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%Mo/**Mo and 23®¥U/?*5U in lamproites, shoshonites, and high-K
calc-alkaline rocks from Western Alps: inferences on their genesis

MARTINA CASALINI

ABSTRACT

Oligocene ultrapotassic and associated potassic rocks from
Western Alps derived from the crystallisation of magmas originated
from partial melting of mantle sources extremely enriched in recycled
crustal components. These rocks are well suited for studying the
effects of subduction-related, sediment-derived metasomatism on
Molybdenum and Uranium isotopes. This paper reports the first
%Mo/*Mo and 2#¥U/*°U data on potassic and ultrapotassic rocks
at destructive plate margins. Both **Mo/**Mo and 2**U/?*U ratios
show large variations in the samples from Western Alps. U isotope
compositions are consistent with an increasing role of metasomatising
melts from recycled sediments, which explains the variable
enrichment in potassium and incompatible trace elements passing
from high-K calc-alkaline to lamproitic magmas through shoshonitic
ones. The variation of Mo isotope compositions is more complex due
to the extreme depletion in Mo observed and since their values exceed
the range observed for volcanic arcs. These features were investigated
considering several possible processes such as secondary weathering,
hosting of Mo related to residual mineral phases during sediment
melting or physical removal during subduction. The results were also
discussed in the framework of the complex processes responsible for
the genesis and geochemical characteristics of the Tethyan Realm
Lamproites, particularly in relationship with the exotic SALATHO
geochemical component.

Keyworps:  Molybdenum isotopes, Uranium
Western Alps, lamproites, shoshonites.
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INTRODUCTION

The Alpine chain is the westernmost portion
of a continuous orogenic belt (Fig. 1) extending to
the Himalaya and Tibet formed during the Alpine
orogenesis and related with the closure of the Tethys
and its branches, as a consequence of the diachronous
collisions of Gondwana-derived lithospheric plates
started on Early Permian (e.g., ToMMASINI et alii, 2011).
The long-lasting subduction of the different Tethyan
realm oceans, together with the diachronous collisions,
was accompanied by long-lived magmatic activity
characterised by calc-alkaline to shoshonites, usually
associated to ultrapotassic subduction-related suites,
which in some cases are represented by lamproites (e.g.,
BentTO et alii, 1999; TURNER et alii, 1999; ALTHERR et alii,
2004, 2008; PreLEvVIC et alii, 2004, 2005; Gao et alii, 2007;
ConrICELLI et alii, 2009; TomMasINI et alii, 2011; KrMICEK et
alii, 2016; SopERr et alii, 2016). Lamproites are a peculiar
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family of low-Ca and -Al ultrapotassic rocks (FoLEy et alii,
1987) that can be found either in within-plate tectonic
setting or at destructive plate margins (BErRGMAN, 1987;
MitcHELL & BERGMAN, 1991). In both cases lamproites are
characterised by an extraordinary high concentration of
incompatible trace elements, higher than most crustal
rocks, so that crustal contamination would dilute rather
than enrich their contents in ultrapotassic magmas (e.g.,
ConTIcELLI, 1998; MurpHY et alii, 2002). Subduction-
related lamproites differ from within-plate ones in terms
of trace element distribution, with depletion of High
Field Strength (HFS) elements (except Th) with respect
to Large Ion Lithophile (LIL) ones, and by extremely
radiogenic Sr and unradiogenic Nd (¥Sr/%Sr 0.70380 -
0.73629 and '“*Nd/'**Nd 0.51180 - 0.51252, respectively),
and distinctive Hf and Pb isotopes (!"°Hf/'""Hf 0.282327
- 0.282789 and 2°°Pb/**Pb 18.409 - 18.930, respectively)
(e.g., FrASER et alii, 1985; PECCERILLO et alii, 1988; NELSON
et alii, 1986; CoNTICELLI & PEccERILLO, 1992; CONTICELLI
et alii, 1992, 2002, 2004, 2007, 2009, 2010, 2013, 2015;
CARLSON & IRvVING, 1994; MIRNEIAD & BELL, 2006; PRELEVIC
et alii, 2008, 2010; AvanzINELLI et alii, 2009; TOMMASINI et
alii, 2011). These peculiar characters reflect a dominance
of lithospheric mantle contaminated by subducted
crust-derived sediments (CoNTICELLI & PECCERILLO, 1992;
PeccEeRILLO et alii, 1988; PRELEVIC et alii, 2008, 2010).

Lamproitic rocks are thought to result from a multi-
stage process affecting the mantle sources including an
episode of extreme depletion, followed one of enrichment
through addition of a recycled, subduction-derived, crustal
component (i.e., terrigenous sediments with different age
and provenance), and finally interaction with melts from
the convecting mantle (CoNTicELLI et alii, 1992, 2004, 2007,
2009, 2010, 2013, 2015; PeccerILLO et alii, 1988; PRELEVIC et
alii, 2008, 2010; AvaNzINELLI et alii, 2009; ToMMASINI et alii,
2011; PecceriLLo & FrezzoTTI, 2015).

These complex processes produce a mantle source
made up by phlogopite-pyroxenitic veins enclosed within
the lithospheric mantle (FoLey, 1992). Melting of such a
metasomatised mantle source at variable degrees, during
post-collisional tectonics, is able to generate a broad
spectrum of different magmas: when melting of veins
dominates lamproitic magmas are produced, whereas as
the vein melt is diluted by increasing partial melting of
the surrounding peridotite shoshonitic, high-K and calc-
alkaline magmas are generated (FoLEy, 1992; PRELEVIC et
alii, 2008; ConTICELLI et alii, 2007, 2009, 2015).

