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The Oligocene–Pleistocene Tethyan Realm Lamproites, from the Mediterranean to Himalayas, have a clear
subduction-related signature and represent one of the most exotic and rare ultrapotassic mantle-derived
magmas. They share the major element and mineralogical characteristics of the lamproite clan rocks, but
clearly define a distinct subgroup with respect to within-plate lamproites on the basis of a number of key trace
element ratios and radiogenic isotopes. The most striking characteristic of the Tethyan Realm Lamproites is
the positive correlation between Th/La (up to N1.5) and Sm/La (up to N0.3), which is opposite to what
observed in subduction-related magmas worldwide and cannot be reconciled with typical slab recycling
processes. The geochemical conundrum of the Tethyan Realm Lamproites requires a component with high
Sm/La and Th/La (hence named SALATHO), in addition to a normal K2O–rich sediment melt component (with
low Th/La and Sm/La). The Pb isotope composition of the Tethyan Realm Lamproites also displays a mixing
array from a normal sediment melt component to a high 208Pb/206Pb and low 206Pb/204Pb end-member
that can be reconciled with the SALATHO component. This end-member requires a history of high time-
integrated κ (232Th/238U) and low time-integrated μ (238U/204Pb) and ought to be older than some hundreds
of million years.
We propose a multi-stage process for the formation of the mantle sources of the Tethyan Realm Lamproites
related to the tectonic mélange domains (i.e. chaotic mixture of depleted peridotite, basalt, and sediment)
accreted to the Eurasia plate during the collisional events of the northward drifting continental slivers from
Gondwana. In a first stage, the mélange domains experienced high P and low T metamorphism with
segregation and stabilisation of lawsonite and zoisite/epidote veins, which potentially match the geochemical
characteristics required by the SALATHO component. Successively, the subduction of the Neotethys and
Alpine Tethys oceanic plates produced normal K2O-rich sediment melts that migrated through the mantle
wedge and metasomatised the depleted lithospheric mantle blocks within the chaotic mélange, forming a
clinopyroxene–phlogopite vein network. Eventually, the Tertiary orogenic belt collapses triggered the onset
of low-degree melting of the low-solidus fractions within the mélange domains, producing lamproitic
magmas.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In ancient Greek mythology, Tethys (Τηθύς) was an archaic
Titaness Sea Goddess, wife of the Sea God Oceanus, and mother of
all the Oceanids. In the geologic literature too, Tethys is a sort of
Mother of All Oceans prior to the Tertiary, and since its introduction in
the 19th century (Suess, 1893), is a well-established term to define a
series of ancient fossil ocean basins (Prototethys, Paleotethys,
Neotethys, Alpine Tethys) separating the northern from the southern
continents from Palaeozoic to Cenozoic (e.g. Gaetani et al., 2003;

Scotese, 2004; Stampfli, 2000; Stampfli and Borel, 2002; and
references therein). The Tethyan oceanic lithospheric domains,
originally present between Eurasia and Gondwana, have been
subducted and partially obducted, and remnants of these former
Tethyan ocean basins are found as ophiolites outcropping along
multiple narrow suture zones from the Western Mediterranean to
Himalayan orogenic belts. The general structure of the N18,000 km
E–W striking Tethyan realm orogenic belts (Fig. 1), fromMorocco and
Spain to India and Bhutan has been described in a wealth of studies
since the pioneering work of Argand (1924). This array of inter-
connected orogenic belts formed as a consequence of diachronous
collisions of Gondwana-derived crustal plates rifted and northward
drifted from the margin of Gondwana as three elongate continental
slivers in the Silurian, Early Permian and Late Triassic–Late Jurassic.
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The prolonged subduction of the different Tethyan realm oceans
along with the diachronous collision of the northward drifting
continental slivers was accompanied by long-lived magmatic activity
that is still active. The magmas produced represent one of the most
impressive features of the geodynamic evolution of the Mediterra-
nean–Himalayan orogenic belts, and are characterised by significant
petrological, geochemical and isotopic variety ranging from subduction-
related signatures with calc-alkaline, shoshonite and ultrapotassic
magmas, to within-plate signatures with OIB-like magmas (e.g. Altherr
et al., 2004, 2008; Chung et al., 2005; Conticelli et al., 2009; Dilek and
Altunkaynak, 2007; Duggen et al., 2004; Gao et al., 2007; Harangi et al.,
2006; Innocenti et al., 2005; Lustrino and Wilson, 2007; Miller et al.,
1999; Topuz et al., 2005; Turner et al., 1996; Williams et al., 2004;
Wilson and Bianchini, 1999).

The Tethyan Realm Lamproites (TRL) representminor and peculiar
mantle-derived magmas of this widespread magmatic activity. They
are ultrapotassic rocks extremely enriched in incompatible trace
elements and formed by low-degree melting of depleted mantle
sources metasomatised in subduction-related settings (e.g. Conticelli
et al., 2007, 2009; Foley, 1992b; Peccerillo and Martinotti, 2006;
Prelević and Foley, 2007; Prelević et al., 2005, 2008; and references
therein).

This study is based upon a comprehensive database of the TRL –

most of the Western Mediterranean lamproites are authors' data
(Conticelli et al., 2009) – and other worldwide lamproites, and we
focus the discussion on some key trace element ratios (Sm/La, Th/La)
and Pb isotopes that so far have been overlooked and represent
something of a paradox: the TRL are characterised by high and
positively correlated Th/La and Sm/La along with high 208Pb/206Pb for
a given 206Pb/204Pb. These unique geochemical and isotopic char-
acteristics clearly separate the TRL from both within-plate lamproites
and, most notably, subduction-related magmas worldwide.

The geochemical and isotopic paradox demands for a common
genetic process affecting the mantle sources of the TRL, related to the
formation of the Tethyan realm orogenic belts as a consequence of
diachronous collisions of Gondwana-derived crustal plates since the
Palaeozoic. This scenario opens new insights into the origin of the
mantle source of subduction-related lamproites and bears also
consequences to the geodynamic evolution of the Western Mediter-
ranean orogenic belts.

2. Geochemical background

2.1. The ultrapotassic rock clan

On the basis of major element characteristics (Foley, 1992a),
ultrapotassic volcanic rocks are classified as lamproites (Group I),
kamafugites (Group II), and plagioleucitites (Group III). Lamproites
have low Al2O3, CaO and Na2O contents, a silica range from 45 to
55 wt.%, and high Mg# [mol Mg/(Mg + Fe)] and K2O/Al2O3.
Kamafugites have also low Al2O3 and Na2O, but higher CaO and
lower SiO2 than lamproites. Plagioleucitites have high Al2O3 and Na2O,
coupled with low K2O/Al2O3, and intermediate Mg# and CaO contents
between lamproites and kamafugites. Experimental studies (e.g.
Edgar, 1987; Edgar and Vukadinovic, 1992; Melzer and Foley, 2000;
Wendlandt and Eggler, 1980a,b) demonstrated that different partial
pressures of H2O and CO2 along with different mantle sources
(amphibole/phlogopite harzburgite vs. wehrlite) play a significant
role in producing lamproite vs. kamafugite magmas.

