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The Niliifer Unit of the Karakaya Complex (northern Turkey) preserves the remnants of the volumi-
nous Triassic Tethyan magmatism. In the Imrahor area (Ankara), the Niliifer Unit is characterized by a
megablock consisting of hydrothermally altered basalts, gabbros, and subordinate wehrlitic cumulates.
These lithologies display marked positive Nb anomalies with depleted Th/La ratios and varying degrees
of LREE enrichment. They can be subdivided into two groups based on Nb/Nb*, which are not related to
Keywords: each other via fractional crystallization or extent of partial melting. With their strong Nb-kick and broad
FOZO La/Sm range, the Imrahor lithologies are more akin to FOZO (Focus Zone)- or C (common component)-
Mantle geochemistry type melts than EM (Enriched Mantle) and HIMU (high w). The Zr-Nb systematics reveals that melt mix-
Mantle plume ing was an essential process in the petrogenesis of these mafic rocks. Based on geochemical modeling, the
Metasomatism . : . . . A . .
Tethys t}'ace elemgnt systematics of the Imrahor lithologies can be explameq by melting metasomatlzed oceanic
lithospheric mantle (OLM) infiltrated by very low-degree melt fractions. The metasomatized OLM may
represent a recycled, plume-related material that has generated Nb-enriched melts during the Triassic

Tethyan magmatism.
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1. Introduction

The Earth’s mantle is made up of distinct domains existing at
various scales, with different depletion/enrichment histories (e.g.,
Zindler and Hart, 1986; Warren et al., 2016). Apart from the ma-
jor differentiation processes in the early Earth, the heterogene-
ity of the mantle can be principally attributed to the subduction
of slabs into the mantle, and mass fluxes driven by deep-sourced
mantle plumes. Delamination of the continental lithosphere is an-
other mechanism that may add heterogeneity to the shallow and
deep mantle (e.g., McKenzie and O’Nions, 1983). Partial melts de-
rived from subducted slabs and asthenospheric mantle (possibly
from low-velocity zone - LVZ) may also introduce heterogeneities
to the continental and oceanic lithospheric mantle (e.g., Sun and
McDonough, 1989). In addition, lower mantle melts/residues can
be integrated into mantle plumes, thus contributing the mantle
heterogeneity (Collerson et al., 2010). After their formation, these
heterogeneities are tapped by the partial melts of asthenospheric
and lithospheric mantle domains in different tectonic settings.

The recycled/deep-sourced materials have been essential in
creating mantle heterogeneity and their origins have been com-
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monly linked to mantle plumes (e.g., Hofmann and White, 1982;
Hart et al, 1992; Hanan and Graham, 1996), whose roots might
be located in the large, low-velocity regions in the lower man-
tle (e.g., Burke and Torsvik, 2004). Although this phenomenon
is well evidenced by the recent mafic magmatism; tracking the
mantle sources and understanding of mantle heterogeneity of an-
cient magmatic events may not be straightforward as the mod-
ern analogs. This is because the old magmatic suites are gen-
erally disrupted during the closure of the oceanic domains (e.g.,
Marroni et al., 2020). In such cases, fragments of igneous-derived
lithologies, as the tracers of magmatism, can be preserved in
the mélanges and subduction/accretion complexes (e.g., Parlak and
Robertson, 2004; Festa et al., 2010; Shervais, 2006; Sayit et al.,
2017; Saccani et al., 2018).

The Tethyan realm, as an ancient example, is thought to
have involved mantle plumes (e.g., Wilson and Guiraud, 1998;
Lapierre et al., 2004; Sayit, 2013). However, in spite of numerous
studies attesting to the influence of mantle plumes on the Tethyan
magmatism, the understanding of how plume-derived components
have contributed to mantle heterogeneity is poorly understood.
In this regard, the Niliifer Unit of the Karakaya Complex (north-
ern Turkey) may provide critical information as it holds the re-
licts of widespread Triassic within-plate magmatism inherited from
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Fig. 1. Distribution of the Sakarya Composite Terrane in Turkey (after Gonciioglu, 2018).

the destruction of the Palaeotethyan lithosphere (e.g., Pickett and
Robertson, 1996; Okay, 2000; Sayit and Gonciioglu, 2013). In this
study, I revisit the Imrahor area (Ankara, Turkey) in light of new
geochemical data, where the Triassic mafic/ultramafic lithologies
of the Niliifer Unit are contained in a megablock within a clas-
tic mélange matrix. These and mafic/ultramafic lithologies show
ocean-island basalt (OIB) and enriched mid-ocean ridge basalt (E-
MORB)-like signatures with strong enrichment in Nb (relative to
Th and La); thus, they can deliver essential information about the
recycled/deep-sourced components in the Tethyan sublithospheric
mantle. Accordingly, I aim to shed light on the heterogeneity of
the Tethyan mantle, particularly concerning the potential role of
the metasomatized oceanic lithospheric mantle.