In the Western Alps dikes and lavas, spanning in
geochemical affinity from lamproites through shoshonitic to
high-K calc-alkaline, were emplaced during Oligocene (e.g.,
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Fig. 1 - Distribution of the ultrapotassic and related magmatic products in the Western Alps highlighted in blue (modified after DEL Piaz ef
alii, 1979, 1988; DEL Piaz, 1992; BistaccHi et alii, 2001; CoNTiceLLI et alii, 2009 and LEPORE et alii, 2017). a) Sketch map of the Italian peninsula
region with major tectonic features; the study area is highlighted in blue; b) Western Alps Oligocene magmatism (modified after CoNTICELLI et
alii, 2009): 1- low grade Permian granite and granodiorite; 2- Ivrea zone mafic complex; 3- Ivrea zone kinzigitic rocks; 4- internal Sesia-Lanzo
zone (eclogitic micashists); 5- external Sesia-Lanzo zone (gneiss complex); 6- Schistes Lustres and ophiolitic complex; 7- Monte Rosa and Gran
Paradiso nappe (orthogneiss); 8- Oligocene Plutonic rocks, Traversella (T) and Biella plutons (Bi); 9- Oligocene volcanoclastic cover series; 10-
Pleistocene-Holocene covers; selected samples are also reported: LMP are represented by dark blue circles, SHO and HKCA by light blue and
pale blue, respectively; ¢) Shaded relief image of the Tethyan realm orogenic belts from Spain to Southern Tibet, showing the main outcropping
areas of the Tethyan realm lamproites from west to east: (A) Murcia-Almeria, Spain; (B) Western Alps, Italy; (C) Corsica, France; (D) Tuscany,

Italy; (E) Vardar Zone, Serbia and Macedonia; (F) Western Anatolia, Turkey; (G) West Lhasa Terrane, China.

DaL Piaz et alii, 1972, 1973, 1979, 1988; VENTURELLI et alii,
1984; DAL P1az & VENTURELLI, 1985; PECCERILLO & MARTINOTTI,
2006; OwEN, 2008; CoNTICELLI ef alii, 2009, 2010).

Lamproite and ultrapotassic rocks represent an
interesting case-study for investigating the behaviour
of Molybdenum and Uranium isotopes (**Mo/**Mo and
23/2%U) in subduction related rocks from mantle source
enriched by extremely high proportion of a sedimentary
recycled component. Recently, these non-traditional
isotopic systematics emerged as important tools to
reconstruct the paleo-redox conditions of the ocean and

they have been proved to be promising diagnostic tracers
of surface material recycled to the Earth’s interior and
back to the surface by volcanism (e.g., KENpaLL et alii, 2017;
WiLsoLp & Evviorr, 2017; FrREYMUTH et alii, 2015, 2016;
ANDERSEN et alii, 2014, 2015, 2017).

In this study the first data based on sediment-
dominated, subduction-related magmas are reported
and discussed in the frame of the definition of the role of
sediment-melts in the metasomatism of the upper mantle.
The data herewith reported are also the first **Mo/**Mo and
238U/?°U data ever performed on Italian volcanic rocks.
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NON TRADITIONAL ISOTOPIC SYSTEMATICS

Molybdenum and Uranium are redox-sensitive trace
elements with long ocean residence times (about 440 ky
and 400 ky, respectively; ANDERSEN et alii, 2017; KENDALL et
alii, 2017) and with similar redox behaviour in the ocean.
They have generally low crustal concentrations (Mo ~1
ppm, U ~1.1 ppm bulk values; TayLor & McLENNAN, 1985;
McLENNAN, 2001), and are among the most conservative
trace elements in seawater (~10 ppb and ~3 ppb; COLLIER,
1985; Tissor & DaupHas, 2015). In oxic conditions, the
only important sink for Mo and U in the oceans is Fe-Mn-
crusts, while pelagic sediments represent only a minor sink
(ANDERSEN et alii, 2017; KenpaLL et alii, 2017). In reducing
conditions U and particularly Mo are quantitatively
removed from the water into anoxic sediment and into
sediments at continental shelfs that become anoxic with
depth (ANDERSEN et alii, 2017; KeNDALL et alii, 2017.

Therefore, under oxidising conditions they assume
conservative behaviour in the seawater whereas they are
removed from the water columns and become enriched
in the sediments under suboxic to anoxic conditions (i.e.,
continental margins; McManus et alii, 2006; TRIBOVILLARD
et alii, 2012; KenpaLL et alii, 2017). This redox-sensitivity
is the cause of significant mass-dependent isotope
fractionation compared to seawater values, which has been
used for constraining paleo-redox oceanic conditions (e.g.,
ANDERSEN et alii, 2017; KENDALL et alii, 2017 for review).

In oxic conditions Mo isotopes are strongly fractionated
due to the incorporation of isotopically light Mo in Fe-
Mn oxides (average §°*°*Mo about -1.00%o, BARLING et alii,
2001; SieBeRrT et alii, 2003) leaving seawater with a heavy
isotope composition (8°**Mo ~ 2.09%o, SIEBERT et alii,
2003). In strongly reducing conditions Mo is quantitatively
removed for the water column, without any isotopic
fractionation, into anoxic sediments, which represent the
major sink for Mo and provide a source of isotopically
heavy Mo (5°*°*Mo from ~1.00%o to 2.09%o, e.g., KENDALL
et alii, 2017). Suboxic sediments fill the gap between the
two major sinks, displaying variable isotope composition
(KeNpALL et alii, 2017).

Compared to Mo, U displays only minor isotope
fractionation under oxic conditions (ALGEO & TRIBOVILLARD,
2009; NoorDMANN et alii, 2015). Isotopically light U is
adsorbed into Fe-Mn oxides (average §23%?*U of -0.59%o,
WEYER et alii, 2008), whereas biogenic carbonates
incorporate the seawater signature of -0.41%c¢ (STIRLING
et alii, 2007; WEYER et alii, 2008; BRENNECKA et alii, 2011;
RoMANIELLO et alii, 2013).

Under low-oxygen conditions, U is removed from
seawater within suboxic and anoxic sediments, leading
to deviations of the 23¥U/?*U ratios and U concentrations
relative to oxic environments (WEYER et alii, 2008; MONTOYA-
Pvo et alii, 2010; BRENNECKA ef alii, 2011; RoMANIELLO et alii,
2013). In these conditions the increase of reduced U-flux to
anoxic facies (e.g., black shales) induces preferential removal
of 23U from seawater, resulting in relatively heavy isotope
compositions. The §3%¥2%U values for suboxic sediments
span between the seawater value and can reach values up to
0.43%o in anoxic conditions (WEYER et alii, 2008).

Despite a substantial homogeneity of the bulk earth,
significant variability exists at least between the isotope
compositions of the upper mantle and the crust (i.e., MORBs:
3%%%5Mo = -0.21%0 and 8§*3%?%U = -0.26%0, average values
from WiLLBoLD & ELLioTT, 2017; ANDERSEN et alii, 2017; Crust:

3%%95Mo = 0.15%0 and 6*3¥?35U = -0.29%o, average values from
Tissot & Daupnas, 2016; WiLLBoLd & Erviort, 2017).