2.2. The Tethyan realm lamproites vs. within-plate lamproites

Lamproites represent one of the most exotic and rare mantle-
derived magmas. They occur in both within-plate and subduction-
related settings (e.g. Bergman, 1987). The TRL belong to the subduction-
related subgroup (e.g. Conticelli and Peccerillo, 1992; Conticelli et al.,
2009; Gao et al., 2007; Miller et al., 1999; Prelević and Foley, 2007;
Prelević et al., 2005, 2008; and references therein) and occur in a limited
number of small-volume scattered outcrops of hypabyssal and volcanic
rocks along the Tethyan realmorogenic belts from theMediterranean to
Southern Tibet (Fig. 1). The gap from Turkey to Southern Tibet could
simply represent sampling bias due to areas poorly investigated (e.g.
Iran, Afghanistan).

The TRL are invariably associated with calc-alkaline and shosho-
nitic rocks. Their ages range fromOligocene (WesternAlps, NWVardar
Zone), to Miocene (West Lhasa Terrane, Corsica, Murcia-Almeria,
Western Anatolia), Mio-Pliocene (Southern Vardar Zone), and Plio-
Pleistocene (Tuscany) (Table 1). Their petrological and geochemical
characteristics, along with their association with other subduction-
relatedmagmas have been thoroughly discussed in awealth of studies
appropriately referenced by Conticelli et al. (2009), Gao et al. (2007),

Fig. 1. Shaded relief image of the Tethyan realm orogenic belts from Spain to Southern Tibet, showing the main outcropping areas of the Tethyan realm lamproites fromwest to east:
(1) Murcia-Almeria, Spain; (2) Western Alps, Italy; (3) Corsica, France; (4) Tuscany, Italy; (5) Vardar Zone, Serbia and Macedonia; (6) Western Anatolia, Turkey; (7) West Lhasa
Terrane, China.
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Peccerillo and Martinotti (2006), and Prelević and Foley (2007). The
TRL are SiO2-rich (45–55 wt.%), high MgO (9–12 wt.%) ultrapotassic
rocks that share a number of mineralogical and major element
characteristicswithwithin-plate lamproitesworldwide (e.g. Bergman,
1987; Foley, 1992a). They are plagioclase-free rocks with high modal
amount of phlogopite and forsteritic olivine, minor amount of Al-poor
clinopyroxene and sanidine, and a number of accessory phases such as
K-richterite, apatite, pseudobrookite, picroilmenite. The most mafic
rocks have K2ON3 wt.%, CaObwt.%, Al2O3b12 wt.%, and K2O/Na2ON2.
Other common characteristics of all lamproites worldwide are (i) the
high enrichment in incompatible trace elements (Table 1), and (ii) the
Sr, Nd, Pb isotope composition, which is among the most extreme of
any mantle-derived magma (Fig. 2, Table 1).

The low CaO, Na2O, and Al2O3 contents along with the high-Fo
olivine phenocrysts and associated Cr-rich spinel inclusions provide
compelling evidence for derivation of lamproites from a depleted
lithospheric mantle source, whilst the extreme incompatible trace
element enrichment, along with the Sr and Nd isotope composition,
requires re-fertilisation of the mantle source by K2O-rich metasomatic
agents which permeated and reacted with the peridotitic mantle
producing clinopyroxene/amphibole/phlogopite-rich veins (e.g. Edgar,
1987; Foley, 1992b; Melzer and Foley, 2000; Sekine and Wyllie, 1982).

The TRL have, however, a number of peculiar geochemical
characteristics which make them unique in the lamproitic clan. First,
they are clearly distinguished from within-plate lamproites worldwide
(Western Australia, Leucite Hills, Smoky Butte, Gaussberg, Aldan Shield)
on the basis of Sr-Nd (Fig. 2) and Pb isotope compositions (Table 1).
Second, they have a clear subduction-related signature, exemplified by
highly radiogenic Sr isotopes (Fig. 2), crust-like trace element patterns
and High Field Strength Element depletion (Fig. 3), which provide
compelling evidence for a crustal component recycled into the mantle
via subduction zones, as the K2O-richmetasomatic agent responsible for
mantle re-fertilisation (e.g. Avanzinelli et al., 2009; Foley, 1992b;
Peccerillo and Martinotti, 2006; Prelević and Foley, 2007; Prelević
et al., 2008). The wide range of 87Sr/86Sr and 143Nd/144Nd (Fig. 2)
indicates the involvementof crustal components of variable composition
in the TRL mantle sources (Prelević et al., 2005). Despite the crust-like
patterns, highly incompatible trace elements (Rb, Ba, Th, and U, Fig. 3)
have on average different ratioswith respect to present-dayUpper Crust
and Global Subducting Sediment (GLOSS, Plank and Langmuir, 1998),
and represent a distinctive signature of the TRL. Third, on Ba/Rb vs. Rb/Sr
and K/Th vs. Th (Fig. 4), the TRL form a separated group with respect to
other lamproites. Their higher Rb/Sr coupled with lower Ba/Rb (Fig. 4a)
provides arguments for the major role of phlogopite in their mantle
sources with respect to the major role of amphibole in the case of other
lamproites. Also, the TRL have generally lower K/Th than other
lamproites (Fig. 4b): this is caused by the extreme Th enrichment, up
to N200 ppm (Table 1), rather than lower K2O contents. Fourth, perhaps
the most striking characteristic, they exhibit a positive correlation
betweenTh/La andSm/La (Fig. 5). The high Th/La (up toN1.5) andSm/La
(up to N0.3) is caused by the combination of two factors: the extreme Th
enrichment and the slightly concave downward LREE patterns (e.g.
Conticelli et al., 2009) of the TRL. The extreme Th contents also result in
abnormally high Th/U (Th/UN10, Table 1), well beyond the Th/U≤4 of
most crust and mantle rocks (e.g. McDonough, 1990; Plank and
Langmuir, 1998; Rudnick and Gao, 2003; Sun and McDonough, 1989).
The Th/UN4 is not unique to the TRL, being exhibited also by theWestern
Australia and Gaussberg lamproites (Table 1); in the TRL, however,
the high Th/U is coupled with high Th/Ta (Table 1) reinforcing the
subduction-related origin of the TRL and hence their different
geodynamic setting with respect to within-plate lamproites.