2. Geological overview

Turkey, as a part of the Eastern Mediterranean region, has
a complex tectonic framework, which has been mainly achieved
through multiple episodes of subduction and collisional orogen-
esis due to the closure of the Tethyan oceans (e.g., Sengdr and
Yilmaz, 1981). As a result, Turkey consists of several terranes of
Eurasian or Gondwanan affinity, reflecting diverse tectonic his-
tories (Gonciioglu et al, 1997). The present-day terrane distri-
bution of the Anatolian region was obtained after the Alpine
Orogeny, following the closure of Neotethyan oceanic domains. The
Sakarya Composite Terrane (Fig. 1), one of the Alpine terranes of
Turkey, includes a Variscan Paleozoic basement cut by Devonian-
Carboniferous granitoids (e.g., Gonciioglu, 2019). This assemblage
is tectonically associated with the Karakaya Complex, a Cimmeride
unit thought to preserve the remnants of the Palaeotethyan events.

The Karakaya Complex has a wide distribution in Turkey as an
E-W trending belt (Okay and Gonciioglu, 2004). It is made up of
variably deformed and metamorphosed rock assemblages, consist-
ing chiefly of mafic lithologies, clastic sediments, and limestone.
The Karakaya Complex is unconformably overlain by the Liassic
sediments (Altiner et al., 1991). The Complex is made up of two
major lithological components; (i) mafic unit called the Niliifer
Unit (sensu Sayit et al., 2010), (ii) clastic-dominated unit named
the Eymir Unit (Sayit et al., 2011). The Niltfer Unit consists pre-
dominantly of variably metamorphosed mafic igneous rocks asso-
ciated with volcaniclastic rocks, limestone, mudstone, and chert.

The study area is located in Imrahor (Ankara, Turkey), lying
at the central sector of the Niliifer Unit (Fig. 2). Although the
Imrahor area was previously included in the study of Sayit and
Gonciioglu (2009), the sampling on this particular locality re-
mained limited since these authors studied a vast region in Cen-
tral and NW Anatolia. The present study, however, directly targets

the Imrahor megablock, with an increasing sampling resolution. In
addition, no study before has drawn particular attention to the Nb-
enriched nature of these mafic products in the context of the wide-
scale Triassic Tethyan magmatism. It must be noted that the sam-
pling was concentrated on the SW part of the megablock, since the
NE part does not provide good outcrops due to settlement density.

In the study area, the Karakaya Complex displays a well-
developed, block-in-matrix type mélange structure. The mafic
lithologies are contained within a megablock, which is in turn en-
veloped by very low-grade metaclastic rocks of the Eymir Unit. The
mafic rocks are characterized chiefly by basalts and, to lesser ex-
tent gabbros. Rare ultramafic cumulates are also found. Basalts are
the dominant lithology in the study area, and occur in both pil-
lowed and massive forms. They are variably colored with black-
ish, purplish, and greenish appearance, possibly related to the ox-
idation and presence of secondary minerals (e.g., chlorite and epi-
dote). In some places, basalts interfinger with volcaniclastic rocks
and limestone. Compared to basalts, gabbros are volumetrically mi-
nor in the study area. They appear as dark greenish lithologies,
with fine- to medium-grained phaneritic texture. In some locali-
ties, basalts gradually pass to fine-grained gabbros (diabase), im-
plying that some diabases may represent relatively slowly cooled
interior/lower parts of the lava flows. Coarser-grained gabbros,
along with webhrlitic cumulates, probably correspond to deeper
magmatic levels.

The age of the imrahor mafic magmatism is Middle Anisian
(Middle Triassic), which is tightly constrained by the fossil-
bearing limestones intercalated with the basaltic flows (Sayit and
Gonciioglu, 2009). The Middle Triassic age also appears to be com-
mon for the entire Niliifer magmatism on the basis of the age find-
ings from other localities (Kaya and Mostler, 1992; Altiner and Ko-
cyigit, 1993; Eyiiboglu et al., 2018).