Uranium is a highly incompatible element and large
isotope fractionations of U during either partial melting
of the mantle or melting and/or dehydration of subducted
material are considered to be unlikely (ANDERSEN et alii,
2017). Thus, the deviation of U isotope composition of
magmas from the typical mantle values is likely due to
the addition of metasomatising components with distinct
isotope signatures inherited directly from those of the
subducted materials (i.e., AOC or sediments; ANDERSEN
et alii, 2017; AvanziNELLI et alii, 2018). Melts from the
sedimentary component show high Th/U and variably
heavy §2°¥?3U (ANDERSEN et alii, 2015; AvVANZINELLI et alii,
2018), whereas fluid from the altered mafic oceanic
crust (AOC) have low Th/U and isotopically light §23¥235U
(ANDERSEN et alii, 2015, 2017).

Molybdenum is a moderately refractory siderophile/
chalcophile element, highly incompatible in most
magmatic phases (i.e., silicate; WiLLBoLp & ELLIOTT,
2017) especially in presence of fluids at mantle condition
(e.g., subduction zone, BaLr et alii, 2012). Also, isotope
fractionation of Mo during fractional crystallisation of
typical magmatic phases should be very limited (BEzarD et
alii, 2016; WiLLBoLp & Erriort, 2017). On the other hand,
Mo is compatible in mineralogical phases with elevated
solid-melt partition coefficient such as sulphides and
mtlle (DSulﬁdic melt/silicate mclt< 20 and DRt/mclt = 4’ L & AUDETAT’
2012; Skora et alii, 2017). Although sulphide fractionation
can potentially influence the Mo isotope composition
of evolving magmatic systems, sulphur is only a minor
component in silicate melts (<1% modal fractionation
abundance), and it should not have a large effect on the
Mo budget (WiLLBoLD & EvrLiorT, 2017).

Molybdenum can also be fractionated during the
dehydration or melting of the subducting slab due to its
strong compatibility in rutile, both in equilibrium with a
fluid (D, = 0.04, BaL1 et alii, 2012) or with a magmatic
melt (and D, , = 4, SKora et alii, 2017). The available
studies suggest that rutile preferentially incorporates
light Mo isotopes: therefore slab-derived fluids and melts,
generated in presence of residual rutile, should attain an
isotopically heavy Mo signature, which is reflected in the
high §°®*Mo observed in most arc-related rocks (WiLLBOLD
& ELLiorT, 2017).

On the other hand, the considerable amounts of Mo
and U that are carried with the subducted components
may preserve the originally variable isotopic composition
of the subducted sediments and altered oceanic crust,
hence imparting a characteristic isotope signature to the
erupted magmas (e.g., FREYMUTH et alii, 2015, 2016).

In this complex scenario, according to the few data
available, volcanic arcs dominated by AOC-derived fluids,
show a substantially heavy Mo isotope composition, while
those dominated by sediment-derived melts present a more
variable isotope signature, which is generally light (FReymutH
et alii, 2015), but can reach substantially heavier values when
anoxic sediments are involved (FREYmMUTH et alii, 2016).

PETROLOGICAL BACKGROUND AND SAMPLE SELECTION

The ultrapotassic rocks from the Western Alps represent
the westernmost occurrence, together with Murcia-



468 M. CASALINI

Almeria ones (Spain), of the Tethyan Realm Lamproites
(TommasiNI ef alii, 2011), which consist in a limited number
small-volume of hypo-abyssal and volcanic rocks, with
orogenic signature and lamproitic affinity, occurring as
scattered outcrops from the Mediterranean area to south
Tibet, along the orogenic belt related to the closure of the
Tethyan ocean (Fig. 1c).

These magmatic rocks are the consequence of the late
Tertiary (late Cretaceous) to Oligocene ‘Alpine’ subduction
of the European plate beneath the Adriatic promontory
that generated a belt of metasomatic mantle along the
northern border of the African plate. Contemporary or
after the subduction, this metasomatic mantle underwent
partial melting at different times and in different zones in
response to local modification of tectonics and thermal
regimes (PeEcceriLLo & MAarTiNOTTI, 2006; BELTRANDO et
alii, 2010). The collision was accommodated by crustal
imbrications and subduction of continental material, as
attested by the presence of UHP rocks in the Dora Maira
massif (e.g., CHOPIN et alii, 1991; GEBAUER et alii, 1997;
CHOPIN & ScHERTL, 1999; FERRANDO et alii, 2009). The western
termination of the Alpine belt is a tight arc formed during
the late Tertiary without any back-arc extension (FACCENNA
et alii, 2001; MartEI et alii, 2004).

The Western Alps are the site of post-collisional (i.e.,
Oligocene) ultrapotassic igneous activity that occurs within
the restricted area of the Sesia-Lanzo north of the Canavese
Line, but is absent in the Central and Eastern Alps (Fig. 1b).
The sample selection includes three lamproites (VDA 17,
VDA 2 and VDA 3, minettes), one shoshonite (VDA 14) and
one sample belonging to the high-K calc-alkaline series
(VDA 8, basaltic andesite). The ages of these products are
all between 33 and 29 Ma (DAL Piaz et alii, 1972, 1973, 1979,
1988; VENTURELLI et alii, 1984; DAL P1az & VENTURELLI, 1985),
coeval with the peak of post-collisional magmatism of the
entire Alps (34-30 Ma, VoN BLANCKENBURG et alii, 1998).

Major, trace elements and radiogenic isotopes of these
samples are reported in Table 1 (mostly from CoNTICELLI
et alii, 2009). For the sample VDA 2, Rare Earth Elements
(hereafter REE) and Sr, Nd and Pb isotopes were specifically
measured in order to complete the data set. The samples
selected for the present study encompass the geochemical
variations of the whole the magmatic province (Fig. 2).

The ultrapotassic rocks of this area have a lamproitic
affinity considering that they are plagioclase-free micaceous
dykes (minette) characterized by intersertal texture with
phlogopite, clinopyroxene and K-feldspar, accompanied by
minor olivine and riebeckite-arfvedsonite amphibole with
accessory apatite, sphene and Fe-Ti oxides (OweN, 2008;
ConriceLLi et alii, 2010). Shoshonitic to high-K calc-alkaline
plagioclase-bearing lamprophyric rocks (kersantite to
spessartite) are found associated in space and time with
ultrapotassic rocks (OweN, 2008; CoNTICELLI et alii, 2010).