2.3. The Tethyan realm lamproites vs. subduction-related magmas

The positive correlation between Th/La and Sm/La does not simply
distinguish the TRL from within-plate lamproites (Fig. 5), it actually

represents something of a paradox when compared to subduction-
related magmas worldwide. Magmas produced by depleted mantle
sources (i.e. high Sm/La and low Th/La) that have been enriched in
trace elements via sediment recycling in subduction zones exhibit a
negative correlation on Th/La vs. Sm/La (grey field, Fig. 5), owing to the
low Sm/La and relatively high Th/La (~0.3–0.5) of the sediment
component metasomatising the mantle wedge (Plank, 2005). In
addition, modern volcanic arc magmas, as well as crustal rocks (Plank,
2005; Plank and Langmuir, 1998; Rudnick and Gao, 2003) have Th/
La≤0.5, whilst the TRL have extreme values of Th/La (Fig. 5), which are
not observed in any other mantle-derived magma. The negative
correlation between Th/La and Sm/La in modern volcanic arcs is
widely recognised as a key characteristic of arc magmas (Plank, 2005).
Depleted mantle sources metasomatised by low T fluid-dominated
components, form magmas lying at low Th/La and high Sm/La, whilst
those metasomatised by high T melt-dominated components, form
magmas with relatively high Th/La – but well below unity – and low
Sm/La (grey field, Fig. 5), resembling the subducted sediment
composition. In each volcanic arc setting, the similarity between Th/
La of subducted sediments and erupted magmas suggests no
significant fractionation during slab and mantle melting (Plank,
2005).

The K2O enrichment and other subduction-related characteristics
of the TRL have been widely interpreted as related to recycling of
sedimentary material into their depleted lithospheric mantle sources
(Conticelli and Peccerillo, 1992; Conticelli et al., 2007; Foley, 1992b;
Peccerillo and Martinotti, 2006; Prelević and Foley, 2007; Prelević
et al., 2005, 2008). However, it is important to point out that the high
Sm/La (and Th/La) of the TRL is not correlated to their subduction
signature and K2O enrichment (Fig. 6), indicating the presence of a
further metasomatic agent in the TRL mantle sources.

3. The SALATHO component

As a whole the TRL exhibit a positive mixing array from a normal
crustal component to another component with high Sm/La and Th/La
(hereafter SALATHO). Whilst the normal crustal component can be
referred to typical K2O-rich sediment melts of subduction zones,
decoding the SALATHO component is problematic and we shall
discuss it in detail. To a first approximation the SALATHO component
should also have a broad crustal origin. The West Lhasa, Spain,
Western Alps, and Tuscan lamproites, in which the SALATHO com-
ponent is most evident (Table 1, Fig. 5), have extremely radiogenic Sr
isotopes (Fig. 2) and trace element patterns similar to other TRL that
are dominated by the normal sediment melt component (e.g. Western
Anatolia and Corsica lamproites, Fig. 3). We therefore discuss the
SALATHO component as deriving from a protolith dominated by
sedimentary lithologies. It is worth pointing out that although both
components (SALATHO and K2O-rich sediment melts) are interpreted
as sediment-derived, we shall see that they actually refer to two
distinct and time-separated processes. In the following discussion we
shall use present day GLOSS as a general proxy for sediments, due to
the lack of detailed information on the composition of sediments
deposited within each Tethyan realm ocean basin. Moreover, the use
of specific sediment composition for each area would focus the
discussion on local processes, in contrast with the common geo-
chemical characteristics exhibited by the TRL (e.g. Fig. 5), suggesting a
genetic link between these magmas.

The LREE and Th budget of slab-derived metasomatic agents
delivered to the mantle wedge is controlled by accessory phases such
as apatite, monazite, allanite (e.g. Hermann and Rubatto, 2009; Klimm
et al., 2008; Plank, 2005; Skora and Blundy, 2010). Apatite has
DSmNDLaNDTh (e.g. Prowatke and Klemme, 2006), meaning that
any apatite in the sediment residue after dehydration/melting
will determine the production of metasomatic agents with Th/La
slightly higher and Sm/La lower than the starting material. This can
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potentially determine the typical negative correlation between Th/La
and Sm/La as commonly observed in volcanic arc magmas (grey field,
Fig. 5), but cannot account for the positive correlation exhibited by the
TRL (Fig. 5).

The potential role of allanite andmonazite has been assessed using
a number of recent experimental studies on oceanic crust (basalt +
sediment) dehydration and melting at P-T conditions relevant to
subarc regions, in which either allanite or monazite was present (or

Table 1
Average composition of selected major and trace elements, radiogenic isotopes, and trace element ratios of the Tethyan realm lamproites and within-plate lamproites worldwide.

Nation
Locality
Orogenic Belt

Age SiO2 Al2O3 MgO CaO K2O P2O5 Cr Ni Rb Sr Ba La Sm

Tethyan realm lamproites
Spain Miocene Avg 54.8 10.5 10.6 4.1 6.9 1.0 649 451 470 677 1873 89 27.2
Murcia-Almeria 1sd 3.4 1.6 3.5 2.1 1.8 0.3 165 145 223 287 653 19 5.5
Betics Min 44.8 7.3 3.5 2.4 3.4 0.6 334 150 30 402 1182 59 17.4

Max 60.5 14.5 19.8 11.9 9.5 2.1 941 714 903 1617 4334 143 40.2
n 33 33 33 33 33 33 33 33 41 41 33 33 41

Italy Oligocene Avg 52.9 11.0 9.9 5.8 7.6 1.1 564 280 433 797 3728 102 29.8
Western Alps 1sd 3.5 1.1 2.0 1.6 1.7 0.1 189 81 128 156 616 30 6.8
Alps Min 48.8 8.9 7.0 3.1 3.7 0.8 309 93 158 530 2308 54 15.6

Max 61.7 13.5 13.6 8.4 9.8 1.4 933 460 646 1242 4740 164 39.4
n 17 17 17 17 17 17 17 17 17 17 15 13 12

France Miocene Avg 58.1 10.7 6.7 3.3 10.5 0.7 422 267 340 764 1194 172 17.7
Corsica 1sd 0.7 0.1 0.3 0.3 0.2 0.1 56 31 25 92 199 26 1.6
Alps Min 56.7 10.5 6.4 2.9 10.2 0.6 340 230 317 640 925 135 16.3

Max 58.6 10.8 7.1 3.7 10.7 0.8 530 322 376 847 1450 193 19.1
n 7 7 7 7 7 7 7 7 7 7 7 7 4

Italy Pliocene Avg 57.2 12.3 8.2 4.0 7.6 0.8 502 247 580 528 1174 104 23.7
Tuscany 1sd 1.3 1.2 1.4 1.0 0.4 0.3 85 84 146 132 143 36 3.8
Apennines Min 55.3 10.6 4.2 2.2 7.0 0.5 380 92 371 236 760 46 18.4

