacrysts caused by the host melt constitute a common petrographic feature. Xeno-
crysts and megacrysts are mainly represented by minerals that are compatible with the magmatic rock association. These
are olivine, clinopyroxene, amphibole, nepheline, plagioclase, anorthoclase, apatite, magnetite and spinel. The xenocrysts
of quartz and orthopyroxene are incompatible with the SiO,-undersaturated host rock of this magmatic association. Main
reasons determining the interaction between magma and xenoliths include rapid decompression, metamorphism and meta-
somatism. Xenocrysts are subjected to metamorphism that corresponds to high-temperature facies of contact metamor-
phism, up to the partial melting of xenocrysts. Metasomatism is directed at equalising the compositions of xenocrysts and
eponymous minerals that crystallised from the host melt. There are several important criteria adopted to identify xenocrysts
and distinguish them from phenocrysts. These are partial melting, solid-phase decomposition, decrystallisation of prima-
ry (before-trapping) textures, recrystallisation and self-faceting of initially xenomorphic grains into the crystals with per-
fect habits. The chemical composition of xenocrysts has mineral and geochemical indications of xenogenic origin, as well
as the signs of a newly-formed substance.
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INTRODUCTION

During their rise to the earth’s surface and under
decompression, xenoliths disintegrate, decompose into
monomineral fragments (xenocrysts and megacrysts)
and enter into a geochemical interaction with the carri-
er melt, get partially or completely absorbed by it, thus
becoming a part of a single magmatic system. In terms
of shape and size, xenocrysts and megacrysts, as a rule,
externally resemble phenocrysts and their identifica-
tion constitutes an urgent petrological task.

The present article examines the petrographic and
geochemical features of xenocrysts and megacrysts
widely developed in the igneous rocks of Makhtesh Ra-
mon, as well as demonstrates the similarities between
changes occurring in them and transformations in xe-
noliths. Special attention is paid to the morphologi-
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cal tendency of initially xenomorphic xenocrysts and
megacrysts to take crystallographically regular forms,
which complicates their identification as minerals alien
to the host rocks.

GENERAL GEOLOGICAL DATA
ON THE AREA

Tectonically, the area belongs to the territory of the
Levant — the continental margin of the Eastern Medi-
terranean, in the east limited by the transform fault of
the Dead Sea, within which the rocks of the Proterozo-
ic crystalline basement are overlain by a thick cover of
Meso-Cenozoic deposits.

Makhtesh Ramon constitutes a sublatitudinal
mountain depression (45 km long and 10 km wide),
whose formation is explained by the erosion of a large
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anticline having gently sloping northern and steeply
falling southern wings during the formation of the Syr-
ian Arc echoing the collision of the African and Arabi-
an plates with the Alpine-Himalayan orogenic belt in
the Late Cretaceous. The stratigraphic cross section of
the area up to a depth of more than 1 km is represent-
ed by Middle and Upper Triassic deposits (Gevanim,
Saharonim and Mohilla FMS: limestones, marls,
sandstones, gypsums), Lower and Middle Jurassic de-
posits (Mishor, Ardon, Inmar u Mahmal FMS: later-
ites, limestones, dolomites, marls, sandstones, clays),
as well as Lower and Upper Cretaceous deposits (Ar-
odcgl + Lower Hatira Fm + Upper Hatira Fm, Haz-
era, Sayarim u Mishash FMS): conglomerates, sand-
stones, marls, clays, silicas) (Fig. 1). Two long inter-
vals between sedimentation were established: 1. the
Upper Triassic — beginning of the Jurassic; 2. the Up-
per Jurassic — the Lower Cretaceous (up through and
including the Barremian Stage). Clearly, the Late Tri-
assic and Early Cretaceous magmatic activities in the
area resulted in the tectonic activity, which coincided
in time with these breaks.

GEOLOGICAL, PETROGRAPHIC
AND GEOCHEMICAL FEATURES EXHIBITED
BY IGNEOUS ROCKS IN THE AREA

Basic data on the age, composition, as well as
the geodynamic regime for the formation of magma-
tites in the area were considered in [Garfunkel, Katz,
1967; Bonen et al., 1980; Lang, Steinitz, 1989; Baer et
al., 1995; Eyal et al., 1996; Samoilov, Vapnik, 2005;
Vapnik et al., 2007; Yudalevich et al., 2014]. As a re-
sult, one Triassic and two Early Cretaceous associa-
tions manifested in the form of lava flows and small
intrusions (sills, laccoliths and dykes) were identified.
The Triassic Saharonim Association is represented by
alkaline olivine basalts (K-Ar age of 213.6 Ma, Up-
per Triassic, Norian Stage) and is chronologically as-
sociated with the pre-Jurassic stage of laterite forma-
tion Mishor Fm. Early Cretaceous magmatites are di-
vided into two rock groups: 1) an early bimodal group
composed mainly of alkaline basalts, gabbro and syen-
ites (K-Ar age of 129-140 Ma, Early Cretaceous, Val-
anginian — Barremian stages); 2) a later group made up
of olivine, basalt, basanite and nephelinite (Ar-Ar age
of 112.9-119.0 Ma, Early Cretaceous, Aptian stage).

Fig. 1. Location and a schematic geological map of Makhtesh Ramon.
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Cretaceous associations identified using radiological
data reveal geological evidence of their different ages:
the earlier one is overlain by Arod conglomerates lying
at the base of Lower Hatira Fm, i.e. it is pre-conglom-
erate — PreArodcgl. However, the rocks of the later as-
sociation overlie and intrude these conglomerates, as
well as Lower Hatira Fm sandstones occurring above,
i.e. they are post-conglomerate — PostArodcgl. In turn,
the sandstones of Upper Hatira Fm rest erosively on
magmatites, thus fixing their geological age between
Lower and Upper Hatira Fms.

All magmatic manifestations in the area belong to
one OIB-like alkaline geochemical type.

Xenoliths and xenocrysts have not been found in the
Triassic and Early Cretaceous associations yet; how-
ever, they are widely developed in the PostArodcgl
group, which is the most complex in terms of internal
structure and composition. It comprises lava flows, tuf-
faceous and tuffaceous-sedimentary deposits, pyroclas-
tic diatremes, subvolcanic stocks, dykes and sills. The
association is represented by olivine basalts and micro-
gabbros, basanites, nephelinites, as well as their melili-
te and analcime variations, often containing volcanic
glass. All the rocks are of black, dark green or green-
grey colour, porphyritic texture and are practically in-
distinguishable in composition under field conditions.
The inclusions of olivine and clinopyroxene are of
cross-cutting nature; in addition, plagioclase phenoc-
rysts are found in basalts, and melilite phenocrysts are
observed in nephelinites. Their number ranges from
5-8 to 34%, with their size varying from 0.6 mm to
2.0 cm. The bulk of basalts and basanites are composed
of olivine, clinopyroxene and plagioclase, calcite, mi-
cromicaceous or pelitomorphic minerals such as chlo-
rophaeite and saponite, nepheline and analcime (in ba-
sanites), as well as melilite (in the foidite group), ex-
cluding plagioclase.

There are deep-seated (mantle and lower crustal)
and upper crustal xenoliths (tuffs of the Proterozoic
base, sedimentary cover rocks). Deep-seated xenoliths
are characterised in [Bonen et al., 1980; Stein, Katz,
1989; Vapnik, 2005], while a more complete list of
them, including lower crustal ones, is given in [Fersh-
tater et al., 2016; Fershtater, Yudalevich, 2017]. These
studies examined primarily the interaction between xe-
noliths and host melts at a deep-seated mantle-lower
crustal level.

The present study is aimed at studying phenome-
na occurring in xeno- and megacrysts during uplift and
decompression, which takes them to the magma sur-
face, as well as associated mineralogical, petrochemi-
cal and morphological transformations.

The deep-seated xenoliths of the PostArodcgl as-
sociation are represented by mantle dunites, harzbur-
gites, lherzolites, wehrlites, olivine clinopyroxenites
and clinopyroxenites, olivine websterites, webster-
ites and their amphibolite varieties, lower-crustal me-
tagabbros (granulites), apatite-magnetite and clinopy-
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roxene-apatite-magnetite rocks. In addition to the
deep-seated xenoliths, there are xenoliths of Late Pro-
terozoic tuffs.