Theserocks, as well as all the Tethyan Realm Lamproites,
can clearly be distinguished from other worldwide within-
plate lamproites on the basis of their clear subduction-
related signature (i.e., crust-like trace element-pattern and
HFSE depletion; Fig. 2), as well as their radiogenic Sr-Pb
and unradiogenic Nd isotope composition (ToMMASINI et
alii, 2011).

The studied rocks are characterised by high MgO
contents, indicating a primitive character, and variable
K,O and alkali contents, which define their serial affinity
(ConTiIcELLI ef alii, 2009).

TABLE 1

Major and trace elements composition along with
radiogenic isotope compositions of Western Alps potassic
and ultrapotassic magmatic rocks.

Unit: Rio Rechantez Donnaz, Plan d'Albard Cora Road Niel

Series: LMP LMP LMP SHO HKCA
Sample: VDA 17 VDA 02 VDA 03 VDA 14 VDA 08
Age (Ma) 30 30 30 30 30
Sio, 52.15 57.75 57.50 54.24 55.44
Tio, 1.20 1.32 1.37 0.97 1.00
Al,0, 10.62 10.73 10.64 14.43 17.60
Fe,0, 7.21 5.29 488 7.53 775
FeO - - - - -
MnO 0.13 0.09 0.08 0.13 0.15
MgO 11.95 9.09 9.33 7.59 463
ca0o 6.89 4.22 4.19 7.69 8.27
Na,0 0.88 1.21 1.18 2.57 2.89
K0 7.66 9.23 9.64 3.90 1.86
P,0; 1.32 1.07 1.18 0.96 0.42
Lol 2.75 1.75 3.53 3.24 247
#Mg 79 80 82 70 58
Li 41 - 93 21 -
Sc 25 16 13 27 23
v 155 85 83 182 177
cr 640 414 470 310 80
Co 33 27 25 26 16
Ni 300 298 280 140 40
Cu 60 58 30 50 <10
Zn 80 99 90 90 90
Ga 17 18 19 19 20
Rb 395 546 555 172 63
Sr 829 815 799 882 560
Y 32 24 31 29 28
zZr 503 673 665 334 167
Nb 34 35 34 24 14
Cs 17 - 28 6 1
Ba 4293 3116 3797 2592 1046
La 117 103 106 56 41
Ce 273 237 260 127 78
Pr 38 39 37 17 9
Nd 174 164 169 75 35
Sm 34 36 34 16 7
Eu 6 7 6 3 2
Gd 19 23 19 10 6
Tb 2.0 25 1.9 13 0.9
Dy 8 8 7 6 5
Ho 1.2 1.1 1.2 1.0 0.9
Er 29 35 2.8 2.9 27
Tm 0.4 0.3 0.3 0.4 0.4
Yb 2.0 2.0 1.9 25 26
Lu 0.3 0.3 0.3 0.4 0.4
Hf 16 21 18 9 4
Ta 2.4 7.1 27 1.7 1.0
Pb 36 23 105 36 20
Th 155 164 134 72 20
u 28 31 22 22 5
¥Sr/*esr,, 0.71818 0.71796  0.71802  0.71241 0.71140
87Sr/%sr, 0.71759 0.71713 071717  0.71217 0.71126
Nd/"*Nd,,  0.51201 0.51204  0.51203  0.51213 0.51227
SNd/"Nd;,  0.51199 0.51201 0.51200  0.51210 0.51224
206pp/2*pPp,,, 18.878 18.704 18.690 18.847 18.727
207pp2%4pp,,, 15.718 15.689 15.717 15.681 15.671
208ppy 24Py 39.472 39.072 39.093 39.031 38.918

Major and minor element contents are from ConTICELLI et alii (2009).
Sr, Nd and Pb isotope compositions are from CoNrtICELLI et alii (2009)
with the exception of VDA 2 sample that has been measured at the Ra-
diogenic Isotopes Laboratory of the University of Firenze with a Ther-
mo Finnigan Triton Thermal Ionisation Mass Spectrometer (TIMS).
Mass bias was corrected by replicate analyses of NIST SRM 987, NIST
SRM 981 and an internal reference material (NdFi) as described in
AvANZINELLI et alii (2005).



*MO/**MO AND 2**U/5U IN LAMPROITES, SHOSHONITES, AND HIGH-K CALC-ALKALINE ROCKS FROM WESTERN ALPS

12

a)

40 50

10000

1000

—

o

o
|

—_
o
1

PM/sample

“ Mariana
Arc

CsBa U TalLaPbMo P SmHf Ti Tb Li HoTm Lu
Rb Th Nb K Ce Pr SrNd Zr EuGdDy Y Er Yb

0.1

143Nd/144Nd

469

0.5130 1) Mariana Arc b) Western Alps:
Z . Lamproite
Qp ‘ Shoshonite
0.5126 - (O High-K Calc-alkaline
Literature data
0.5122 - O%ﬂeawm
L—.—:
0.5118 } } :
0.7030 0.7085 0.7140 0.719
87Sr/86Sr
15.75 A d)

Mediterranean TRL

Mariana Arc

RN

o

(o))

(@) ]
1

207Pp/204Pp
o
&

15.45 A
15.35 f f t
17.50 18.25 19.00 19.75
206Pp/204Pp

Fig. 2 - Geochemical and isotopic characteristics of Western Alps samples; a) K,O vs. SiO, classification for orogenic volcanic rock suites
(PECCERILLO & TAYLOR, 1976); b) ¥Sr/%Sr vs. '*Nd/"**Nd and d) 2°Pb/2*Pb vs. 207pp28+ply isotope compositions of the studied samples compared
to data from the literature (VENTURELLI et alii, 1984; CALLEGARI et alii, 2004; PEcCERILLO & MARTINOTTI, 2006; OwEN, 2008; PRELEVIC et alii, 2008;
ConriceLLl et alii, 2009). Fields representing the wider range of Mediterranean Tethyan Realm Lamproite (TommasiNi et alii, 2011) and the
Mariana arc data (ELLiorT ef alii, 1997) are also reported; ¢) Incompatible trace element patterns for mafic volcanic rocks normalised to the
primordial mantle values (Sun & McDonougH, 1989); MORB (grey line) from GaLE et alii (2013), Mariana arc fluid- and sediment-dominated
end-members (Guguan and Uracas, respectively; from Erviorr et alii, 1997), are shown as representative of typical arc magmas.