3. Petrography

The Imrahor basalts, gabbros, and wehrlites are all affected
by low-grade hydrothermal alteration, and share similar primary
and secondary mineralogies. Basalts are generally porphyritic, and
to a lesser extent aphyric. Rapidly cooled samples display fine-
grained matrix with interstitial glass (now altered), whereas slower
cooler rates are characterized by coarser-grained, holocrystalline
varieties. Gabbros show fine- to medium-grained phaneritic tex-
ture, while wehrlitic ultramafics (cumulates) are medium-grained
phaneritic. Clinopyroxene and plagioclase represent the common
primary (relict) mineral phases in the Imrahor samples. Kaersutite,
as a primary constituent, is also found, but rarely. Clinopyroxene
is characterized by brownish- to pinkish-colored, compositionally
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Fig. 2. Geological map the Ankara region and the study area (after Kocyigit, 1991; Sayit and Gonciioglu, 2013).

zoned subhedral crystals of Ti-augite. Twinned grains exist, which
can be simple or polysynthetic. Plagioclase occurs mainly as sub-
hedral, lath-shaped grains with polysynthetic twinning. In gabbroic
samples, plagioclase laths are associated with larger clinopyroxene
grains, forming subophitic texture. In wehrlites, olivine (now pseu-
domorphed by secondary minerals) occurs as the cumulate phase,
whereas plagioclase and clinopyroxene are interstitial phases.

Hydrothermal alteration seems to have occurred under the
lower greenschist facies (prehnite-pumpellyite) conditions. Seric-
itization is common in plagioclase. Chlorite, epidote, prehnite,
clays, and calcite are other secondary phases replacing plagioclase.
Clinopyroxene is generally altered to chlorite and lesser extent, to
calcite. Olivine is totally altered and pseudomorphed by serpentine,
chlorite, and calcite. Amygdules, which are common in basalts, in-
clude calcite, zeolite, prehnite, epidote, and pumpellyite.

4. Geochemistry
4.1. Analytical method

25 samples collected from the Imrahor area were analyzed for
major and trace elements in the Activation Laboratories. The ana-

lytical data is given in Supplementary Data (Table S1). In prepara-
tion for analyses, samples were fluxed by lithium metaborate and
lithium tetraborate fusion, and then fused in an induction furnace.
Subsequently, the molten melt was poured into a 5% nitric acid so-
lution with an internal standard, which is performed until a com-
plete dissolution is achieved. Major elements and a subset of trace
elements Ba, Sc, Sr, V, Y, and Zr were analyzed by ICP-OES, whereas
the rest of trace elements were measured by ICP-MS. Based on the
analyses of standards and replicates, accuracy was generally bet-
ter than 2% for major elements and 7% for trace elements, while
reproducibility was generally better than 5% (Supplementary Data,
Table S2).

4.2. Assessment of alteration

The influence of hydrothermal alteration on the Imrahor litholo-
gies is also reflected by the chemistry, with high loss on ignition
(LOI) values between 4.1 and 12.3 wt.%. It is critical, therefore, to
assess to what extent the sample compositions reflect the pris-
tine, unaltered chemistry. It is known that the elements with low
and high ionic potentials tend to be fluid-mobile (e.g., K, Rb, Si;
Pearce, 1975). On the other hand, the elements with rather mod-
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Fig. 3. Plots of selected trace elements versus Zr for the assessment of mobility. Note the erratic distribution and anomalously high values of Sr and Ba in the imrahor
basalts and gabbros (and a wehrlite) from the Niliifer Unit, indicating their mobility. This contrast with the linear trends observed in the East Pacific Rise (EPR; 5-15°N;
Niu and Batiza, 1997), Iceland (Kokfelt et al., 2006) and HIMU islands (Woodhead, 1996; Hanyu et al., 2011), where these elements have remained immobile.