Along with xenoliths, xeno- and megacrysts are
widespread in rocks. A common petrographic fea-
ture of xenoliths, xeno- and megacrysts are alterations
caused by the host melts and minerals in the late stage
of their crystallisation, represented by oligoclase-an-
desine, potassium feldspar, clinopyroxene, titanomag-
netite, apatite, biotite, rhonite, calcites, zeolites and sa-
ponite-chlorophaeites.

Xeno- and megacrysts are genetically similar for-
mations and differ only in size. They constitute frag-
ments of xenoliths, which appear in the course of trans-
porting xenoliths to the magma stabilisation sites. Xen-
ocrysts are close to phenocrysts in size and usually do
not exceed 1.2 mm, whereas megacrysts are much larg-
er and reach 15.0 cm across.

ANALYTICAL STUDIES

The compositions of minerals given in the tables
were determined using a CAMECA SX-100 micro-
analyser at the Institute of Geology and Geochemistry
UB RAS (Ekaterinburg, operator V.V. Hiller), Institute
of Geology SB RAS (Novosibirsk, V.V. Sharygin), as
well as using a JEOL microanalyser (ISP-MS and ER-
MA) at the Hebrew University of Jerusalem (analyst
O. Dvir).

CHARACTERISTICS OF XENOCHRYSTS

Xeno- and megacrysts differ from phenocrysts in
the following characteristics: 1 — xenomorphic (por-
phyroclastic) outlines and the development of near-
contact corrosion; 2 — rock jointing, optical defects and
decrystallisation; 3 — the diffuse effect of host magma;
4 —melting and formation of decomposition structures;
5 — non-conformity with the paragenesis of host rocks
(‘prohibited’ minerals). The bulk of xeno- and meg-
acrysts are represented by compatible minerals, with
only the xenocrysts of quartz and orthopyroxene being
incompatible with the host rocks undersaturated with
SiO,.

Quartz. The size of the xenocrysts varies from
0.2 mm to 1.2 mm, with their shape being round or
oval. It is usually surrounded by a clinopyroxene rim
made up of the smallest adjacent and optically differ-
ently oriented microlites having a tendency to form
a regular pyroxene form, common to the entire rim.
The intergranular gaps in the rim are filled with dark
brown glass of orthoclase composition. At the bor-
der with the pyroxene rim, quartz is often melted in-
to yellow or greenish-brown glass (Fig. 2a) enriched
with MgO (35.56-36.37 wt %). The difference in the
composition of the glasses is given in Table 1. Some-
times quartz undergoes decrystallisation with a pol-
ymorphic transition to tridymite and cristobalite. On
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Fig. 2. Quartz xenocrysts and products of their alteration.

a — BH-16 (olivine basalt) and b — CMR-178 (nephelinite). Quartz xenocryst transitioned into fine-grained tridymite-cristobalite
aggregate with the melting zone being composed of greenish-brown glass and light green saponite. The outer zone is composed of
microlitic clinopyroxene. PPL.

Table 1. Chemical composition of xenocrysts and products of their alteration, wt %

Si0, | TiO, [ AlLO, | Cr,0,| FeO [MnO [ MgO | Ca0 [Na,0 | K,0 [ Total | Mg* | An
Products of 13) |61.86| - | 196 | - | - | - [3598] 02 | - | - |10 | -
quartzaltera- | 23) [ 542 | - | - | - |659| - |1635]2259| 077 | - | 100 | 0.85
tion 3(1) |6534| - |1426| - |48 | - |073| - |201|1281|99.98| -
4(1) |4387| 428 | 972 | - | 755| - |11.97|2162| 098 | - |99.99| 0.78
Orthopyroxene | 1(2) |54.41| - 4.2 - 5.93 - | 3457 - - - 199.11| 0.93
and products | 2(1) [47.91| - |[539| - |849| - [3207|541| - - 19227 0.73
ofitsalteration | 51y |3 95| _ | 241 | - |2416| - |3338|066| - | 044 | 100 | 0.76
42) |51.92| - |276| - |951| - |1376[1962| 1.94 | — |99.51| 0.76
5(1) |51.96| 0.14 | 1.98 | - |21.62| 052 |21.45| 1.1 | 004 | - |9881| 0.7
64) | 3655 - | - | - [3072| - |3077|026| - | - |983]| 07
7)) (3498 - | - | - |401| - |2341| 02| - | - |9869| 057
8(4) | 52.98| 0.5 | 059 | 0.07 | 10.63| - |14.72|18.29| 0.93 | - |98.71| 0.76
9(1) |50.93| 0.29 | 2.94 | - |1333| - |11.54| 19.7 | 0.68 | - |99.41| 0.66
10(43)[ 5459 | - | 343|026 | 677 | - |[3373/089| - | - |99.67| 092
11(7) | 51.43| 0.15 | 1.83 | 0.04 | 24.91| 0.59 |19.27| 1.12 | 0.07 | 0.01 | 99.45| 0.64
Olivine 13) [4093] 003 | - | - [108| 0184735/ 013 | - | - [99.42] 0.91
2(2) |39.07| 0.05| 0.06 | - |20.47| 0.54 [39.59| 0.32 | - | - [100.1| 0.82
31) 4012 - | - | - | 148| - |4433|018| - | - |99.43| 0.87
41) | 392 - | - | - |1978] - |4104] - | - | - | 100 0.83
52) 3815 - | - | - |2484| - |3657| 045| - | - [100.01] 0.77
61) [3811] - | - | - [2432] - |[3762] - | - | - [100.05 0.78
7(10)| 37.33] 0.02 | 0.04 | - |26.19| 0.44 |3511| 042 | - | - |9955| 0.75
8(19)[39.18| - | - | - |19.06| 0.37 |40.99| 034 | - | - |99.94| 0.83
Clinopyroxene | 1(1) | 50.36| 1.10 | 4.45 | 0.74 | 3.74 | - |1456|2422| 051 | - |99.77| 0.9
2(2) | 44.77| 356 | 811 | 051 | 6.84| - | 12.3|2308| 0.83| - | 100 | 0.8
3(2) | 50.7 | 0.68 | 552 | 093 | 414 | - |16.37]2095| 1.09 | - [100.38 0.9
4(1) | 4751| 207 | 637 | - | 7.17| 0.14 | 13.36]22.96| 042 | - | 100 | 0.81
5(49) | 44.27| 386 | 813 | - | 813 0.12 | 11.08|23.16| 0.47 | 0.11 | 99.33| 0.76
6(15) | 44.44 | 3.88 | 9.64 | - |6.22 | 021 |12.33|21.61| 079 | - |99.12| 0.82
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Table 1. Ending

SiO, | TiO, | AlL,O; | Cr,O;| FeO | MnO | MgO | CaO | Na,O | K,O | Total | Mg* | An

Amphibole and | 1(1) [39.35| 7.93 [11.98| - [1227| - [12.86|13.98| 206 | 057 | 101 | 0.71 | -
g{t%?;t‘igsn(’f IS | 2(9) 25.41|11.88|1646| - |2024| - [1273|11.71| 157 | — | 100 | 059 | -
33) |3849| - | - | - |2408| - |3685|061| - | - (10003 078 | -

4(3) |44.82| 409 | 823 | - |601| - |1284|2326| 075 | - | 100 | 0.83 | -

53) |5281| - |2086| - | - | - | - | - |1229|504| - | - | 57

6(9) | 40.15| 5.81 |1331| - | 9.88 | 0.19 |12.29|11.91| 2.49 | 1.05 |97.08| 0.74 | -

7(5) | 25.79| 10.62 | 16.92| - |1893| - |13.75|11.78| 172 | - |9951| 0.62 | -

8(6) | 41.42| 157 |13.19] 0.39 | 9.05 | 0.08 |16.16|10.84| 2.91 | 0.86 | 96.47| 0.8 | -