Both the trace element and the isotope compositions
clearly point to a significantly strong contribution of
upper crustal component (i.e., sediments) in the mantle
source of these rocks (PecceriLLo & MarTiNoTTI, 2006;
ConriceLLI et alii, 2007, 2009; OweN, 2008; PRELEVIC et alii,
2008).

The incompatible trace element contents are
generally high and positively correlated with K,O (see
ConrticeLLl et alii, 2009). Lamproites have the highest
levels of incompatible trace elements, including REE,
and characteristic fractionation of LILE with respect to
HFSE (Fig. 2¢). Incompatible trace elements abundances
generally decrease from ultrapotassic to high-K calc-
alkaline mafic rocks, through shoshonites (ALacNa et alii,
2010; ConticELLI et alii, 2010). Significant troughs at Ta,
Nb, and Ti with peaks at Th, U and Pb produce a typical
orogenic-related sediment-dominated pattern for all the
rock types, whereas a negative anomaly in Ba characterises
only the ultrapotassic products (CoNTicELLI et alii, 2009),
similarly to other ultrapotassic TItalian ultrapotassic
products (AVANZINELLI et alii, 2008).

The ultrapotassic rocks are also characterised by the
highest 8Sr/%¢Sr and lowest *Nd/***Nd values among Italian
potassic to ultrapotassic magmas (Fig. 2b, CoNTICELLI et alii,
2009, 2010), while calc-alkaline and shoshonitic terms fill
the gap between upper crust and typical mantle values with
lower ¥Sr/%Sr and higher “*Nd/***Nd. The crustal affinity
of the ultrapotassic rocks is also confirmed by radiogenic
Pb ratios despite their variability within the province is less
evident than Sr and Nd isotopes (Fig. 2d).

ANALYTICAL METHODS

The determination of Mo and U contents and
isotope compositions was performed using double
spike techniques (“’Mo-'Mo and 233U-?**U, respectively)
allowing both to correct the isotope ratios for instrumental
mass bias and to calculate the concentration of U and Mo
by isotope dilution. The protocols for sample dissolution
and chemical purification are the same of WIiLLBOLD et
alii (2016) for Mo and ANDERSEN et alii (2013, 2015) for
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U. Measurements have been performed at the School of
Earth Science of Bristol University with a ThermoFisher
Neptune MC-ICP-MS. Repeated analyses of reference
standard materials yielded 8°**Mo = 0.043 + 0.010%o
and [Mo] = 0.897 = 0.023 ppm (n=8) for JB-2 reference
standard (in agreement with WiLLBoLD et alii, 2016) and
52382350 = -0.045 + 0.037%o0 and [U] = 5.82 + 0.22 ppm
(n= 8) for CZ-1 in-house standard uraninite and §*%23U
= -0.313 + 0.076%o0 and [U] = 0.157 + 0.001 ppm (n= 3)
for JB-2; the uncertainties cited represent 2¢ standard
deviations of repeat measurements of the same standard,
hence representing the reproducibility of the analytical
procedure. A replicate on two different powder aliquots
of the same sample (VDA 14, Tab. 2) was also performed
yielding Mo contents and isotope compositions identical
within the reproducibility established from the standard.

Mo and U isotope composition are reported as the part
per thousand deviation (§-notation) of the **Mo/*Mo and
238/%35U ratios relative to the NIST 3134 and the CRM 145
standards, respectively. Procedural blanks were <200 pg
for Mo and <30 pg for U, thus negligible comparing with
sample size (150 ng for Mo and 50 ng for U, respectively).
Both Mo and U have been analysed in low-resolution
mode, monitoring possible interfering elements along with
the masses of interest. Mo masses were measured with 10!
Q resistors, while for U a combination of 10'° Q, 10'' Q and
10'2 Q resistors were used to accommodate the presence of
large (#38U), intermediate (***U) and small (***U) ion beams
within the same configuration.

RESULTS

MOLYBDENUM ISOTOPES AND CONCENTRATIONS

The analysed samples show significantly variable Mo
isotopic composition with a total fractionation of about

References:
A Mariana arc
/A Lesser Antilles arc

> MORB

\C
0.60 121 Ap%%/vA ®
ke
iy
0.00 A L.L\ °
: S ()

Western Alps:
. Lamproite
. Shoshonite
O

High-K Calc-alkaline

(@)
= 0.3 > .
3 -0.60 - 0 20 40 60 @
&
Lo}

-1.20 -

-1.80 T T Ou T

1 10 100 1000 10000
Ce/Mo

Fig. 3 - Mo isotope composition §**Mo vs. Ce/Mo (log-scale) of
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GALE et alii (2013) and §°**°Mo from FrReEyMUTH et alii (2015) (error bars
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~2%o0 from the lightest sample (6°®**Mo of -1.67%o0, VDA
8) to the heaviest one (8°*°*Mo of 0.67 %o, VDA 3)(Fig. 3,
Tab. 2). The ubiquitously extremely low Mo content
revealed by isotope dilution technique seems to correlate
with K,0, with the ultrapotassic samples having the lowest
Mo contents (despite being the most enriched in other
incompatible trace elements) along with the heaviest

TABLE 2

Molybdenum and Uranium isotope composition of Western Alps potassic and ultrapotassic magmas.

Series Sample SIQSS_II_VI; 2s.e. ID Mo ppm 2 s.e. 5238U %0 2 s.e. (234/238) IDUppm 2s.e.
00
Western Alps
LMP VDA 17 -0.39 +0.02 0.0473  +£0.0006 -0.25 +0.03 0.980 30.29 +0.10
LMP VDA 02 -0.20 +0.02 0.0258 +0.0004 -0.28 +0.04 0.963 34.41 +0.12
LMP VDA 03 0.67 +0.09 0.0240  +0.0050 -0.24 +0.05 0.964 24 .45 +0.08
SHO VDA 14 -0.48 +0.03 0.336  +0.004 -0.29 +0.03 1.002 24.55 +0.09
rep -0.48 +0.03 0.323  +0.003
HKCA VDA 08 -1.67 +0.03 0.310  +£0.003 -0.30 +0.02 1.004 5.05 +0.02
s 598Mo o
ample NIST %o 20 (n) ID Mo ppm 2 s.e. 6238U %0 20 (n) (234/238) IDUppm 2s.e.
RSMs
CzZ1 - - - -0.045 £0.037 (8) 5.82 +0.22
JB-2 0.043 +0.010 (8) 0.890 +0.023 -0.313  £0.076 (3) 0.157 +0.001