erate ionic potentials (e.g., high-field strength elements - HFSE
and REE; e.g., Th, Zr, La, Yb) are relatively immobile during alter-
ation/metamorphism (e.g., Bach et al., 2003). For the Imrahor sam-
ples, the so-called fluid-mobile elements (e.g., Ba and K) display
no correlation with Zr (a highly stable element during low-grade
alteration), whereas HFSE and REE are strongly positively corre-
lated (including also the samples with very high LOI; Fig. 3). This
suggests that HFSE and REE have remained immobile against hy-
drothermal alteration. This conclusion is also supported by multi-
element plots, in which HFSE and REE show parallel/sub-parallel
patterns, which would be difficult to obtain if they were mobilized
through variable volatile influx (as indicated by a broad spectrum
in LOI). In contrast, low-ionic potential elements show highly in-
consistent behavior, which can be attributed to their variable loss
or gain during water-rock interaction. Hence, in making the pet-
rogenetic interpretations, the main emphasis will be on the HFSE
and REE, whose abundances reflect the pristine chemistry.

4.3. Results

Alkalies and silica appear to have been mobilized in the sam-
ples. Thus, the immobile element-based scheme of Winchester and
Floyd (1977) is preferred here instead of ‘total alkali vs silica dia-
gram’. The plot reveals that all samples are basaltic in composition
(except wehrlite), with both tholeiitic and alkaline varieties (Fig. 4).
For basalts and gabbros, the samples have a wide range of MgO
between 3.2-11.2 wt.%, whereas the wehrlite sample has 25.3 wt.%
MgO, consistent with its cumulate nature. It must be noted that
MgO is somewhat influenced by alteration; however, the compo-
sitional range mostly seems realistic except for the samples with
low MgO (two samples with 3.8 and 4.8 wt.% MgO). These sam-
ples also have the highest LOI (with 12.2 and 12.3 wt.%), suggesting
that MgO has likely been leached during hydrothermal alteration.
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Fig. 4. Chemical classification of the imrahor basalts and gabbros (after
Winchester and Floyd, 1977). Note that although it is ultramafic, the wehrlitic sam-
ple (15-IM-22A) is also included in the plot to display its alkalinity.

Thus, except for these samples, MgO is still useful, consistent with
its positive correlation with Ni, Co, and Cr.

On the primitive mantle (PM)-normalized plots (Fig. 5), the Im-
rahor samples show strong positive Nb anomalies (i.e., Nb-kick),
with a wide range of Nb/Nb* values between 1.4 and 2.1 (calcu-
lated as [Thpy X Lapy]%®; where PM refers to PM-normalized). It
must be noted that Nb/Nb* is not correlated with MgO, suggesting
that the level of Nb-kick is not controlled by fractional crystalliza-
tion. To better monitor the influence of Nb-kick on the petroge-
nesis of Imrahor lithologies, the samples were arbitrarily divided
into two groups, namely Group 1 with Nb/Nb* between 1.42-1.69
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Fig. 6. Variation of TiO,/Yb vs. Nb/Nb* and (La/Sm)py for the imrahor mafic/ultramafic lithologies from the Niliifer Unit.

and Group 2 with Nb/Nb* between 1.73-2.07. Group 2 samples, Group 1 and 1.5-2.2 for Group 2; where N refers to chondrite-
which have higher Nb/Nb*, appears to be more enriched in TiO, normalized). The two groups also exhibit varying degrees of HREE
in general (Average TiO, = 1.90 for Group 1 and 2.65 for Group 2; fractionation ([Dy/Yb]y = 1.3-1.7 for Group 1 and 1.5-2.6 for Group
TiO, increases to 2.77 for the latter group if the wehrlitic cumu- 2).

late sample is excluded). In addition, Group 2 samples are charac-

terized by higher TiO,/Yb in average (TiO,/Yb = 1.07 for Group 1 4.4. Discussion

and 1.59 for Group 2) and they show higher TiO,/Yb values at a

given La/Sm (Fig. 6). On the other hand, both groups display de- 4.4.1. Post-melting magmatic modifications