Max 62.0 14.6 11.8 6.9 8.9 1.3 672 427 874 686 1400 173 29.0
n 30 30 30 30 30 30 18 30 30 30 30 30 9

Serbia & Macedonia Oligocene Avg 49.8 11.8 8.9 7.3 5.2 1.1 488 284 239 975 2140 67 13.7
Vardar Zone Mio-Pliocene 1sd 3.1 1.5 2.0 1.6 1.4 0.4 263 140 90 342 994 27 4.8
Dinarides min 42.4 9.7 4.3 3.8 2.8 0.5 65 45 72 394 410 23 6.5

Max 60.1 15.3 13.4 9.9 7.4 1.9 1176 653 554 1712 4189 135 21.9
n 56 56 56 56 56 56 56 56 56 56 56 54 49

Turkey Miocene Avg 49.1 10.6 10.1 8.1 6.6 1.4 610 353 279 1516 2017 109 12.4
Western Anatolia 1sd 2.3 1.3 2.2 1.8 0.8 0.3 130 180 123 597 659 50 2.1
Taurides Min 45.7 8.9 5.6 4.9 4.8 0.6 159 49 189 476 249 43 8.6

Max 54.2 13.3 12.9 10.7 8.5 2.1 792 597 726 2326 3242 188 16.4
n 25 25 25 25 25 25 21 25 25 25 25 15 14

China Miocene Avg 55.4 12.8 6.1 5.7 7.3 1.0 353 191 655 942 2851 130 35.9
West Lhasa Terrane 1sd 2.0 0.8 1.2 1.1 1.0 0.2 80 54 146 262 537 30 7.8
Tibetan Plateau Min 53.3 10.9 3.5 3.9 4.5 0.6 239 87 391 621 1863 72 24.6

Max 60.7 14.3 10.2 7.1 8.6 1.4 565 358 939 1633 3931 200 48.0
n 29 29 29 29 29 29 29 29 29 29 29 29 29

Worldwide within-plate lamproites
Gaussberg Pleistocene Avg 50.6 9.9 8.0 4.4 11.7 1.5 307 240 289 1610 5078 181 14.9

1sd 1.0 0.3 0.4 0.2 0.4 0.1 38 38 40 125 298 12 0.9
Min 48.7 9.4 7.1 4.1 11.0 1.4 218 154 160 1355 4302 154 11.9
Max 52.4 10.4 8.8 4.7 12.5 1.6 365 339 323 1816 5686 204 16.4
n 24 24 24 24 24 24 24 24 24 24 24 24 24

Leucite Hills Pleistocene Avg 48.1 8.7 9.0 8.3 8.3 2.2 443 196 249 3855 7530 292 25.1
1sd 4.7 0.9 1.8 3.4 2.2 0.5 91 54 58 1555 2077 114 9.3
Min 41.4 7.2 5.7 3.3 4.7 1.3 266 104 130 1830 4471 119 12.8
Max 55.8 10.1 12.2 12.7 11.9 3.0 560 333 460 7233 12500 421 39.1
n 40 40 40 40 40 40 40 40 40 40 40 40 33

Australia Oligocene
Miocene

Avg 51.3 7.4 11.7 6.0 8.3 1.1 700 550 343 1350 9280 264 18.7
1sd 6.6 2.4 7.5 0.8 2.9 0.6 129 465 3933 86 6.4
Min 190 549 4400 110 7.6
Max 614 2349 18100 425 29.3
n 15 15 14 15 15

Smoky butte Oligocene Avg 52.3 8.9 8.2 4.6 7.9 2.1 495 344 96 2706 11275 374 37.3
1sd 0.8 0.2 0.3 0.2 0.8 0.3 65 34 364 4349 41 4.1
Min 51.4 8.6 7.8 4.4 6.5 1.6 437 50 2226 8709 332 32.6
Max 53.5 9.1 8.5 4.9 8.8 2.3 583 140 3150 20000 437 43.1
n 6 6 6 6 6 6 6 6 6 6 6 6

Aldan Early
Cretaceous

Avg 45.9 6.9 16.4 7.4 5.7 0.8 826 393 192 1802 3823 32 6.4
1sd 1.9 1.8 5.6 1.5 2.1 0.7 443 301 80 1386 3679 23 3.4
min 42.4 4.6 7.3 4.2 2.9 0.3 110 73 87 561 1234 9 2.5
Max 48.1 9.2 22.7 9.2 8.3 2.2 1515 900 314 4139 12773 68 12.9
n 10 10 10 10 10 10 10 9 10 10 10 10 10

Avg: average value, 1sd: absolute standard deviation, Min: minimum value, Max: maximum value, n: number of samples. Data source: Altherr et al. (2004); Benito et al. (1999);
Bergman (1987); Coban and Flower (2007); Conticelli et al. (2009); Cvetković et al. (2004); Davies et al. (2006); Ersoy and Helvaci (2007); Francalanci et al. (2000); Fraser et al.
(1985); Gao et al. (2007); Innocenti et al. (2005); Miller et al. (1999); Mirnejad and Bell (2006); Mitchell et al. (1987); Murphy et al. (2002); Nelson et al. (1986); Owen (2008);
Prelević et al. (2004, 2005, 2008); Vollmer et al. (1984); and references therein. The complete lamproite clan database is available as supplementary material at doi:10.1016/j.
epsl.2010.11.023.
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has been inferred to be) as by-product (e.g. Hermann and Rubatto,
2009; Johnson and Plank, 1999; Kessel et al., 2005; Klimm et al., 2008;
Skora and Blundy, 2010). In Figure 7, the Th/La and Sm/La of each
experimental run have been normalised to those of the starting

materials to cancel out trace element doping, whilst the trace element
ratios of the TRL have been normalised to those of GLOSS in order to
make a reasonable comparison between experimental runs and real
magmas. Although the latter normalisation might not be strictly

Ta Th U 87Sr 143Nd 206Pb 207Pb 208Pb Th/La Ba/Rb Rb/Sr K/Th Sm/La Th/U Th/Ta

86Sri 144Ndi 204Pbi 204Pbi 204Pbi

2.86 101.2 21.3 0.7184 0.51203 18.78 15.72 39.11 1.1 5.2 0.79 582 0.32 5.1 37.0
0.59 21.6 5.7 0.0025 0.00002 0.05 0.02 0.08 0.1 6.9 0.41 148 0.03 2.3 7.6
2.03 64.0 8.5 0.7115 0.51197 18.66 15.68 38.98 0.8 2.0 0.05 255 0.26 3.4 23.8
3.95 159.7 34.5 0.7226 0.51207 18.84 15.78 39.30 1.5 39.2 1.46 921 0.38 15.3 53.5