9(11) | 40.12| 4.83 |1354| - |10.11]| 0.11 |12.18|11.97| 2.18 | 2.04 | 97.08| 0.75 | -

10(5) | 24.96 | 11.96 | 18.18| - |13.22| 0.7 |15.86|10.04| 1.6 | - |96.52| 073 | —

11(4) | 25.11 | 11.05| 13.64| - |26.21| 0.24 | 10.61|11.07| 147 | - | - | 048 | -

Plagioclase 1(4) | 53.67] 0.32 [27.98] - | 0.81 | 0.04 | 0.21 [10.45] 4.97 | 0.58 [ 99.03] - | 54
22) |5185| - (3025 - | - | - | - |1293| 438|059 | 100 | - | 61

3(2) | 54.35| 0.25 | 27.14| - | 0.84 | 0.05 | 0.67 | 9.95 | 7.01 | 0.73 |100.99] - | 44

4) |5079| - [3034| - | - | - | - |1477|361|049| 200 | - | 68

52) |54.87| - |2819| - | 056| - | 001|11.16| 53 | 0.22 |100.31] - | 54

6(7) |5155| - [3038] - | - | - | - |12095| 451|061 200 | - | 67

sio, | Tio, [ALO, [ Cr,0,] FeO [Mno [Mgo | cao [Na,0 [P0, | F | a1 [Totl

Magnetiteand | 1(3) | - [1494| 48 | - |7784] - [243| - | - | = | - | - l10001
spinel 2(1) | - |2083|576| - |709| - |251| - | - | = | = | - | 100
3(63) | 0.04 |21.46| 6.43 | 051 |63.89| 0.85 | 477 | 012 | - | - | - | - |9807

4(1) | 0.03 |10.27|1354| 7.81 |57.85| 037 | 695 | 006 | - | - | - | - |96.88

51) | - | 083|3801]2514/19.26] 013 [1547| - | - | - | - | - |98.84

6(1) | 0.02 |17.22| 7.58 | 3.66 | 63.26| 0.6 | 486 | 008| - | - | - | - |97.28

74) | - | - |6334| - |1327] - |2839| - | - | - | - | - | 100

8(1) | - |15.38|1042| - |67.06| 08 |6.08|002|024| - | - | - | 100

Apatite 13| - | - | - [ - [os9] - | - [53.49] 0.36 [41.18] 3.77 | 0.61 | 100
20) | - | - | - | - | - |013| - |5233] - |4093| 6.17 | 0.44 | 100

Note. The number of analyses involved in the calculation of average contents is given in parentheses after the sequence number.
Alteration products of quartz xenocrysts: HP-6G: 1 — moderate yellow green glass at the periphery of quartz, 2 — fine-grained clinopyro-
xene at the outer border of glass, 3 — dusky red glass filling the interstices between the fine grains of clinopyroxene, 4 — clinopyroxene from
host basanite matrix.

Chemical composition of orthopyroxene xenocrysts and products of their alteration: BP-14G: 1 — xenocryst of lherzolite type, core; 2 —
rim adjacent to the zone of decomposition, products of orthopyroxene decomposition: 3 — olivine, 4 — clinopyroxene. TH-16: 5 — xeno-
cryst of gabbro type; products of xenocryst decomposition: 67 — olivine, 8-9 — clinopyroxene. Orthopyroxene from xenoliths: 10 — lher-
zolite type, 11 — gabbro type.

Chemical composition of olivine: NH-596: 1 — megacryst, core, 2 — rim. BP-1G: 3 — megacryst, core, 4 — intermediate zone, 5 — rim,
6 — zone of megacryst decrystallisation. 7-8 — olivine from host magmatic rocks: 7 — prismatic microphenocrysts in rock matrix, 8§ — melt
inclusions hosted in the olivine and clinopyroxene of peridotites.

Chemical composition of clinopyroxene xenocrysts: BH-11: 1— xenocrysts, core. BH-1G: 2— rim. HP-10G: 3 — megacryst, core, 4 — rim.
5 — prismatic microphenocrysts in rock matrix, 6 — melt inclusions hosted in the olivine and clinopyroxene of peridotites.

Chemical composition of amphibole and products of its alteration: BH-1G: 1 — kaersutite megacryst, 2—5 — products of kaersutite decom-
position: 2 — rhonite, 3 — olivine, 4 — clinopyroxene, 5 — plagioclase. HP-205: 6 — kaersutite hosted in wehrlite. BH-19G: 7 — rhonite from
clinopyroxenite. BH-20: 8 — pargasite xenocryst hosted in lherzolite. 9 — 11 — kaersutite and rhonite from host magmatites: 9 —kaersutite
phenocrysts from basanites and nephelinites. HT: 10 — rhonite hosted in melt inclusions in olivine and clinopyroxene from lherzolites. 11 —
rhonite from remnant glasses in nephelinites.

Chemical composition of plagioclase: HP-6: 1 — megacryst, core, 2 — megacryst, rim. SQR-012a: 3 — xenocryst, core, 4 — xenocryst, rim.
5 —plagioclase hosted in gabbro xenoliths. 6 — microlitic plagioclase in basanites.

Chemical composition of magnetite and spinel: A-6: 1 — magnetite megacryst, core, 2 — magnetite megacryst, rim; 3 — titanomagnetite phe-
nocrysts hosted in magmatic rocks. BH-20: 4 — chrome spinel xenocryst. NH-536: 5 and 6 — chrome spinel xenocryst: 5 — core, 6 — rim.
HA-21: 7 and 8 — hercynite megacryst: 7 — core, 8§ — rim.

Chemical composition of apatite: HA-6: 1 — megacryst of fluorapatite. 2 — ultra-fluorine apatite hosted in basaltoids.
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the outside, this aggregate is surrounded by a green-
ish-brown glass having isolated areas of saponite
(Fig. 2b) and often zeolite. Judging by the composi-
tion of glass surrounding relict quartz, this was facil-
itated by the diffusion of magnesium and volatiles in-
to the melting zone. Unlike the matrix pyroxene of
the host rocks, fine-grained clinopyroxene formed on
quartz is richer in SiO, and has a higher magnesium
number (Mg* = 0.83-0.88); does not contain TiO,
and Al,O; (see Table 1). Quartz with a clinopyroxene
rim is also found without glass formation, veined with
calcite and buffered by it from the accreting micro-
clinopyroxene aggregate.

Orthopyroxene. In the studied rocks, orthopyrox-
ene is very unstable and is easily identifiable by the
development of reaction kelyphite rims around it, rep-
resented by symplectic intergrowths of olivine and
clinopyroxene (Fig. 3a) — products of the solid-phase
decomposition of orthopyroxene peridotites, web-
sterite and granulites. The width of rims comes up to
0.6 mm, with the structure being predominantly micro-
equigranular, linearly elongated and with the long ax-
es of decomposed minerals often arranged transverse-
ly to the boundary of the preserved orthopyroxene. In
places, the olivine-clinopyroxene aggregate retains on-
ly small relicts of orthopyroxene (Fig. 3b), sometimes
completely replacing it; in such cases, the aggregate
acquires hypidiomorphic outlines (Fig. 3¢). Some xen-
ocrysts directly accrete newly formed augite or titani-
um augite from the host rocks (Fig. 3d). Complex bi-
pyroxene inclusions (Fig. 3e), consisting of xenogenic
ortho- and clinopyroxene (fragments of lherzolites or
websterites) constitute noteworthy examples. In them,
the orthopyroxene component has a symplectic oliv-
ine-clinopyroxene rim, with no changes occurring in
the clinopyroxene part of the inclusions and both of
these minerals accreting a newly-formed clinopyrox-
ene. It is characteristic that bipyroxene xenocrysts also
tend to develop a crystallographic form, which is typ-
ical of this group of minerals. The interstices of sym-
plectic intergrowths are filled with feldspar, oligocla-
se, zeolite, saponite and calcite. Similar decomposition
products of orthopyroxene are observed in the margin-
al zones of deep-seated xenoliths, including gabbros,
where in places it is completely replaced by symplec-
tite (Fig. 3f).