pleted Th/La ratios ([Th/Lalpyy = 0.55-0.90 for Group 1 and 0.62- The Imrahor lithologies span a wide range in MgO, implying
0.89 for Group 2), with wide, but somewhat similar level of ab- a role for fractional crystallization (FC)/accumulation processes in
solute LREE enrichment and fractionation ([La/Sm]y = 1.0-2.5 for their petrogenesis. Even though there are some Mg-rich basaltic
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and gabbroic samples (with ~11 wt.% MgO), none of them repre-
sent primary magmas on the basis of their Ni, Cr, and Co concen-
trations. The wehrlitic sample, on the other hand, is a cumulate
with very high Ni and Cr content (810 and 1500 ppm, respectively),
consistent with its petrography. Olivine is a major fractionating
phase in the Imrahor samples, controlling the wide MgO range and
correlated Ni, Cr, and Co abundances. Pyroxene is also involved in
the fractionating assemblage (probably for MgO < ~8 wt.%), as re-
flected by the decrease in Cr and Sc with decreasing MgO. Plagio-
clase is another phase joining the fractionation assemblage, as in-
dicated by the positive correlation between Al,03 and MgO. Thus,
the FC process appears to have significant control on the compati-
ble element budget via the removal of ol + px + plag. In contrast,
the highly incompatible elements (Th, Nb, and La) show scattered
variations, and their concentrations vary widely for a given MgO,
which cannot be explained by the FC process. This, instead, can
depend on partial melting and/or the nature of the mantle source,
which will be discussed in the following paragraphs.

4.4.2. Preliminary insights into the mantle source

Among highly incompatible trace elements, Th, Nb, and La are
also fluid-immobile. Fractionation of these elements during par-
tial melting is relatively small; thus, their ratios can be regarded
to reflect that of the source (e.g., Sun and McDonough, 1989). In
contrast, the ratios with elements of different compatibilities (e.g.,
Zr/Nb, Nb/Y) would be fractionated during low degrees of partial
melting. Thus, except for high degrees of melting, the ratios of
these elements do not mimic the source characteristics. However,
they can still be helpful in inferring source-related features of a
heterogeneous mantle and melt mixing (e.g., Niu and Batiza, 1997;
Kamber and Collerson, 2000; Reiners, 2002). In a heterogeneous
mantle, enriched streaks/pods (possibly in the form of pyroxenite
or metasomatized peridotite) are more fusible owing to their lower
solidi, compared to the depleted matrix (in the form of anhydrous
peridotite; e.g., Hirschmann and Stolper, 1996). Thus, during melt-
ing of heterogeneous mantle, the low-degree melt fractions would
primarily reflect geochemical signatures of the enriched compo-
nent, while the high-degree melts would largely involve the char-
acteristics of the depleted component.

As stated above, Zr/Nb ratio contains elements with different
compatibilities; Nb is highly incompatible, whereas Zr is moder-
ately incompatible. During melt extraction, this difference would
lead to Nb-depleted (relative to Zr) residual mantle domains.
Therefore, the depleted mantle (DM) domains, like the N-MORB
source mantle (i.e., depleted MORB mantle - DMM), are charac-
terized by high Zr/Nb ratios (e.g., 34.2 for DMM; 16.0 for PM;
McDonough and Sun, 1995; Workman and Hart, 2005). Since the
tapping of the DM is typically achieved through high extents of
melting (in a heterogeneous mantle), the trace element ratios of
the DM melts (such as N-MORBs) will resemble those of their
source (Fig. 7). The Zr/Nb ratios of the Imrahor samples (3.5-12.2)
are lower than those of N-MORBs (average Zr/Nb = 31.8; Sun and
McDonough, 1989) but rather similar to those of OIBs and E-
MORBs (average Zr/Nb = 5.8 and 8.8, respectively; Sun and Mc-
Donough, 1989). Although trace element (TE)-enriched composi-
tions can be theoretically generated from a DM-type mantle upon
small degrees of melting, such melts would be rare since the onset
of DM melting is generally restricted to the shallower depths (due
to the lower solidus of anhydrous peridotite). This phenomenon is
well observed on the mafic lavas from the East Pacific Rise (EPR)
and Iceland (e.g., Niu and Batiza, 1997; Kokfelt et al., 2006), where
the low-degree melts with low Zr/Nb are associated with lower
143Nd/4Nd ratios, reflecting a greater contribution from the en-
riched component. Based on this, the Imrahor samples with high
Zr/Nb are expected to have the largest involvement of the DM
component. However, even in this case, the DM contribution would
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not be significant since the Zr/Nb ratios of these samples still re-
main low compared to the DM (Fig. 7). Instead, the Imrahor melts
appear to be either dominated by the enriched component or rep-
resent diluted mixtures of the DM and enriched component.