31 33 37 33 33 28 28 28 33 33 41 33 33 33 31
2.02 142.5 25.5 0.7168 0.51203 18.62 15.69 39.02 1.4 9.5 0.56 451 0.31 5.6 68.9
0.39 35.2 5.2 0.0024 0.00004 0.06 0.02 0.22 0.2 3.3 0.22 98 0.03 1.0 16.9
1.41 81.9 15.2 0.7121 0.51199 18.50 15.67 38.76 1.0 5.5 0.24 353 0.26 4.1 46.8
2.73 226.0 33.6 0.7217 0.51210 18.72 15.72 39.50 1.8 14.6 1.17 728 0.35 8.1 108.7

14 17 16 14 12 12 12 12 13 15 17 17 12 16 14
3.54 36.0 12.8 0.71237 0.51215 18.82 15.70 39.31 0.2 3.5 0.45 5197 0.11 6.1 8.4
0.57 16.6 16.0 0.0002 0.05 0.01 0.02 0.1 0.6 0.03 7607 0.01 4.0 5.1
3.00 4.3 4.3 0.71226 0.51215 18.79 15.69 39.29 0.03 2.9 0.40 1590 0.10 0.1 1.4
4.10 53.0 36.8 0.71256 0.51215 18.85 15.70 39.32 0.3 4.6 0.50 20715 0.12 8.6 13.7
4 6 4 3 2 2 2 2 6 7 7 6 4 4 4
2.47 102.2 14.9 0.7161 0.51211 18.66 15.67 39.01 0.9 2.2 1.23 684 0.23 5.7 39.3
0.37 26.5 3.0 0.0004 0.00002 0.03 0.03 0.11 0.3 0.6 0.57 247 0.05 1.4 13.9
2.00 50.4 10.7 0.7158 0.51209 18.62 15.64 38.90 0.5 0.9 0.57 513 0.18 4.3 20.4
3.10 121.0 18.2 0.7168 0.51212 18.69 15.69 39.15 1.5 3.5 2.46 1229 0.32 8.0 58.0
9 14 7 11 4 4 4 4 14 30 30 14 9 7 9
1.32 36.3 7.3 0.7095 0.51230 18.76 15.65 38.95 0.6 10.8 0.28 1370 0.20 6.2 28.4
0.47 14.6 3.8 0.0014 0.00012 0.08 0.14 0.13 0.2 8.6 0.18 634 0.04 3.9 16.4
0.77 15.0 1.9 0.7075 0.51213 18.58 15.12 38.78 0.0 1.6 0.07 611 0.13 2.5 11.0
3.01 76.5 17.5 0.7116 0.51252 18.89 15.74 39.24 0.9 38.4 1.41 3132 0.26 18.0 72.2

29 55 55 36 36 31 31 31 54 56 56 55 49 55 29
5.41 17.2 6.4 0.7067 0.51237 0.20 7.9 0.22 3376 0.13 3.0 4.3
2.83 4.1 2.0 0.0025 0.00019 0.10 3.1 0.14 862 0.05 0.9 3.1
1.23 10.0 2.5 0.7038 0.51223 0.05 0.8 0.09 1886 0.07 1.9 1.6

10.00 28.0 10.0 0.7103 0.51250 0.44 16.3 0.70 5446 0.22 5.3 15.4
24 25 16 6 2 15 25 25 25 14 16 24
2.78 171.4 21.3 0.7235 0.51188 18.67 15.74 39.67 1.4 4.6 0.75 365 0.29 8.5 67.8
0.94 34.2 5.0 0.0069 0.00006 0.17 0.05 0.15 0.4 1.5 0.26 80 0.06 2.3 24.4
1.30 112.0 9.6 0.7166 0.51180 18.41 15.68 39.42 0.7 2.7 0.24 274 0.15 4.6 33.4
4.54 231.7 29.4 0.7363 0.51200 18.93 15.84 40.06 2.2 8.8 1.14 549 0.38 13.7 130.0

29 29 29 19 18 23 23 23 29 29 29 29 29 29 29

4.99 23.2 3.2 0.7096 0.51192 17.50 15.60 38.26 0.13 18.0 0.18 4245 0.082 7.4 4.7
0.25 2.8 0.4 0.0002 0.00004 0.05 0.02 0.08 0.01 3.4 0.03 573 0.004 1.0 0.6
4.41 15.9 2.2 0.7092 0.51187 17.42 15.57 38.15 0.10 15.5 0.10 3373 0.077 4.6 2.9
5.42 28.3 3.8 0.7099 0.51202 17.61 15.63 38.43 0.15 29.7 0.21 6056 0.093 9.5 5.8

24 24 24 24 24 24 24 24 24 24 24 24 24 24 24
5.09 36.2 8.5 0.70570 0.51195 17.38 15.48 37.35 0.12 32.8 0.08 2513 0.10 4.2 7.3
1.96 12.9 2.8 0.0004 0.00011 0.14 0.01 0.14 0.01 14.2 0.04 2085 0.02 0.6 1.6
2.00 13.7 3.4 0.70534 0.51177 17.18 15.46 37.13 0.11 10.2 0.02 904 0.06 3.1 4.9
8.81 48.0 11.4 0.70779 0.51211 17.58 15.51 37.52 0.15 70.4 0.17 6968 0.17 5.2 10.8

16 16 16 48 42 24 24 24 16 40 40 16 33 16 16
8.08 32.9 4.1 0.7169 0.51188 17.44 15.73 38.16 0.11 29.9 0.28 2392 0.071 9.7 3.7
3.10 19.1 2.9 0.0031 0.00013 0.16 0.03 0.32 0.04 10.8 0.14 1655 0.005 6.3 1.0
4.68 0.0 0.0 0.7110 0.51166 17.23 15.68 37.20 0.07 12.7 0.16 687 0.064 2.6 2.5

15.90 69.1 10.3 0.7206 0.51210 17.88 15.80 38.59 0.24 50.0 0.65 6286 0.081 31.5 6.0
15 27 27 15 15 19 19 19 15 14 15 15 15 25 15
5.81 6.5 1.9 0.7061 0.51138 16.24 15.22 36.39 0.017 126.7 0.04 10387 0.100 4.0 1.1
0.64 1.0 1.1 0.0002 0.00008 0.25 0.04 0.20 0.001 50.1 0.02 2379 0.001 1.1 0.1
5.08 5.3 1.1 0.7058 0.51127 16.03 15.19 36.20 0.016 73.9 0.02 8077 0.098 1.8 1.0
6.79 7.8 4.0 0.7063 0.51150 16.64 15.28 36.68 0.019 191.0 0.05 13872 0.101 4.8 1.2
6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
0.40 4.0 1.7 0.7065 0.51167 17.06 15.37 37.32 0.14 22.5 0.17 22321 0.24 2.6 12.3
0.43 3.6 1.6 0.0008 0.00022 0.32 0.09 0.14 0.06 21.6 0.15 25192 0.09 0.7 6.1
0.09 0.8 0.2 0.7055 0.51135 16.61 15.24 37.13 0.03 5.4 0.04 5481 0.15 1.9 4.8
1.40 12.5 5.7 0.7079 0.51193 17.42 15.47 37.50 0.23 77.9 0.51 84592 0.45 3.9 23.8

10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
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correct, any other crustal composition would yield broadly similar
results. Most of the metasomatic agents (either fluids, supercritical
liquids, or melts) released during these experiments have (Th/La)n
similar to that of the starting material in agreement with the
negligible Th/La fractionation between arc magmas and subducted
sediments (Plank, 2005). A number of experimental runs have (Th/
La)n of about 2, although invariably have (Sm/La)n b1. In contrast, the
TRL depict a positive trend towards (Th/La)n N8 and (Sm/La)n N1.5
which is not observed in any experimental run.