The petrochemical data (see Table 1) reveal two
specific types of orthopyroxene xenocrysts: 1 — lher-
zolite having a high magnesium number (Mg* = 0.93—
0.87), 2 — gabbro having a low magnesium number
(Mg* = 0.70). According to this indicator, the compo-
sition of symplectic olivine and clinopyroxene is un-
stable and varies from 0.60 to 0.78 in peridotites, rang-
ing from 0.57 to 0.76 in orthopyroxene gabbro, i.e. to
up to values close to similar matrix minerals and the
microphenocrysts of the host rocks. In the zone of or-
thopyroxene directly bordering the decomposition rim,
its magnesium number decreases significantly, where-

as the contents of Al,O;, CaO and sometimes K,O in-
crease (see Table 1).

Minerals compatible with host basic and ultrabasic
alkaline rocks include olivine, clinopyroxene, amphi-
bole, plagioclase, magnetite, spinel, apatite, nepheline
and anorthoclase.

Olivine. The usual grain size comes to 0.3—-0.8 mm,
reaching 2-3 cm in megacrysts. The form varies from
xenomorphic to idiomorphic. Corroded grains are of-
ten found with traces of pressure experienced before
they were engulfed by ascending magma, fixed in the
form of undulose extinction, which is unusual for the
olivine (Fig. 4a). Some xenocrysts are decrystallised to
one degree or another into a fine-grained mass having
a microgranoblastic texture, with the size of individu-
al grains ranging from 0.01 to 0.1 mm. Decrystallisa-
tion is mainly localised in grain margins, in places be-
ing developed in the form of spots or stripes (Fig. 4b),
with smaller grains sometimes being decrystallised
completely.

The chemical analysis of olivines (see Table 1) re-
veals that its central and marginal zones differ signifi-
cantly in MgO and FeO contents, as well as in the mag-
nesium number, 0.91-0.87 (depleted peridotites) and
0.82-0.83 (close to the magnesium number of olivine
in the host rocks), respectively.

Clinopyroxene. The size of clinopyroxene is close
to that of phenocrysts (0.6-0.8 mm); sometimes it
forms megacrysts reaching up to 15 cm across. Its co-
lour varies from colourless and slightly yellowish and
brownish to brown-green, brownish-green and dirty
green. As compared to orthopyroxene and olivine, it
is more resistant to the influence of host rocks and is
not accompanied by any noticeable phenomena of de-
composition and decrystallisation. Nevertheless, a dis-
turbance of its initial structure still occurs and is man-
ifested by the formation of fractures and grains hav-
ing a deconsolidated porous structure, which creates
the effect of a non-specific shagreen surface. In the
clinopyroxenes of large xenoliths, such structures are
observed only in the areas where they are in contact
with the host rocks and disappear in the inner parts,
which indicates their occurrence under the influence of
the host melt (Fig. 5a). Two types of mega- and xeno-
crysts of clinopyroxene are distinguished: 1 — ordinary;
2 — polygranular, i.e. intergrowths of several optical-
ly differently oriented grains combined into a pyrox-
ene habit (see Figures Sc—f). Complex grains most of-
ten have a porous structure and accrete pure clinopy-
roxene from the host rocks. Grains having a green-grey
(chromium diopside) porous central zone, as well as
augite and titanium-augite non-porous marginal zones
(see Fig. 5b) are also widespread, indicating the duality
of the genesis of such formations. The pores are filled
with minerals of most host rocks: feldspar, nepheline,
titanaugite, zeolite, saponite, less often biotite, apatite
and amphibole. In places, two-mineral olivine-clinopy-
roxene intergrowths occur, which are linked by a com-

LITHOSPHERE (RUSSIA) volume 18 No.5A 2018



Xenocrysts and megacrysts alkaline Association Makhtesh Ramon (Israel) 63

Fig. 3. Orthopyroxene xenocrysts and products of their alteration.

a— BH-107 (basanite): relic of Opx (greyish orange one in the centre) surrounded by the products of its decomposition: keliphitic
rim composed of Ol-Cpx aggregate. The outer rim is composed of newly formed Cpx which growth was related to basanite crys-
tallisation. PPL; b — HA-141 (basanite): almost complete pseudomorph of OI-Cpx symplectite after Opx (two brownish grey re-
licts in the centre). XPL; ¢ — SQR-45 (olivine basalt): Opx is completely replaced by OI-Cpx symplectite and acquired subhedral
pyroxene habit. PPL; d - CMR-622 (olivine basalt): bimodal xenocryst of pyroxene composed of OpX, brownish grey in the centre,
overgrown by Cpx during the crystallisation of host melt. XPL; e — CMR-826 (olivine basalt): complex multigrain Opx-CpXx xeno-
cryst (result of self-faceting) having a subhedral habit, in which Opx is recognised by OI-Cpx symplectite with iddingsite after oli-
vine. Cpx is recognised by a thin rim of Cpx overgrowth related to the crystallisation of host basalt. PPL and XPL, respectively; f—
TH-53 (olivine basalt): xenolith of norite showing complete pseudomorphs of OI-Cpx symplectite after orthopyroxene; symplec-
tite is surrounded by thin anorthoclase (light grey) rims of metasomatic origin. XPL.

mon form characteristic of clinopyroxene, suggesting TiO,, Al,O, and FeO from the central to marginal
their kinship with peridotite xenoliths. zones of xenocrysts, with a decrease in SiO, and MgO

The chemical composition of clinopyroxenes (see in the opposite direction, including Mg*, which rang-
Table 1) shows an increase in the concentrations of es from 0.90 to 0.87 (clinopyroxene peridotite) to 0.80
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Fig. 4. Olivine xenocrysts.

a — HT-586 (basanite): remnant zebra-like texture of olivine xenocryst, that was acquired before the trapping of the grain by the
host melt. XPL; b — NH-602 (nephelinite): Partly decrystallised megacryst of olivine; decrystallisation occurred according to pres-

surised textures. XPL.

(marginal zones of xenocrysts and phenocrysts of the
host rocks). The internal parts of the xenocrysts are en-
riched with Cr,O; (up to 0.95 wt %).

Amphibole is represented by kaersutite, whose size
varies from that commensurate with phenocrysts to that
of megacrysts (4.8 x 2.8 cm across). Its form is idi-
omorphic and hypidiomorphic. It is extremely unsta-
ble and is always characterised by a peculiar decom-
position structure — polycrystalline symplectite, which
forms partial or complete pseudomorphs after it with a
large proportion of rhonite (Fig. 6a — c). In cases of in-
complete pseudomorphs, kaersutite is usually located
in their inner part. The same decomposition structures,
both complete and incomplete, are developed in the xe-
noliths of peridotites and pyroxenites; however, they
are xenomorphic and occupy intergranular spaces be-
tween olivine and pyroxene in them (Fig. 6d). In addi-
tion to rhonite, symplectite also includes titanium au-
gite, olivine, plagioclase, titanomagnetite, zeolites and
saponite. Individual xenocrysts are surrounded by a ti-
tanium augite rim. Along with titanomagnetite partici-
pating in the decomposition of amphibole, the margin-
al zone of symplectic pseudomorphs is enriched with
the metasomatic titanomagnetite of the host basanites
(Fig. 7). The structure of decomposition zones is eu-
tectoid graphic.

The chemical composition of kaersutite and its de-
composition products is shown in Table 1. Kaersu-
tite differs from the primary pargasite of xenoliths in a
lower magnesium number (0.71 and 0.80, respectively)
and a higher content of TiO, (6.15 and 1.57 wt %, re-
spectively), which is close to that of phenocrysts host-
ing magmatites. The magnesium number of rhonite
(0.59-0.62) is lower than that of the rhonite from melt
inclusions (0.73) and phenocrysts (0.75), with the mag-
nesium number of rhonite from residual glasses and of
late magmatic rhonite is even lower (0.48). All types

of rhonite are characterised by a high content of TiO,
(10.62-11.96 wt %). The olivine and clinopyroxene
of symplectites are unequal in terms of the magnesi-
um number (0.78 and 0.83, respectively). The compo-
sition of plagioclase in them varies from Ang; to Ang,
(average Ans;).