4.4.3. Melt mixing or source mixing?

The geochemistry of the oceanic basalts shows a large diver-
sity, for which the mixing process has a critical role. Mixing may
take place in the solid-state (i.e., source mixing), which is char-
acterized by the bulk mixtures of the distinct mantle components
(e.g., Hart et al., 1992). Alternatively, ‘melt mixing’ may occur, in-
cluding the mixtures of melts from different mantle components.
Although both processes are essentially some form of mixing, the
chemistry of the resulting melts would be different because the
concentrations of the elements in the solid and melt phases would
significantly differ. If the source mixing is the primary cause of
the compositional variation, then the melting of the mixed source
should result in curvilinear arrays in the binary plots of elements
with different incompatibilities (such as Zr and Nb). In contrast, if
the heterogeneity is due to melt mixing, a linear correlation would
be expected since the distribution is not controlled by the element
incompatibility but becomes an equation of mixing instead (e.g.,
Langmuir et al., 1978; Niu and Batiza, 1997; Kamber and Coller-
son, 2000).

On the plot of Zr-Nb (Fig. 3), the Imrahor samples display a
strong correlation, implying that melt mixing is the predominant
process responsible for the observed variation, rather a solid mix-
ing. It must be noted, however, that FC could also yield a linear
trend since both Zr and Nb have low bulk partition coefficients
for typical fractionating phases, such as olivine, clinopyroxene, and
plagioclase during the magmatic evolution of mafic magmas. To
test this, the sample compositions were corrected to 14 wt.% MgO
(see Fig. 8 for details regarding the correction procedure). After
correcting for fractionation, although the spread of the Zr-Nb vari-
ation decreases to some extent, the range and correlation defined
by Zr and Nb still remain significant (Fig. 8). Thus, it appears that
although FC may have played some role in the Zr-Nb systematics
of the Imrahor samples, it cannot explain the wide and correlated
Zr-Nb spectrum. This, in turn, suggests that melt mixing was an
essential process creating chemical diversity in the petrogenesis of
the studied lithologies.
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Fig. 8. Zr-Nb systematics of the imrahor samples from the Niliifer Unit for the as-
sessment of melt mixing. The sample compositions were corrected to 14 wt.% MgO
(arbitrarily chosen to represent a primary/parental magma composition). For the
correction, a similar procedure to that of Kamber of Collerson (2000) is adopted,
in which (i) 0.4 olivine (ol) + 0.2 clinopyroxene (cpx) + 0.4 plagioclase (plag) is
assumed to fractionate up to 6 wt.% MgO; (ii) 0.6 ol + 0.2 cpx + 0.2 plag between
6-8 wt.% MgO; (iii) 0.6 ol + 0.4 cpx between 8-10 wt.% MgO; (iv) olivine only for
> 10 wt.% MgO.

4.4.4. Nature of the enriched end-member

The linear Zr-Nb trend indicates the involvement of at least
two end-members (e.g., Kamber and Collerson, 2000). Although
the mantle end-members (e.g., DM, HIMU, EM-1, etc.) have been
defined on isotopic grounds, trace elements can also provide in-
sights into the mantle components in the absence of isotopic data
(e.g., Weaver, 1991; Niu and Batiza, 1997). The fluid-immobile Th-
La-Nb systematics, for example, can deliver source-related infor-
mation, which might be particularly critical for the petrogenesis
of altered/metamorphosed rocks. Some oceanic- and continental-
derived magmas possess strong enrichment in Nb relative to Th
and La, thus displaying positive Nb anomalies or Nb-kick (e.g.,
Sun and McDonough, 1989; Jackson et al., 2008; Peters and
Day, 2014). This difference can be attributed either to the type
of material (e.g. recycled oceanic crust) within the source region
and/or that the relative incompatibilities of Th-Nb-La are some-
what different than expected. Regardless of its origin, the ‘Nb-kick’
(i.e. high low Th/Nb and La/Nb) is a common feature of the HIMU-
and FOZO/C-type melts (e.g., Weaver et al., 1987; Woodhead, 1996;
Jackson et al.,, 2008; Sayit, 2013). The magnitude of Nb-kick, how-
ever, appears to be lowered or even disappear in the EM-type
melts (e.g., Weaver et al., 1987; Workman et al., 2004; Salters and
Sachi-Kocher, 2010). As a first-order approximation, the Imrahor
samples can be suggested to be more akin to FOZO/C- and HIMU-
type melts than EM-type melts (Fig. 9).