%Mo/**Mo and 2*¥U/>**U were measured via MC-ICPMS at BIG according to the procedure described in WiLLBoLD et alii (2016) and ANDERSEN
et alii (2013, 2015), respectively. The “’Mo-'Mo and IRMM-3636 2**U-2**U double spike solutions have been used. The §°***Mo and §2*%?*°U
were normalised to the International standard values measured along with the samples (NIST 3134 and CRM 145, respectively). The possible
influence of secondary weathering was checked by measuring the (3**U/?*U) of the samples; parentheses denote isotope ratios are expressed
as activity. Replicates (rep) are made on completely separate sample dissolutions. All errors are 2.s.e. and are fully propagated. Accuracy and
reproducibility was tested over the measurement period by several replicates of Reference Standard Materials JB-2 and CZ-1 for which the

reproducibility is expressed as 2c; (n) = number of analyses
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isotope composition (Mo content from 0.02 to 0.05 ppm,
3°¥%Mo from 0.67 to -0.39%o0). The isotopically heaviest
sample (VDA 3) shows possible evidence of secondary
alteration (i.e., high LOI value, Tab. 1), which may have
affected both its Mo content and its isotope composition.
Such a possibility will be discussed in more detail in
the following section. The shoshonitic sample has Mo
concentration one order of magnitude higher than the
latter (0.33 ppm) and slightly lighter isotope composition
(8°¥Mo -0.48%0); the HKCA sample (VDA 8) has Mo
content comparable to the shoshonite and the lightest
3°¥Mo of the province (-1.67%o). The low Mo content of
ultrapotassic rocks is somehow surprising considering that
Mo is an incompatible element in mantle-derived igneous
rocks, which is inferred to behave similarly to Light-
REE, according to the overall constancy of Ce/Mo ratio in
terrestrial samples (NEwsom et alii, 1986). In the studied
samples this similarity is clearly not respected, as evident
by the extremely high Ce/Mo of the studied rocks (especially
the ultrapotassic ones, Fig. 3), hence requiring a process
that removed most of the Mo. The absolute Mo content of
high-K and shoshonitic samples is significantly lower than
any typical arc lavas (e.g., the Mariana arc lavas: ELLIOTT et
alii, 1997; FReYMUTH et alii, 2015) and comparable just to
the less Mo-abundant MORB (GaLE et alii, 2013), both of
which are otherwise orders of magnitude less enriched in
incompatible trace elements (Fig. 2c). The Mo content of
lamproitic rocks is extremely low, more than one order of
magnitude lower than other studied samples.

URANIUM ISOTOPES AND CONCENTRATION

The analysed U isotope compositions are variable
with a total range of <0.1%o. The ultrapotassic rocks show
a narrow range of §?%¥23°U values (from -0.24 to -0.28%o)
(Fig. 4, Tab. 2). The U concentrations calculated by
isotopic dilution are well in agreement with those reported
by previous studies (ConTICELLI et alii, 2009). Shoshonitic
and high-K calc-alkaline samples have isotopically lighter

Western Alps:
. Lamproite
. Shoshonite
O High-K

Calc-alkaline

References:

A Mariana arc

> MORB

=P o

= 2

I_E Q\Q\b —‘A(
._#.—

—

0 32 Aoc-fluids
-0.50 -0.40

-0.30  -0.20
5238/235

-0.10 0.00

Fig. 4 - U isotope composition §*¥?U vs. Th/U for Western Alps
samples in comparison with Mariana arc lavas (ANDERSEN et alii, 2015;
ELLiorT et alii, 1997). MORB and AOC (Altered Oceanic Crust) values
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5382350 values of -0.29%0 and -0.30%o, respectively. A
slightly positive correlation between §*¥?*U values and
U content can be recognised: the more the ultrapotassic
character, the higher U contents, the relatively heavier the
isotope composition.

When (#4U/?**U) is considered (Figs. 5 and 6), only two
out of five samples are within +6%o of secular equilibrium,
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Fig. 5 - U isotope composition §%¥23U vs. (3**U/*%U) activity ratio.
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not affected by secondary alteration. Parentheses denote the ratio id
expressed as activity.
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that is (3*U/?*¥U) = 1, entailing that these samples (mainly
the ultrapotassic ones) must have experienced secondary
alteration that preferentially removes #*U over 2**U by
leaching. However, the lack of correlation between §23%235U
and (¥*U/2%U) (Fig. 5) suggests that the weathering
process, despite producing loss of 2**U, does not fractionate
the 238U/2%°U. This evidence is also strongly supported by
the similar U isotope composition generally occurring in
natural sample between the crust and rivers (ANDERSEN et
alii, 2017).

DISCUSSION

THE ORIGIN OF MO DEPLETION IN ULTRAPOTASSIC ROCKS

The samples of Western Alps lamproites show
large U contents (up to 30 ppm) and extremely low Mo
concentrations.

If U is considered as a proxy for recycled sedimentary
material, then the negligible Mo contents required a process
able to sequester or removed Mo either during the melting
of the sedimentary material or later on, during melting of
the veined metasomatic mantle, magma differentiation
and/or possible secondary alteration.

The samples characterised by the lowest Mo content
also have low (2**U/?**U), out of secular equilibrium, which
is consistent with preferential removal of 234U by superficial
weathering. Such a process may have caused depletion of
Mo aswell (i.e., high Ce/Mo) (Fig. 6), due to the high mobility
of Mo in fluids (BaL1 et alii, 2012). Taking the decrease of
(***U/?*U) as an index of weathering, we compare it to Ce/
Mo as well as to other ratios between fluid-mobile elements
(such as Ba, U and Rb) and the immobile Th (Fig. 6). A
broad positive correlation is observed between (3*4U/?33U)
and Ba/Th (Fig. 6; and also U/Th, not shown) consistent
with weathering-related depletion, but the same is not true
for Rb/Th (Fig. 6) showing, if any, an opposite behaviour.
In addition, the low Ba/Th is a common characteristic
of many Italian ultrapotassic rocks that has been related
to an original Ba depletion in the down-going sediments
(AvanzINELLI et alii, 2008). Furthermore, the magnitude of
Mo depletion is more significant than that of Ba and U,
implying that, if weathering is responsible for its extensive
removal, it must have affected other fluid-mobile elements
to a much lesser extent.