Plagioclase. The grain size comes up to 3.6 X
x 2.0 cm, with the form varying from xenomorphic to
hypidiomorphic. The central zones are represented by
An,, s, whereas plagioclase Angs.g COrresponding to the
plagioclase of the host rocks is always developed along
the margins. It is characterised by the development of
crape structures and reactive interaction with the car-
rier magma, whose thermal effect is manifested by
melting, less often decrystallisation. The initial stage
of melting is manifested by the formation of a weak-
ly birefringent porous zone (0.06—0.1 mm wide) hav-
ing point inclusions of light brown, green or yellowish
glass in the marginal zones of plagioclase or along the
cracks in it (Fig. 8a). In the areas of more intense de-
velopment of glass and simultaneously with it in plagi-
oclase fingerprint-like structures are formed (Fig. 8b).

In the presence of calcite, the zones associated with
the melting and development of such structures in-
crease up to 0.2 mm. Xenocrysts, in which solid-phase
decomposition of plagioclase into Anyg,, and Ang.s,
takes place (Fig. 8c), are found more rarely. The most
common type of changes is represented by the eutec-
toid symplectic intergrowths of plagioclase with titani-
um augite developing along its margins, along cracks
and sometimes throughout the xenocryst area (Fig. 8d).
In some places, the self-faceting of xenocrysts in-
to prismatic forms that are characteristic of plagiocla-
se is observed, which is also typical of the xenoliths
of anorthosites (see Fig. 8b) recrystallised into meg-
acrysts. Similar changes occur in the plagioclase of me-
tagabbros.
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Fig. 5. Xenocrysts of clinopyroxene.

a— HP-385 (basanite): 1 — non-porous part of wehrlite xenolith remote from the contact with basanite; 2 — porous spongy zone of
clinopyroxene at the contact with basanite is replaced by anhedral multi-mineral symplectite; the symplectite is of moderate brown
colour and shows oriented texture with voluminous rhonite, XPL; b — (nephelinite): spongy xenocryst of fractured light brown
chromian diopside overgrown by rims of newly-formed augite and titanium augite. XPL; ¢ and d — BH-11 (basanite): the xeno-
cryst of spongy clinopyroxene composed of three differently oriented grains with a thin rim of newly-formed augite; the augite rim
shows sectorial extinction that is partly subordinated to the optical orientation of xenocryst segments. PPL and XPL, respectively;
e and f— BH-815-17 (basanite): spongy multi-grained xenocryst of clinopyroxene from the xenolith of pyroxenite recrystallised in-

to a subhedral habit. PPL and XPL, respectively.

The chemical composition (see Table 1) emphasiz- Anorthoclase. It is developed primarily in the form
es the similarity of xenocrysts with the plagioclase of  of megacrysts up to 3.5 x 2.8 cm in size. Sometimes
metagabbros, as well as their more basic peripheral rim  anorthoclase preserves secondary muscovite (Fig. 9b),
with the plagioclase of the host basaltoids. which clearly forms even before the xenocryst is en-
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Fig. 6. Amphibole xenocrysts and products of their alteration.

a — CMR-734 (olivine basalt): a xenocryst of kaersutite with decomposition products composed of multi-mineral symplectite,
which forms a keliphitic rim and fills the fractures; the xenocryst acquires a subhedral habit. PPL; b — HP-171 (olivine basalt):
euhedral pseudomorphs of multi-mineral symplectite after amphibole; the symplectite is composed of voluminous rhonite (dark
grey to greyish-black prismatic phase), titanium augite, olivine and plagioclase. PPL; ¢ — BH-36 (basanite): complete pseudomorph
of amphibole by multi-mineral symplectite, composed of rhonite (elongated brownish-grey to greyish-black prisms), plagioclase,
clinopyroxene and olivine. XPL; d — CMR-749 (olivine basalt): anhedral kaersutite in the xenolith of clinopyroxenite is rimmed by
a multi-mineral symplectite aggregate. PPL.

gulfed by the host rocks. In its marginal part, a melt-
ing zone (0.15 to 1.2 mm wide) is developed in plac-
es in the form of colourless and light brown or brown-
ish glass, which at the border with relict anorthocla-
se is replaced by a zone of fingerprint-like structures
(Fig. 9b). Sometimes changes are limited by the for-
mation of such structures along the margins of a xen-
ocryst (see Figures 9a and c), sometimes affecting the
whole xenocryst. Xenocrysts are often veined with ze-
olite, calcite and, less commonly, saponite, as well as
rimmed by them (1.2 mm wide zones). Similar chang-
es with the formation of superimposed spherulitic and
fingerprint-like structures occur to sodium-potassium
feldspar also in the xenoliths of crystalloclastic tuffs of
the Proterozoic crust (Fig. 9d).

The petrochemical characteristic of anorthoclase
consists in the presence of quartz and hypersthene in
the normative composition, which determines its for-

Fig. 7. BH-1G (basanite); BSE. mation from parent magma saturated with SiO,, where-

Complete pseudomorph of polycrystalline symplectite with as normative nepheline is characteristic of anorthocla-
V,O'Um”}f"%s rhonite after agipg'*%o'e- F,'”e'gra'“e? '”(‘13'“' se from the host rocks (as an indicator of crystallisa-
sions of titanomagnetite, which formation was related to : PN L e

basanite crystallisation, are clearly seen in the endocontact tion from SiO, un_dersaturated melt.)' The composition
zone of symplectite. of the glass resulting from the melting of anorthoclase
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Fig. 8. Plagioclase xenocrysts.

a — SQR-30-1 (olivine basalt): a plagioclase xenocryst rimmed by a porous zone composed of newly-formed plagioclase; this is
the initial stage of plagioclase alteration by the host melt. PPL; b — TH-43b (basanite): a fragment of anorthosite xenolith showing
multi-grain xenocryst of plagioclase with the traces of partial melting in the border zone; the melting is revealed by the formation
of pale yellowish-orange glass; the adjacent smaller xenocryst shows more extended rate of melting, with both pale yellowish-or-
ange and dusky yellow spots of glass being observed. PPL; ¢ — CMR-1096 (olivine basalt): a plagioclase xenocryst having a ‘per-
esterite’ texture of decomposition into albite-oligoclase and labradorite; the light brown inclusions in plagioclase are composed of
fluorapatite of the host basanite. PPL; d — HP-197 (basanite): xenocrysts of plagioclase completely recrystallised into titanium au-
gite-plagioclase symplectite displaying finger-print texture; the xenocrysts are rimmed by newly-formed plagioclase, whose con-

tent corresponds to host basanite. PPL.

reveals the addition of TiO,, FeO, MgO, and volatiles,
as well as the removal of Na,O (Table 2).

Magnetite and spinel. Magnetite is found in the
form of fragmented grains, with their size ranging from
0.3 mm to 2.0 cm. Reactive interaction with the host
rocks is manifested by the development of a myrme-
kitic rim (0.03—0.22 mm wide) consisting of small in-
clusions of clinopyroxene, oligoclase and zeolite in its
marginal zone (Fig. 10a). Myrmekitic rims clearly con-
stitute deconsolidated near-contact zones, which the
products of late crystallisation of basanites and nephe-
linites could permeate relatively easily.

Spinel is represented by two types: 1 — red-brown
chromium spinel, 2 — grey-green and greenish-black
hercynite spinel. The grains are clastic, with their
size coming up to 1.0-1.3 mm. Usually, they have a
titanomagnetite rim ranging from 0.04 to 0.2 mm in
width (Fig. 10b, c¢). The formation of this rim is asso-
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ciated with the crystallisation of the bulk of the host
rocks, including its late fluid phase represented by ze-
olite and saponite. Similar near-contact changes in spi-
nel are also observed in peridotite xenoliths (Fig. 10d).

Geochemical data (see Table 1) show a significant
increase in the content of TiO, in the marginal zones of
magnetite and spinel up to the values close to those of
titanomagnetite of the host rocks.