The TRL magmas with high Th/La and Sm/La have also high Th/U
(see full data compilation in the supplementary material). In contrast,
allanite/monazite saturated liquids always have enrichment of U with
respect to Th (Klimm et al., 2008; Skora and Blundy, 2010). Indeed
Klimm et al. (2008) indicated allanite-saturated liquids as suitable
candidates to produce the 238U-excesses observed in several volcanic
arc magmas.

The corollary of these studies is that the ordinary metasomatic
agents released during subduction, including those saturated in either
allanite or monazite, are unable to produce mantle enrichment zones

and successivelymagmaswith Th/LaN1, Sm/LaN0.3 and Th/UN4. This is
actually not surprising considering that allanite and monazite are
widely regarded as key minerals in controlling the Th, U and REE
budget of typical subduction-related magmas (e.g. Hermann and
Rubatto, 2009; Klimm et al., 2008; Skora and Blundy, 2010), from
which the TRL are clearly distinguished (Fig. 5).

We are thus left to face the apparent inconsistency of the Th/La and
Sm/La conundrum of the TRL, which requires a mantle source con-
sisting of crust-like and depleted lithospheric mantle domains: the
former being responsible for their extreme trace element contents,
crust-like trace element patterns and radiogenic isotope (Sr, Nd, Pb)
signature, whilst the latter for their major element depleted flavour.
However, the positive Th/La vs. Sm/La array delineated by the TRL
(Fig. 5 and Fig. 7) suggests the presence of two distinct crustal
components: (i) a normal K2O-rich sediment melt with (Sm/La)n b1
and (Th/La)n ~1 (Fig. 7), similar to the metasomatic agents typically
released during slab dehydration and melting and consistent with the
composition of experimental runs; (ii) a SALATHO component with
(Sm/La)n N1.5 and (Th/La)n N8, related to a process not generally
occurring in (or recorded by) typical subduction-related geodynamic
settings, but yet affecting the TRL mantle sources all along the
N18000 km E–W striking Tethyan realm orogenic belts.

Fig. 2. 87Sr/86Sri vs. 143Nd/144Ndi of rocks belonging to the lamproite clan. The TRL are
clearly distinguished from MORBs, OIBs and within-plate lamproites, with the
exception of the Western Australia lamproites. Lamproite data source as in Table 1,
MORB-OIB data source from the compilation of Stracke et al. (2003); BSE: Bulk Silicate
Earth.

Fig. 3. Primitive mantle normalised (Sun and McDonough, 1989) incompatible element
patterns of the average composition of the different outcropping localities of the TRL.
The negative anomalies in Nb-Ta and Ti, along with the positive anomalies at K and Pb
mimic the pattern of crustal material (Global Subducting Sediment, GLOSS, Plank and
Langmuir, 1998; Upper Crust, Rudnick and Gao, 2003), and demonstrate the clear
subduction-related signature of the TRL. Note the distinctive signature of the TRL in
highly incompatible trace element ratios (Rb, Ba, Th, U) in comparison to GLOSS and UC.
Lamproite data source as in Table 1.

Fig. 4. Ba/Rb vs. Rb/Sr (a), and K/Th vs. Th (b) of the lamproite clan rocks. (a) The TRL
have on average higher Rb/Sr and lower Ba/Sr than within-plate lamproites suggesting
a major role of phlogopite in their mantle source with respect to the major role of
amphibole in the case of other lamproites. The Subcontinental Lithospheric Mantle
composition (SCLM, McDonough, 1990) is reported for comparison along with
qualitative arrows evidencing the expected compositional variation due to amphibole
vs. phlogopite mantle metasomatism. (b) The TRL have lower K/Th than other
lamproites due to their extreme Th enrichment up to N200 ppm. Lamproite data source
as in Table 1, symbols as in Figure 2.
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3.1. The message from Pb isotopes

The TRL have a broad positive correlation between Th/La and
208Pb/206Pb, departing from the normal sediment melt end-member
(approximated by GLOSS, Fig. 8) and forming a fan-shaped data
scatter toward high Th/La. This suggests that the SALATHO component
could have played a dominant role in controlling the time-integrated
Th/U/Pb, and hence the 208Pb/206Pb isotope composition of the TRL.
This time-dependent signature could set constraints on the timing of
formation of the unique characteristics of the TRL.

The TRL deviates systematically from the global array delineated
by OIBs, MORBs, and other lamproites worldwide on 206Pb/204Pb vs.
208Pb/206Pb diagram (Fig. 9). They form a mixing array from a
sediment melt end-member (approximated by GLOSS) to another
end-member characterised by 208Pb/206Pb higher than the global
array of mantle-derived magmas for a given 206Pb/204Pb. This latter
end-member, corresponding to the SALATHO component, requires a

history of high time-integrated κ (232Th/238U) and low time-
integrated μ (238U/204Pb). In Figure 9, we have attempted to
reconstruct the Pb isotope composition of the SALATHO end-member
assuming that it was formed from a broad crustal reservoir following
U/Th/Pb fractionation occurred at different ages in the past. Thus, we
first traced back to 1 Ga the Pb isotope composition of a putative
crust-like protolith, starting from the present day composition of
GLOSS. As stated earlier, this assumption is somehow arbitrary, but it
is aimed to illustrate a general scenario valid for the whole TRL. Then
we applied at different ages t (0.05, 0.3, 0.5, 0.7, 1 Ga, Fig. 9), a number
of U/Th/Pb fractionations, and allowed the Pb isotopes to age up to the
time of the TRL formation. Using a trial and error approach, we have
reported in Figure 9 two ideal pairs of κ and μ (40–1.5 and 30–0.8,
respectively) that can account for the Pb isotope array exhibited by
the TRL. The short-dashed lines in Figure 9 start from the Pb isotope

Fig. 5. Sm/La vs. Th/La of the TRL and within-plate lamproites, evidencing the positive
correlation of the TRL along with their extreme trace element ratios. Upper Crust (UC,
Rudnick and Gao, 2003) and Global Subducting Sediment (GLOSS, Plank and Langmuir,
1998) are reported as proxies of crustal recycled components. The grey field indicates
the observed compositional variations of volcanic arc rocks related to slab-derived
mantle metasomatism (Plank, 2005). The TRL plot on a mixing array (double-headed
arrow) between a general crustal component similar to GLOSS (low Sm/La and Th/La),
and a high Sm/La and Th/La component (hereafter SALATHO, see text). Lamproite data
source as in Table 1, symbols as in Figure 2.