The most extreme compositions of the HIMU component
are found in the Mangaia, Tubuai, and Rurutu islands (Pacific),
with 206ph/204ph ~ 21 (Woodhead, 1996; Chauvel et al., 1992;
Hanyu et al., 2011). This component represents a somewhat ho-
mogeneous reservoir (e.g., Weaver, 1991; Woodhead, 1996), as evi-
denced by incompatible trace element ratios confined to a narrow
interval (e.g., Woodhead, 1996; Lassiter et al., 2003; Hanyu et al.,
2011). Also, all HIMU melts are highly enriched in LREE. This may
suggest that the HIMU material is easily fusible, imprinting its sig-
nature on the small-degree melts. The HIMU samples from these
localities possess strong Nb-kick, yet with Nb/Nb* ranging in a
narrow interval (1.3-1.7). In this regard, Group 1 Imrahor sam-
ples with high La/Sm can be thought to represent relatively undi-
luted HIMU melts, with their similar Nb/Nb* values between 1.4-
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Fig. 9. (La/Sm)py vs. Nb/Nb* plot of the imrahor samples from the Niliifer Unit.
FOZO/C-, HIMU-, EM-1, and EM-2-type samples were selected on the basis of iso-
tope compositions. FOZO/C-type samples are compiled from Mid-Atlantic Ridge 5-
11°S (Hoernle et al., 2011), and 37°17° N and 37°50’ N (Gale et al., 2011). East Pacific
Rise (5-15°N) (Niu and Batiza, 1997), Iceland (Kokfelt et al., 2006), Walvis Ridge
(Gibson et al., 2005), and Azores (Elliott et al., 2007; Waters et al., 2020). EM-1 is
compiled from Walvis Ridge (Gibson et al., 2005; Salters and Sachi-Kocher, 2010),
while EM-2 is from Samoa (Jackson et al., 2010).

1.7. However, Group 1 samples, as a whole, display a wide range
of LREE enrichment, with (La/Sm)py as low as 1.0, which contrasts
with the exclusively highly LREE-enriched nature of HIMU melts
([La/Sm]py = 2.1-4.0; Fig. 9). This may imply that Group 1 sam-
ples have not tapped a relatively pure HIMU component in their
petrogenesis.

It is also difficult to make a connection between Group 2 sam-
ples and the HIMU component because Group 2 samples display
very high Nb/Nb* values (1.7-2.1), which are even more extreme
than the HIMU melts (Nb/Nb* = 1.3-1.7; Fig. 9). Instead, such high
values are akin to the melts tapping the FOZO/C component. In
addition, in contrast to the relative homogeneity of HIMU, the
FOZO/C melts exhibit a broader range of trace element ratios (e.g.,
Sayit, 2013). Therefore, the Nb-enriched signatures of Group 2 sam-
ples can be related to the involvement of the FOZO/C component
rather than HIMU. In this regard, Group 1 samples may also have
sampled the FOZO/C component as the enriched end-member in-
stead of HIMU. Overall, the Imrahor samples have not received a
substantial contribution from the HIMU component, as suggested
by their broad La/Sm range and the very high Nb/Nb* (shown by
Group 2). Instead, the geochemical characteristics of the Imrahor
lithologies are more consistent with the involvement of the FOZO/C
component in their mantle sources.