In terms of Mo isotope composition, the samples
showing the heaviest §°***Mo (VDA 2 = -0.20%0 and VDA 3=
0.67%o, respectively) seem also to be the more weathered
having the lowest (3**U/?*#U) (Fig. 6a). On the other hand,
superficial weathering in oxidising conditions should
preferentially remove the heavy **Mo with respect to the
light Mo, leaving the rocks with isotopically light §°***Mo.
This sense of isotope fractionation is clearly demonstrated
by ubiquitously heavy isotope composition of rivers
(8°¥%Mo = 0.7%o on average, according to ARCHER & VANCE,
2008). If the Mo depletion was due to such a process, we
should have expected lower §°¥*Mo for the most Mo-
depleted rocks, which is the opposite to what is observed
among the studied samples.

Alternative processes that may potentially be
responsible for the extreme depletion of Mo from the
magmas imply the presence of specific mineral phases,
involved either during sediment melting or during magma

genesis and differentiation, which are able to sequester
consistent amount of Mo, such as rutile, sulphides and Fe-
Mn crusts or nodules.

As outlined above, rutile should preferentially host light
Mo (FrReYMUTH et alii 2015; Skora et alii, 2017; WILLBOLD &
ELriotT, 2017), thus both Mo depletion and heavier isotope
composition of lamproites could reflect an increasing role
for sediment melts with residual rutile. Such a process,
however, should also produce a concomitant depletion
in Nb from lamproites to high-K calc-alkaline products,
which on the contrary is not observed (see Fig. 2¢).

Porphyry Cu + Mo + Au deposits are the most
characteristic sulphide-rich mineral deposits associated to
subduction and collisional processes (Ricuarps, 2015). In
fact, the distribution of porphyry deposits along the Tethyan
orogen is not uniform either in space or time, and they are
particularly missing in the western Mediterranean area (i.e.,
Spain and Alps; Ricuarps, 2015). Therefore, although the
potential of sulphides to induce Mo isotope fractionation,
it seems unlikely that the extremely low Mo contents in
the erupted products could be linked to the occurrence of
syn- or post-collisional forming porphyry deposits in the
western Tethys. Anyway, a major role of sulphides at any
stage of the magma genesis or differentiation should also
resultin a significant depletion of chalcophile elements such
as Pb, Cu, and Ga. The ultrapotassic Mo-depleted samples
display Ce/Pb comparable to global arcs, whilst Ce/Mo is
almost two orders of magnitude greater, implying that the
process that depletes Mo does not affect Pb (Fig. 7); the
same holds true for Ga (not shown). Also, Pb is generally
enriched in these rocks with respect to other incompatible
trace elements, as evident from the primordial mantle
normalised patterns (Fig. 2c¢).

Fe-Mn nodules can host large amount of Mo (up to
1000’s ppm, BARLING et alii, 2001; HEIN et alii, 2003) and
have extremely light isotope composition (§°***Mo down
to -1.49%o0, BARLING et alii, 2001). In principle, the residual
presence of these nodules (which may host most of the
subducted Mo) during sediment melting, or their removal
from the sediment pile in the early phases of the subduction,
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may explain both the Mo depletion and §°®*°Mo of the
ultrapotassic Western Alps samples. However, this process
would also deplete other elements that are enriched in the
same nodules or crust, such as Pb and LREE (along with
Mn and TI), which are not anomalously depleted in the
studied samples, as explained above.

It is also difficult to explain the depletion of Mo in
the general framework of the genesis of ultrapotassic
lamproitic rocks described in the introduction. The
decrease of the enrichment of most of incompatible trace
element contents, such as U, from ultrapotassic rocks to
high-K calc-alkaline ones, is consistent with melting at
progressively higher degrees of a veined mantle (FoLEy,
1992; PreLEvVIC et alii, 2008; ConTICELLI et alii, 2007, 2009,
2015). In this context, however, the depletion of Mo in the
ultrapotassic lamproites could only be explained by the
presence of a specific Mo-rich phase that remains residual
during the melting of the phlogopite-rich metasomatic
veins. Classic metasomatic phases, including K-rich micas,
do not host significant amount of Mo (Apam & GREEN,
2006), and, in any case, their presence in the residue
should result in a depletion of Rb, which is not observed in
our lamproitic rocks. Other more particular metasomatic
phases cannot be excluded, but no correlation with other
geochemical indices has been found so far.

In summary, it was not possible to find a unique
suitable process to account for the extreme depletion in
Mo in the studied rocks, especially the ultrapotassic ones.
It possible that some of the processes outlined above may
variably contribute to produce such a feature, but further
investigation is required.

COMPARISON WITH OTHER SUBDUCTION-RELATED MAGMAS

In this section the U and Mo isotope composition of
the studied magmas is discussed in relationship to that of
other subduction-related rocks, keeping in mind that some
of the isotopic variability, especially for Mo, might have
been affected by the not completely resolved processes
responsible for the Mo depletion.

Globally, the geochemical and long-lived isotopic (Sr-
Nd-Pb) composition of subduction-related volcanic rocks

is governed by the variable contribution of three main
components (e.g., ELLiort, 2003) (Fig. 8): i) the depleted
mantle (DM); ii) the slab-derived ‘fluids’, isotopically
similar to the partially altered subducted basaltic oceanic
crust (AOC); iii) the slab-derived ‘melts’, with isotope
signatures suggesting its derivation from the subducted
sediments.

As outlined above the Western Alps samples fall at
high Th/Nb, together with sediment-melt dominated arc
magmas (ErLriort, 2003) and other Italian ultrapotassic
rocks (AvanziNeLLl et alii, 2009), with Th/Nb decreasing
from ultrapotassic to shoshonitic and high-K calc-alkaline
rocks.

In terms of 3%%23U and §°°°Mo, AOC-derived fluids
are believed to be respectively light (ANDERSEN et alii,
2015) and relatively heavy (FrReEymutH et alii, 2015; KoNiG
et alii, 2016). The effect of sediment melt addition is more
complex, especially for Mo isotopes. KoniG et alii (2016)
and FreymutH et alii (2015) reported lowering of §°°*Mo
values with increasing sediment-melt contribution. On the
other hand, if anoxic sediments are involved (e.g., Lesser
Antilles, FREYmMUTH et alii, 2016) the sediment component is
suggested to drive the composition of the magmas to heavy
5%95Mo values.