Apatite. It is found in the form of turbid grey
fragmented grains up to 2.9 mm in size, in places
with a well-developed plane-parallel texture, shear
fractures and traces of decrystallisation, often cov-
ering their entire area (Figures 1la—c). It is veined
with zeolite or saponite. The size of decrystallised
apatite domains is from a micron to 0.13 mm. The
same changes are observed in the xenoliths of apa-
tite-magnetite and apatite-clinopyroxene-magnetite
rocks (Fig. 11d). Decrystallisation constitutes an im-
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Fig. 9. Anorthoclase xenocrysts.
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a — HG-2 (basanite). A xenocryst of anorthoclase rimmed by a melting zone. The glass phase is uncolored or of moderate brown
colour. XPL; b — SQG-30-2 (olivine basalt). The rim of multi-grained anorthoclase xenocryst recrystallised into tiny domains with
the formation of fingerprint-like texture and partial replacement of plagioclase by muscovite. XPL; ¢ — HG-1907-3 (basanite).
Completely recrystallised anorthoclase xenocryst with the fragment of fingerprint-like texture and moderate brown and pale olive

glass. XPL; d — MG-2-2 (basanite). A xenolith of the upper crustal tuffs of the Zenifim Fm. Spherulitic texture develops around
feldspars due to contact metamorphism induced by host basanite. PPL.

Table 2. Chemical composition of anorthoclase xenocrysts and products of their alteration, wt %

Element 1 2 3 4 5 Component 1 2 3 4 5
SiO;, 65.94 | 66.35 | 60.23 | 60.42 | 63.51 qu 3.51 4.80 16.58 | 29.13 -
TiO, 0.15 0.01 0.33 0.41 0.38 or 23.22 | 20.45 | 24.76 | 21.69 | 25.23
Al,O, 20.79 | 20.40 | 18.93 | 18.97 | 21.17 ab 64.99 | 60.42 | 28.77 | 16.84 | 50.58
FeO 0.29 0.10 3.76 3.27 0.50 an 6.20 13.84 | 8.28 7.39 9.78
MnO - - 0.01 0.06 0.03 ne - - - - 4.39
MgO - - 0.91 - 0.15 c 1.65 0.05 5.77 9.01 -
CaO 1.24 1.06 1.67 1.49 2.38 hy 0.12 0.54 8.64 5.44 -
Na,O 7.67 7.42 3.40 1.99 7.88 di - - - - 1.46
K,0 3.92 5.40 4.19 3.67 4.27 wo - - - - 0.11
Total 100.00 | 100.74 | 93.43 | 91.18 | 100.27 il 0.30 0.06 0.63 0.78 0.72

Note. HG-3: 1 — megacryst. HG-2: 2 — megacryst, 3—4 — glass at the periphery of megacryst (product of its melting), 5 — anorthoclase from
the matrix of host basanites.

portant difference between xenocrysts and the violet-
blue microphenocrysts of fluorine-apatite host rocks.
The apatite from xenocryst is also enriched with flu-
orine (see Table 1), most likely, under the influence
of host magmatites.

Nepheline is much less common than other types of
xeno- and megacrysts. It is found in the form of meg-
acrysts reaching up to 4.0 x 2.0 cm in size, veined by
zeolite, calcite and saponite, and often being surround-
ed by a continuous or interrupted rim of the same min-
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Fig. 10. Xenocryst of magnetite and spinel.

a — NH-254 (nephelinite). Myrmekite texture contouring the fragments of disintegrated magnetite megacryst. PPL; b — NH-369
(nephelinite). The xenocryst of chromian spinel showing a gradual transition into titanium magnetite. The veinlet of host melt con-
tains zeolite at its end part and is completely surrounded by a rim enriched in titanium magnetite. PPL; ¢ — TH-734 (basanite).
A xenocryst of hercynite spinel with a thin rim of titanium magnetite, which formation occurred due to the crystallisation of host
melt. PPL; d — HP-70 (olivine basalt). Chromian spinel in the xenoliths of lherzolite. The rim of titanium magnetite was formed

only at the contact with host rocks. PPL.

erals (Fig. 12). No reactive changes were noted at the
boundary of nepheline with the host rocks. For the
rocks of PostArodcgl association, nepheline phenoc-
rysts, which could be confused with xenocrysts, are
generally not characteristic. In them, it is observed on-
ly as an interstitial mineral in the bulk of basanites and
nephelinites.

RESULTS AND DISCUSSION

The presence of mantle and lower crustal high-den-
sity xenoliths along with the products of their disinte-
gration (xeno- and megacrysts) in alkaline basalt and
ultrabasic magmas of lower density and viscosity is
due to their rapid rise to the earth’s surface at a speed of
0.5-10 m/s [Ringwood, 1975; Kuo, Kirpatrick, 1985;
Snelling, 2007]. A rapid rise causes decompression of
xenoliths engulfed by magma, which were formed at a
higher pressure, structural and polymorphic transfor-
mations of their constituent minerals, and ultimately
leads to their melting. The lower limit determined by
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the thermodynamic conditions of these processes com-
pletely correlates with the results of studying melt and
fluid inclusions in pyroxenes and olivines of the mantle
xenoliths from Makhtesh Ramon, engulfed by the melt
in the pressure range 5.9-8.1 kbar and temperatures of
1140-1350°C [Vapnik, 2005].

When magma is rising to the surface, xenoliths en-
gulfed by it decompose into smaller fragments and in-
dividual minerals (xenocrysts) as a result of decom-
pression. The latter are identified by similarities with
xenolith minerals, in particular by deformity, charac-
teristic sponginess (‘clogging up’), reaction products,
etc. Along with xenocrysts, the host rocks contain meg-
acrysts that look like phenocrysts and often have a reg-
ular crystallographic form. There are different points of
view on their genesis. Some researchers [Binns et al.,
1970; Wilkinson, 1975; Evans, Nash, 1979; Ehrenberg,
1982; Irving, Frey, 1984; Dobosi et al., 2003; Kowa-
bata et al., 2011] believe that the megacrysts of augite,
spinel, anorthoclase, kaersutite, as well as other miner-
als, are formed during the crystallisation of host alka-
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Fig. 11. Apatite xenocrysts.

aand b — HA-2 (basanite). A xenocryst of decrystallised apatite with fractures filled by zeolite. The enlargement shows the decom-
position of apatite into numerous tiny domains. PPL; ¢ — HA-6 (basanite) A fragment of partly decrystallised megacryst of apatite.
PPL; d — HA-12 (basanite). A xenolith of apatite-clinopyroxene-magnetite rock. The moderate brown grain of decrystallised apa-

tite is on the right side. PPL.

Fig. 12. Nepheline xenocrysts.

a—HG-2035 (nephelinite). A fractured xenocryst of nepheline, with the outer rim and veinlets being composed of zeolite. The ge-
nesis of zeolite is related to the crystallisation of host nephelinite. XPL; b — HG-2013 (basanite). Analogous to the previous sam-

ple, but the veinlets are composed of calcite. XPL.

somatites. However, others [Shulze, 1987; Righter,

line-basaltic magmas and constitute products of deep-
Carmichael, 1993; Barns, Roeder, 2001; Rankenburg

seated intermediate foci or fragments of previous meta-
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et al., 2004] call them xeno-megacrysts — fragments
of peridotites, gabbros, pyroxenites and syenites — due
to the inconsistency with the conditions for the forma-
tion of host magmas. In [Nielson, Nakata, 1994; Shaw,
Eyzaguirre, 2000], the key emphasis is placed on the
heterogeneity of megacrysts: some of them are reject-
ed by the metasomatic mantle, others constitute cumu-
lates of the host magmas.

The effect of the host melt on the solid phases en-
gulfed by it is characterised by a wide range of trans-
formations of the latter: changes in petrographic and
chemical features, solid-phase decomposition reac-
tions, decrystallisation and recrystallisation. Being sep-
arated from xenoliths, individual constituent minerals
are surrounded by melt and, as a result, experience an
even more significant temperature shock, which gen-
erally corresponds to pyrometamorphism, leading to
melting.