Fig. 6. Sm/La vs. K/Nb of the TRL. Sm/La is used as a representative of the SALATHO
component, whilst K/Nb is indicative of the subduction-related signature (i.e. K2O
enrichment and HFSE depletion). The observed lack of correlation suggests that the
SALATHO component is not related to the process of sediment melt recycling that
imparts the subduction signature to the mantle source of the TRL. Lamproite data
source as in Table 1, symbols as in Figure 2.

Fig. 7. (Sm/La)n vs. (Th/La)n comparison between natural (TRL) and experimental
melts. In order to account for trace element doping in experimental runs, all
experimental melt compositions are normalised to the composition of their starting
materials. The TRL are presented normalised to GLOSS assuming that the SALATHO
component is originated from a crust-like protolith (see text for details). Experimental
melting of either basaltic oceanic crust (Klimm et al., 2008) or sediments (Hermann and
Rubatto, 2009; Johnson and Plank, 1999; Skora and Blundy, 2010) at variable P-T
conditions (both allanite/monazite saturated and undersaturated), cannot fractionate
Th/La and Sm/La as required by the TRL. Lamproite data source as in Table 1, symbols for
the TRL as in Figure 2.

Fig. 8. 208Pb/206Pbi vs. Th/La of the TRL and within-plate lamproites. The broad positive
correlation exhibited by the TRL indicates that the metasomatic agent which causes the
development of high Th/La (i.e. SALATHO) has also high 208Pb/206Pb, indicating high
time-integrated κ (232Th/238U). The TRL data span from a sediment melt component
(similar to GLOSS) to the SALATHO component. The horizontal spread of the data is
likely to be ascribed to a variable formation age, and possibly κ, of the SALATHO
component in each sector of the TRL, translating into variable 208Pb/206Pbi. Lamproite
data source as in Table 1, symbols as in Figure 2.
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composition of the crustal protolith at different ages t, and depict the
isotopic evolution of putative SALATHO components up to the
formation age of the TRL, according to the two ideal pairs of κ and μ
(closed and open stars, Fig. 9). This provides information on the
timescale required by potential SALATHO components to develop
suitable Pb isotope compositions. The array exhibited by the TRL
(Fig. 9), akin to Th/La vs. Sm/La (Fig. 5), suggests that their depleted
mantle source peridotites have been heavily metasomatised by both
normal sediment melts and the SALATHO component. The additional
information provided by Pb isotopes is that this componentmust have
formed at nominal ages of some 700–300 Ma.

The nominal ages determined in our model are not meant to be
absolute ages because this would require an exact knowledge of the
average isotope composition of the subducted sediment column in
each sector of the Tethyan realm orogenic belts. The use of a sediment
proxywith higher 208Pb/206Pb and lower 206Pb/204Pb than present day
GLOSS would decrease the inferred nominal ages. However, the
subvertical displacement exhibited by the TRL in Figure 9 provides
compelling evidence for: (i) the formation of a time-integrated high κ
and low μ component, and (ii) the Pb isotope evolution of this
component lasting for some hundreds of million years. The formation
age of the SALATHO component is not necessarily contemporaneous
in each sector of the TRL, although it ought to be older than the last
collisional events that assembled the Tethyan realm orogenic belts.
For example, it is clear from Figure 9 that a U/Th/Pb fractionation
occurring at some 50 Ma (i.e. Alpine and Himalayan orogenies) would
prove very difficult to reconcile with the Pb isotope array of the TRL,
for any value of κ and μ.

4. Decoding the SALATHO component within Tethyan realm
geodynamic framework

The occurrence, albeit scattered, of the TRL all along the orogenic
belts from Spain to Tibet (Fig. 1) suggests a common genetic process
affecting their mantle sources. This has to be a general and
widespread mechanism which characterised the development and
the assemblage of the N18,000 km E–W striking Tethyan realm
orogenic belts. The geodynamic setting is perhaps the key factor to
work out the geochemical paradox of the TRL. Since the Palaeozoic,
the area has been characterised by the prolonged subduction of
distinct Tethyan realm oceans along with the diachronous collision of
the northward drifting continental slivers from Gondwana (e.g. Hun
Terrane, Variscan and Cimmerian Terranes, Gaetani et al., 2003;
Scotese, 2004; Stampfli, 2000; Stampfli and Borel, 2002). The
formation of tectonic mélange consisting of chaotic hybridised
mixtures of peridotite, basalt, and sediment occurs in most orogenic
belts, including the Tethyan realm orogenic belts (e.g. Collins and
Robertson, 1997; Festa et al., 2010; Fotoohi Rad et al., 2005), and is a
common by-product of the subduction cycle. Geophysical and
geochemical arguments suggest the possibility that mélange domains
can be an intrinsic feature of the slab-mantle interface at depth (e.g.
King et al., 2006). Thus, during the final stage of closure of these
ancient Tethyan realm oceanic basins and subsequent continental
collision, these mélange domains along with the detached oceanic
lithosphere were liable to be accreted to the innermost portions of the
colliding continental plates (Prelević and Foley, 2007). Incidentally,
these mélange domains have just the appropriate components (i.e.
hydrothermally metamorphosed refractory peridotite and oceanic
crust – basalt and sediment) required by the mantle sources of
lamproites. The likely high P and low T metamorphic conditions
experienced by these slices of tectonic mélanges after accretion
favoured the stabilisation of metamorphic phases such as lawsonite
and zoisite/epidote in the oceanic crust, in addition to hydrous K-
bearing minerals (e.g. phengite, biotite-phlogopite, amphibole).