In the case of 6%%2%U the sediment component
is generally believed to be similar to the Bulk Earth
value (-0.30%o, ANDERSEN et alii, 2015), although heavier
compositions has been recently reported for carbonate-
rich sediments (i.e., marls: AvANZINELLI ef alii, 2018).

In the 832U vs. Th/U diagram (Fig. 4; ANDERSEN
et alii, 2015) the studied samples extend the general
positive correlation displayed by the Marianas arc, with
progressively increasing Th/U and heavier §%*¥?*°U from
the high-K calc-alkaline to the ultrapotassic terms. This is
consistent with an increasing contribution of the sediment-
derived component into the source of these magmas.

The picture is more complex when Mo isotopes are
considered. The high-K calc-alkaline and shoshonitic
samples have light §°®*>Mo, even lighter than those reported
by FreymutH et alii (2015) and KoniG et alii (2016) for
sediment-dominated magmas. This is consistent with the
addition of an isotopically light sediment-melt component,
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similar to what observed in other arcs (FREYMUTH et alii,
2015; KoNiG et alii, 2016), and in agreement with the
sediment-dominated character of these magmas, where
the contribution of subduction-related fluids is probably
obscured by that of the sediment melt.

On the other hand, the ultrapotassic rocks do not fit this
model, showing widely variable §°**Mo values, actually
exceeding the whole range measured so far in subduction
related magmas, spanning from light to heavy §°®Mo
values. This may be somewhat related to the extreme
depletion in absolute Mo content described above, hence
requiring a process, not yet identified, capable of retaining
Mo and also modifying its isotope composition.

TueE SALATHO coMPONENT OF THE TETHYAN REALM
LAMPROITES

The studied samples belong the Tethyan Realm
Lamproites, showing several peculiar characteristics with
respect to typical arc magmas (TommasINI et alii, 2011),
which can be discussed also in term of the §2%?*°U and
3°¥%Mo of the studied magmas.

Tommasintet alii (2011) pointed out that the Tethyan Realm
lamproites and lamprophyres share a common positive
correlation between Th/La and Sm/La ratios (Fig. 9a). Such
positive correlation is apparently opposite to that observed
in typical arc volcanic rocks (PLank, 2005) and it requires
a peculiar reservoir with high Sm/La and extraordinary
high Th/La ratios (i.e., SALATHO; TommasINI et alii, 2011).
‘Ordinary’ metasomatic agents are unable to reproduce a
mantle source that would account for magmas with Th/La >
1, Sm/La > 0.3 and Th/U > 4 (PLaNK, 2005; TOMMASINI ef alii,
2011; ConticiLLI et alii, 2011, 2015). The authors suggested
that the SALATHO signature derived from the enrichment
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of the sub-continental lithospheric mantle with a further
subduction-related ancient component (ToMmMmAsINI et alii,
2011). Thus two distinct metasomatic events were inferred:
i) an ancient one (older than few hundreds of million years)
providing the SALATHO component, the origin of which is
still uncertain, but was tentatively linked to the recycling of
slivers of altered old oceanic crust at relatively low grade
of metamorphism with re-mobilisation of lawsonite and
epidote (featuring the high Sm/La and Th/La ratios); ii) a
younger one derived from the partial melting of recycled
sediments during subduction, producing the typical K,O
and related incompatible trace elements enrichments of
ultrapotassic rocks from destructive plate margins (e.g.,
CoNTICELLI et alii, 1992, 2009; Bentto et alii, 1999; TURNER
et alii, 1999; PreLEVIC et alii, 2008, 2010; AVANZINELLI et alii,
2009; ToMMASINI et alii, 2011).

The studied samples show a clear contribution from
the SALATHO component (Fig. 9). No correlation is
observed between Th/La (as index of the SALATHO) and
523%235U (Fig. 9c¢), suggesting that U is mainly controlled by
the second metasomatic event related to sediment melting,
in agreement with what discussed in the previous section.
A broad increase of §°**>Mo with Th/La is observable from
high-K calc-alkaline to ultrapotassic terms, although the
heaviest sample lies outside the trend (Fig 9b). This may
suggest that the still uncertain processes that formed the
SALATHO component were also responsible for widely
variable §°**Mo and the strong depletion of Mo observed
in the studied rocks.

CONCLUSIONS

The original U and Mo isotope data presented in
this study are among the few presented for sediment-
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dominated subduction-related magmatic rocks and are
the first data published on Italian magmatism. Within the
studied magmatic province a large variation in isotope
compositions occurs, both for Mo and U isotopes. U
isotope compositions are consistent with a dominant role
for recycled sediment melts increasing along with the
enrichment in K and incompatible trace elements.

The picture is more complex for Mo and its isotopes.
Mo in Western Alps rocks is extremely depleted with
respect to any other trace elements, including fluid-mobile
ones (e.g., U or Ba), elements preferentially transferred by
melts (e.g., Ce or Th) and chalcophile trace metals (e.g., Pb
or Ga). 8°¥Mo is largely variable exceeding the variation
observed in global arcs between fluid- and sediment-
dominated arcs.

The geochemical and isotope composition of high-K
calc-alkaline and shoshonitic rocks is again consistent
with the addition of a subduction-derived sediment melt
component with low §°***Mo and relatively high Ce/Mo. On
the contrary, a different process is required to account for
the extreme depletion of Mo of the ultrapotassic samples.

Such a process does not only affect Mo contents, but
also may be related to significant isotope fractionation,
producing the variably heavier §°*Mo of lamproites;
thus to understand this conundrum is also fundamental
to explain the observed Mo isotope variations. Several
hypotheses have been tested to explain these features,
including i) secondary weathering, testified by the low
(3**U/?*U) of some of the studied samples, ii) removal of
Mo-rich phases such as rutile, sulphides or Fe-Mn crust,
and iii) the presence of specific residual phases during
melting of the metasomatised mantle; iv) the complex and
still unresolved processes responsible also for the genesis
of the SALATHO component that affects all the Tethyan
Realm Lamproites.

None of these processes can, by itself, explain the Mo
systematics of the studied rocks, although future investigation
on other orogenic ultrapotassic rocks with lamproitic affinity
may help to shed some lights on this matter.
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