Melting

Xenocrysts displaying clear signs of melting in-
clude quartz and feldspar. Quartz is primarily engulfed
by magma from the Mesozoic formations in the ar-
ea, partially from Proterozoic tuffs and quartz-bear-
ing granulites, which indicates that interaction between
quartz and the host melt takes place at a relatively small
depth. The melting point of quartz (1723-1728°C) is
350—400°C higher than the temperature at which melt
inclusions in the minerals of xenoliths from Makhtesh
Ramon are engulfed [Vapnik, 2005]. Nevertheless,
its melting is an obvious fact and clearly occurred at
a lower temperature. According to [Ostrovskii et al.,
1959; Kennedy et al., 1962], the melting of quartz with
its preliminary transition to tridymite and cristobalite
under the conditions of crustal pressure can occur in
the temperature range of 1200-1300°C, i.e. under con-
ditions that are completely consistent with the engulf-
ment of the aforementioned melt inclusions.

The melting of plagioclase begins with the forma-
tion of a turbid grey deconsolidated rim along its mar-
gins with a small amount of glass and the development
of lattice and fingerprint-like structures (with intersti-
tial glass between plagioclase domains). As shown by
the experiments of [Tsuchiyama, 1985, 1986; Nelson,
Montana, 1992], plagioclase easily undergoes such
transformations at low pressure and high temperature
(1190-1307°C), i.e. under thermodynamic conditions
that are quite applicable to the interaction between xen-
ocrysts and alkaline basaltoids in Makhtesh Ramon.

The megacrysts of anorthoclase are subject to more
intense melting than quartz and plagioclase. At the
boundary with the host melt, it melts to form glass or
spherulite, followed by a zone of lattice and finger-
print-like structures. The emergence of a spherulitic
structure, as suggested by [Arzill, Carroll, 2013], in-
dicates the extreme heating of the mineral under crus-
tal pressure, which is confirmed by the corresponding
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transformations in the potassium feldspar of xenoliths
from Proterozoic tuffs.

Solid-phase decomposition

The processes of solid-phase decomposition, repre-
sented by symplectites, are characteristic of the xeno-
crysts of orthopyroxene, amphibole, sometimes pla-
gioclase; they are manifested in the form of kelyphite
rims, linear zones and complete pseudomorphs.

Orthopyroxene decomposes into a microlite aggre-
gate of olivine and clinopyroxene. This phenomenon
is extensively covered in the literature [Kutolin et al.,
1976; Agafonov et al., 1978; Messiga, Bettini, 1990;
Arai, Abe, 1995; Kogarko et al., 2001; Villaseca et al.,
2010] and reproduced in experimental studies [Boivin,
1980; Brearley, Scarfe, 1986; Shaw et al., 1998]. A fea-
ture distinguishing the described decomposition struc-
ture from the one observed by the indicated authors is
the absence of glass in it, which in the intergranular
spaces is replaced with feldspars, as well as zeolite and
saponite rich in the hydroxyl component.

Symplectites after kaersutite are composed of
rhonite, titanium-augite, olivine, plagioclase, ti-
tanomagnetite and late magmatic minerals. Rhonite is
an indicator of the thermodynamic conditions for the
solid-phase decomposition of amphibole and, accord-
ing to [Kyle, Price, 1975; Johnston, Stout, 1984; Vap-
nik, 2005; Lopez et al., 2006; Grapes, Keller, 2010;
Sharygin et al., 2011], is stable in the temperature range
1000—-1260°C and pressures of 0.5-4.0 kbar. The ex-
perimental studies of orthopyroxene [Brearley, Scarfe,
1986; Shaw, 1999; Kogarko et al., 2001; Miller et al.,
2012] and amphibole [Ban et al., 2004] show that their
decomposition results in the formation of glass rich in
SiO,. In the studied samples, such glass was not found.
The presence of minerals such as zeolite, saponite, and
calcite in the interstitial of decomposition products in-
dicates the importance of the fluid component of the
magmatic melt in this process. The likelihood of such
reactions involving the rapid crystallisation of the melt
into a fine crystalline mass (without glass formation) is
also experimentally justified [Chepurov et al., 2013].

Another form of solid-phase decomposition is oc-
casionally observed in plagioclase xenocrysts and is
manifested by the formation of a peristerite structure
in them, which differs from the ordinary peristerites of
metamorphic rocks in the higher compositions of coex-
isting plagioclases — An,g,, and Ang.e,. The probabili-
ty of such a structure in main plagioclases was experi-
mentally reproduced in [Ribbe, 1960] and was suggest-
ed in [Miyashiro, 1976].

Decrystallisation and recrystallisation
Decrystallisation (thermal destruction) as a sign in-

dicating the difference between xenocrysts and phen-
ocrysts is most clearly manifested in olivine and ap-
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atite, less often in plagioclase. It develops by forming
areas in xenocrysts, which have a micrograin struc-
ture and are confined to marginal or weakened (line-
ar) zones. The combination of the newly formed struc-
ture with pressurised structures (‘zebra-like’ in olivine,
plane-parallel in apatite, bent in plagioclase) within a
single grain suggests that decrystallisation is a reaction
to the removal of residual stress in these minerals under
new decompression conditions. In addition, it exhibits
a tendency for the equalization of the composition of
restructured xenocrysts and the eponymous minerals of
the host rock matrix.

Recrystallisation (thermal reconstruction) consti-
tutes one of the most important processes character-
ising the structural rearrangement of xenocrysts un-
der the influence of the surrounding high-temperature
melt. Almost all minerals of xenocrysts, both mono-
and polygranular, underwent structural rearrangement.
They share the ability to transform initially xenomor-
phic grains (before the disintegration of xenoliths) into
crystallographically regular forms similar to the phen-
ocrysts of the host rocks. By analogy with the proces-
ses considered in biology and biophysics, this phenom-
enon of morphological rearrangement is called struc-
tural homeostasis [Goryainov, Ivanyuk, 2010]. Partic-
ularly interesting in this respect are multi-grain inter-
growths, which in fact are small xenoliths of clinopy-
roxenites, olivinites and plagioclasites characterised by
a granoblast structure, illustrating a clear tendency to
reacquire their genetically characteristic form, clear-
ly observed in clinopyroxenes and olivines. Transfor-
mation is also characteristic of initially xenomorphic
(in xenoliths) kaersutite, of its varieties completely
transformed into symplectites, as well as of complete
symplectites after orthopyroxene. Other minerals are
sometimes used, including minerals similar to them
in chemistry, for example, olivine and orthopyroxene
in clinopyroxene in order to build a perfect habit. In
the course of self-faceting, a certain sequence can be
established: the crystallographic rearrangement of the
granoblast aggregate within the framework of a com-
mon perfect habit — the emergence of the initial signs of
twinning and zoning — optical homogenisation, i.e. the
transformation of variously oriented grains into a nor-
mal crystal. The ability of crystals to restore the forms
of natural faceting under the conditions of free growth,
along with their self-organisation, has long been known
and has been described as the ‘method for the crystal-
lisation of balls’ by Artemyev [Shubnikov, 1935] and
‘the spontaneous crystallisation by Lukirsky’ [Gegu-
zin, 1987] and is explained by the tendency of the min-
eral to provide the least surface energy.

GEOCHEMICAL TRANSFORMATIONS

When interacting with the carrier melt, all ontoge-
netic changes occurring in xenocrysts are directed at
the geochemical equalisation of their compositions

with minerals crystallising from this melt and are man-
ifested by the diffuse and infiltration substitution of
xenocrysts with the chemical elements of the surround-
ing melt. Diffuse substitution is most noticeable in the
marginal zones of xenocrysts and is manifested by the
emergence of marginal zones in them, which complete-
ly correspond to the minerals of the host rocks in terms
of composition. Thus, the xenocrysts of clinopyroxene,
orthopyroxene and amphibole accrete augite and tita-
nium augite, with plagioclase acquiring a high-anorth-
ite rim, whereas spinel and magnetite get a titanomag-
netite rim. Bimodal crystals, in which the xenocryst is
a seed component inducing the development of a later
phase associated with crystallisation of the host melt,
are obtained.

On the whole, the geochemical data reveal a ten-
dency for the xenocrysts of pyroxene and olivine to de-
crease magnesium contents, increase the concentra-
tions of iron contents, and, accordingly, decrease the
magnesium number to those of the host minerals rocks
in the direction from the centre to the marginal zone.