Zoisite/epidote and lawsonite represent promising candidates to
solve the geochemical conundrum of the TRL. They are a major
repository of Sr, Pb, U, Th, and LREE and their trace element ratios
(Brunsmann et al., 2000; Feineman et al., 2007; Frei et al., 2004;
Hickmott et al., 1992; Spandler et al., 2003; Usui et al., 2006, and
references therein), although not conclusive, seem to match those
required by the SALATHO component. For example, Spandler et al.
(2003) reported trace element content of lawsonite from blueschist
facies pelitic samples occurring in the New Caledonia orogenic belt
with La=119 ppm, Sm=77 ppm, Th=80 ppm, and U=7 ppm (i.e.
Sm/La=0.64, Th/La=0.67, Th/U=11). Feineman et al. (2007)
performed zoisite-aqueous fluid partitioning experiments at 2 GPa
and 750–900 °C, and the trace element ratios of zoisite (the trace
element abundances cannot be used because the starting materials
were doped) formed at 900 °C were Sm/La=1.17–0.89, Th/La=1.14–
0.92, Th/U=22–80. Admittedly, the available trace element data of
lawsonite and zoisite are in places ambiguous and far from
homogeneous, requiring further studies to refine their trace element
signature and assess their potential role in the TRLmantle sources. For
example, Th/La is not N1.5, but, to our knowledge, these minerals
represent the closest match to the SALATHO component. The critical
aspect is that these minerals must segregate from their initial
protolith and subsequently melt completely to produce a metaso-
matic agent with high Sm/La and Th/La. Veins and segregations
formed during hydrofracturing and protolith dehydration are com-
monly used to deduce fluid flow in metamorphic rocks (e.g. Philippot
and Selverstone, 1991) and, for example, zoisite segregations are
reported in amphibolites of the Palaeozoic part of the Lower
Schierferhülle, Tauern Window, Austria (Brunsmann et al., 2000).
They consist of zoisite + quartz + calcite veins and segregations
formed during an early to pre-Hercynian high P (~1.5 GPa) and low

Fig. 9. 208Pb/206Pbi vs. 206Pb/204Pbi of the TRL and within-plate lamproites along with
MORBs and OIBs (data from the compilation of Stracke et al., 2003). The TRL defines an
array which deviates from that of OIBs, MORBs, and other lamproites worldwide. This
requires a two component mixing between a sediment melt component (approximated
by GLOSS) and another end-member characterised by high 208Pb/206Pb for a given
206Pb/204Pb, indicating high time-integrated κ (232Th/238U) and low time-integrated μ
(238U/204Pb), respectively. This latter end-member, as suggested by Figure 8, is
identifiable with the SALATHO component originating also from a crust-like protolith.
Due to the lack of more specific information on the composition of sediments in each
sector of the TRL, we use GLOSS as representative of both the sediment melt end-
member (i.e. low 208Pb/206Pb) and as starting protolith from which the SALATHO
formed at different ages in the past. Thus, in order to estimate the Pb isotope evolution
of the SALATHO end-member, we traced back the composition of present day GLOSS
(small open circles, solid line) to 0.05, 0.3, 0.5, 0.7, and 1.0 Ga. From each age in the past,
we applied a number of U/Th/Pb fractionation and let Pb isotopes evolve (open and
closed stars) until the formation age of the TRL. The Pb isotope evolution lines (short-
dashed lines) reported in the diagram are modelled with two pairs of κ and μ (40–1.5
and 30–0.8, respectively) suitable to fit the TRL array. For the sake of clarity we omitted
the Pb isotope evolution lines at 50 and 300 Ma. Although the initial protolith
composition is arbitrary the diagram clearly shows that the subvertical displacement of
the TRL requires isolation times in the order of hundreds of millions years. This isolation
time is not necessarily uniform along the Tethyan realm orogenic belts, and the higher
the 208Pb/206Pb the older the formation age of the SALATHO end-member. Indeed, a
SALATHO component formed at some 50 Ma is barely distinguishable from the present
day GLOSS, and thus cannot account for the TRL array (see text).
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T (~500 °C) event, and demonstrate the occurrence of this process
during the assemblage of the Tethyan realm orogenic belts.

We tentatively propose a model for the formation of the TRL
mantle sources that entails different time-separated stages. In a first
stage, the high P and low T metamorphism experienced by the highly
chaotic mélange domains accreted to the Eurasian plate determined
the development of the SALATHO component (lawsonite and zoisite/
epidote veins and segregations) with characteristic trace element
ratios (i.e. high Sm/La, Th/La, and Th/U). The Pb isotope composition
of the TRL (Fig. 9) demands for an isolation of this component for
some hundreds of million years. The isolation time may have been
different in each sector of the Tethyan realm orogenic belts, in
agreement with the diachronous collision of the northward drifting
continental slivers from Gondwana (e.g. Hun Terrane, Variscan and
Cimmerian Terranes, Gaetani et al., 2003; Scotese, 2004; Stampfli,
2000; Stampfli and Borel, 2002).

The second stage occurred during the most recent subduction
events – involving, for example, the Neotethys and Alpine Tethys
oceanic plate – and subsequent continental collision (Alpine,
Apennine, Himalayan orogeny). The subducting sediments produced
silica-rich melts that migrated through the mantle wedge and
metasomatised the depleted lithospheric mantle blocks of the previ-
ously accreted chaotic mélange domains, forming a clinopyroxene-
phlogopite vein network (e.g. Foley, 1992b; Melzer and Foley, 2000;
Sekine and Wyllie, 1982).

The third stage eventually occurred during the Tertiary orogenic
belt collapses (Prelević and Foley, 2007). Lithosphere delamination
and thermal relaxation triggered the onset of low-degree melting of
the low-solidus fractions within the mélange domains. Lamproitic
magmas were thus produced along the lines of a vein-plus-wall rock
melting mechanism (Foley, 1992b) involving both the clinopyroxene-
phlogopite vein network and the SALATHO components. The former
determined the K2O enrichment and the subduction-related signature
of the TRL; the latter (lawsonite/zoisite) was totally consumed during
melting producing residual garnet and kyanite (Schmidt and Poli,
2004) and imparted to the TRL their unique trace element ratios (i.e.
high Sm/La and Th/La, Fig. 5).

Considering the geodynamic evolution of the Mediterranean alone
(e.g. Vignaroli et al., 2008), our model opens a new scenario for the
formation of the lamproite mantle source and questions the crust-like
mantle (CLIMA) model of Peccerillo and Martinotti (2006), which
links the formation of the lamproite mantle source of the Western
Mediterranean entirely to the recent (ca. 50 Ma) Alpine SE-verging
subduction of the European plate. In contrast, in our model the
lamproite mantle source of the Mediterranean (the chaotic mélange
domains) was likely formed during an earlier collisional event that
piled up the northward drifted Gondwana-derived continental slivers.
The successive re-opening of minor ocean basins such as the Alpine
Tethys, the Adriatic-Ionic and Vardar oceans (e.g. Stampfli, 2000;
Stampfli and Borel, 2002; Vignaroli et al., 2008) broke-up the accreted
continental plates and the tectonic mélange domains. Later, in
response to the Alpine and Apennine orogenic belt collapses, these
tectonic mélange domains were melted during the recent magmatic
activity which characterised the Mediterranean area from Spain to
Anatolia (Fig. 1) and produced small-volume lamproitic magmas.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2010.11.023.
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