Statistical geochemical data on the distribution of
SiO, (wt %), magnesium number and anorthite number
in xenoliths, xenocrysts and eponymous minerals of
host magmatites are of interest. The histograms (Figu-
res 13 and 14) and the diagram (Fig. 15) reflect the dis-
tribution of SiO, values (wt %) and the magnesium
number in the olivines and clinopyroxenes of xeno-
liths, xenocrysts and host magmatites. In constructing
them, data from previous studies were used, in which
all inclusions in the rocks of the studied association
were phenocrysts and, therefore, were identified as a
group of phenocrysts without being divided into phen-
ocrysts and xenocrysts. As Figures 14 and 15 show, the
magnesium number in the olivines and clinopyroxenes
of xenocrysts and xenoliths reveal a tendency towards
the equalisation with the eponymous minerals of the
host rocks. Mg* = 0.85-0.87 should be considered the
boundary value, the limiting value for the olivine and
clinopyroxene of melt inclusions in the minerals of xe-
noliths of peridotites, matrix grains and microphenoc-
rysts of the host rocks. Higher values apply to xenoliths
and xenocrysts. The distribution of SiO, (see Fig. 13)
in clinopyroxenes and olivines also follows this trend
and, at the same time, illustrates that the increased pri-
mary contents of this element are well correlated with
increased magnesium numbers (see Fig. 15) in xeno-
liths and xenocrysts, which distinguishes them from
phenocrysts. In terms of silica content, the dividing line
is at 40.0 wt % for olivines and 50.0 wt % for clinopy-
roxenes: higher contents are characteristic of xenoliths
and xenocrysts, with lower contents being typical of
host rocks, thus emphasising their belonging to the ge-
ochemical type of silica-saturated and undersaturated
rocks, respectively. The presence of the undivided in-
clusions of olivine and clinopyroxene characterised by
high SiO, and magnesium numbers in the samples of
the magmatic rock group that exceed the boundary sta-
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Fig. 13. SiO, content in olivine (a) and clinopyroxene (b) hosted in xenoliths (including xenocrysts) and magmatic
rocks.
Xenoliths: 1 — harzburgites, 2 — lherzolites, 3 — wehrlites, 4 — clinopyroxenites and websterites; magmatic rocks: 5 — all mineral
inclusions without being subdivided into phenocrysts and xenocrysts, 6 — mineral inclusions in matrix and prismatic micropheno-
crysts from host magmatic rocks, 7 — mineral phases in melt inclusions hosted in the olivine and clinopyroxene of peridotite xe-
noliths.

Fig. 14. Mg* distribution in olivine (a) and clinopyroxene (b) hosted in xenoliths (including xenocrysts) and magma-
tic rocks.

Xenoliths: 1 — harzburgites, 2 — lherzolites, 3 — wehrlites, 4 — clinopyroxenites and websterites; magmatic rocks: 5 — all mineral
inclusions without being subdivided into phenocrysts and xenocrysts, 6 — mineral inclusions in matrix and prismatic micropheno-
crysts from host magmatic rocks, 7 — mineral phases in melt inclusions hosted in the olivine and clinopyroxene of peridotite xe-
noliths.

LITHOSPHERE (RUSSIA) volume 18 No.5A 2018



74 Yudalevich, Vapnik

Fig. 15. Correlation between SiO, and Mg* in olivine (a) and clinopyroxene (b) hosted in xenoliths (including xeno-

crysts) and magmatic rocks.

Black rhombi denote combined sample of harzburgites, lherzolites, wehrlites, clinopyroxenites and websterites; red circles denote

combined sample of all magmatic rocks.

Fig. 16. Anorthite distribution in plagioclase hosted
in metagabbro xenoliths (granulites), xenocrysts, and
magmatic rocks.

1 — metagabbro, 2 — xenocrysts, 3 — mineral inclusions in
host olivine basalts and basanites (all mineral inclusions

without being subdivided into phenocrysts and xenocrysts),
4 — prismatic microphenocrysts, 5 — microliths.

tistical values indicates the presence of xenocrysts in
these samples. If we consider the distribution of the
An-component in the plagioclases of xenocrysts, me-

tagabbros and host rocks (Fig. 16), we can see that the
interface between them and the plagioclase of the host
rocks runs at Ans;_sg: lower values (from Ang, to Ang;)
are characteristic of xenocrysts and xenoliths, where-
as higher values (from Ang; to An;;) are typical of host
basaltoids. At the same time, the group of undivided
inclusions reveals values characteristic of plagioclase
Xenocrysts.

Infiltration metasomatism covers almost all xenoc-
rysts to one degree or another, given that decompres-
sion disarranges the structure of crystals, leads to their
deconsolidation and the formation of fractures that fa-
cilitate the percolation of the host magma and its flu-
ids through them. This is especially noticeable in the
xenocrysts of clinopyroxene, in which traces of perco-
lation are marked by the so-called spongy structures,
manifested by a non-specific shagreen texture. The for-
mation of such structures constitutes a complex issue
and has been considered in a number of works. Some
researchers believe that partial melting of the mantle
triggers the infiltration of gas-water fluids [Dal Neg-
ro et al., 1989; Francis, 1991; Carpenter et al., 2002],
whereas others explain it by the interaction of xeno-
liths with magmatic fluids when rising to the surface
under the conditions of rapid pressure reduction [Ku-
tolin et al., 1976; Agafonov et al., 1978; Tsuchiyama,
1986; Wang et al., 2012], which completely consistent
with our data.

The peculiar symplectites of plagioclase, represent-
ed by its eutectoid intergrowths with titanium augite,
also belong to the products of infiltration substitution.
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The plagioclase in them has a lattice and fingerprint-
like structure, the same as in the zones of initial melt-
ing of this mineral. However, due to the diffusion of
FeO, MgO, and TiO, from the surrounding melt titani-
um augite is formed in it. A similar situation involving
the enrichment of symplectic pseudomorph after kaer-
sutite with titanomagnetite at the boundary with the
host basalt is shown in Fig. 7. The same type of meta-
somatism should include the formation of myrmekite
texture in the marginal zone of magnetite xenocrysts,
which bears only an external resemblance to the real
myrmekite texture of solid-phase decomposition and is
caused by the penetration of minerals in the final stage
of crystallisation of the host melt into its deconsolidat-
ed margins.

CONCLUSION

The study shows the important role of ordinary mi-
croscopic observations, which provide the opportunity
to detect clear signs of differences between genetical-
ly heterogeneous formations — phenocrysts and xenoc-
rysts — coexisting in a single magmatic system. Some
xenocrysts, in particular, quartz and orthopyroxene,
which are incoherent with respect to the alkaline-ba-
saltoid and nephelinite melts hosting them, are identi-
fied easily, whereas the identification of other minerals
(in particular olivine, clinopyroxene, amphibole, pla-
gioclase, anorthoclase, nepheline, magnetite and apa-
tite) nominally corresponding to the possible crystal-
line phases of the melts, is often difficult. Nevertheless,
the use of a number of informative petrographic and
geochemical features makes it quite possible. The main
factors that trigger mechanisms underlying the interac-
tion between the melt and xenoliths are decompression,
high-temperature metamorphism and metasomatism.
Decompression leads to the disintegration of xenoliths
into smaller fragments and individual minerals, the de-
struction, as well as deconsolidation, of these miner-
als, the formation of pores, caverns and channels, acti-
vating the percolation of fluids dissolved in the melts.
Metamorphism corresponds to the highest temperature
facies of contact metamorphism; for a number of min-
erals, it results in partial melting, while metasomatism
developing in this context is directed at equalising the
compositions of xenocrysts and crystallisation prod-
ucts of the melt hosting them.

The most important criteria contributing to the
identification of xenocrysts include partial melting,
solid-phase decomposition, decrystallisation of initial
structures (before-trapping), recrystallisation (self-
faceting) of initially xenomorphic grains into crystal-
lographically more perfect forms, as well as a change
in composition due to the metasomatic effect of the
host magma.
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