4.4.5. Origin of the enriched component

The Imrahor mafic magmatism seems to have involved vari-
able contributions from an enriched, recycled/deep-sourced com-
ponent with high Nb/Nb*. Such Nb-enriched melts are commonly
believed to originate from the recycled basaltic oceanic crust (e.g.,
McDonough, 1991; Weaver, 1991; Woodhead, 1996). This crustal
material is also widely envisioned to characterize the mantle
source of ocean island basalts in the form of mantle plumes (e.g.,
Hofmann and White, 1982; Weaver, 1991; Sobolev et al., 2005).
The idea is that deep dehydration/melting processes can variably
mobilize LILE, Th, and LREE from the eclogitic slab, whereas HFSE
and HREE remain relatively undisturbed (e.g., McDonough, 1991;
Kogiso et al., 1997). Hence, in terms of Th-Nb-La systematics, the
loss of Th and La, but retention of Nb leads oceanic crust to have
a positive Nb anomaly.
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Although recycled oceanic crust can develop Nb-kick via deep
subduction processes, the element fractionations at shallow depths
should also be considered. While Th and La are assumed to mo-
bilize during deep subduction (McDonough, 1991; Kogiso et al.,
1997), they act as fluid-mobile elements during hydrothermal and
low-T alteration of the oceanic crust (i.e., during pre-subduction;
e.g., Bach et al., 2003). In contrast to Th and La, the behav-
ior of LILE, U and Pb are variable and erratic due to their mo-
bility during both pre- and syn-subduction. Following its forma-
tion, the oceanic crust is hydrated (via interaction with seawa-
ter), and LILE can be variably added or leached from the crust.
U is added, while Pb is lost (e.g., Albarede and Michard, 1989;
Bach and Friih-Green, 2010). On the other hand, these elements
are effectively removed from the slab during subduction. After
being modified through hydration/dehydration/melting processes,
the residual oceanic crust might be highly depleted in LILE, Pb,
and U. Alternatively, the net result can be highly erratic, espe-
cially regarding LILE. In both cases, the resulting enrichment lev-
els and/or elemental fractionations would contrast with those ob-
served in OIBs and E-MORBs (e.g., Niu and O’Hara, 2003). In ad-
dition, OIBs display uniform Ce/U and Ba/Ce ratios (Halliday et al.,
1995), which would be difficult to obtain when the variable mo-
bilities of these elements are considered. Another issue to con-
sider is the density of the subducted crust. When injected into
the lower mantle, the subducted crust remains at higher densi-
ties than the surrounding mantle (e.g., Ono et al., 2001), thus being
unable to rise and getting trapped somewhere in the lower man-
tle. Therefore, considering both chemical and physical issues, the
recycled oceanic crust does not seem to be a suitable material to
explain the Nb-rich, enriched end-member for the Imrahor mafic
magmatism.

Another alternative to creating the Nb-kick would be melting
in the deep mantle. Under lower melting conditions, trace element
fractionation differs from the upper mantle due to different min-
eral phases. For example, Th and La, which are so-called highly in-
compatible elements in the upper mantle, become highly compat-
ible in the lower mantle with the presence of Ca-perovskite (e.g.,
Corgne et al., 2005). Nb, on the other hand, remains to be incom-
patible since no lower mantle phase can strongly partition this ele-
ment. Melting in the lower mantle, thus, would cause a strong de-
coupling between Th-La and Nb, imparting a positive Nb anomaly
on the melt. However, due to the strong partitioning of U into Ca-
perovskite (e.g., Corgne et al., 2005), such Nb-enriched lower man-
tle melts would also possess low U/Pb ratios and develop contrast-
ing EM-type isotopic signatures instead (e.g., Collerson et al., 2010).
Hence, a lower mantle origin does not seem to explain the gene-
sis of Nb-enriched melts, with typically FOZO/C- or HIMU-type iso-
topic signatures rather than EM.

The metasomatized oceanic lithospheric mantle (OLM) can be
thought of as another candidate. This material includes a metaso-
matic agent, probably in the form of very small-degree melts de-
rived from the LVZ (e.g., Green, 1971; Sun and McDonough, 1989;
Niu and O’Hara, 2003). This is well evidenced by the trace element
and isotope systematics of the MORBs. When certain trace element
ratios (such as Th/La and Nb/Zr, where the more incompatible ele-
ment is written as the numerator) are plotted against Sr-Nd-Pb iso-
topic ratios, it is observed that such trace element ratios increase
with increasing contribution from the isotopically enriched compo-
nent (e.g., Niu and Batiza, 1997; Niu et al., 2002). This may suggest
that this enrichment is controlled by melt, i.e., metasomatic agent,
which is further reinforced by the uniformity of Ba/Ce and Ce/U
ratios observed in OIBs (Halliday et al., 1995). Also, U being more
incompatible than Ba and Rb for some OIBs may support such ori-
gin, which can be attributed to the presence of metasomatic acces-
sory/minor phases (e.g. amphibole and phlogopite) that can parti-
tion the latter elements (Halliday et al., 1995).
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4.4.6. The role of metasomatized oceanic lithospheric mantle

Metasomatized OLM seems a more suitable material to char-
acterize the enriched component in the petrogenesis of Imrahor
lithologies. This idea was also assessed here by geochemical mod-
eling (Fig. 10). The modeling involves several steps; (i) generation
of the metasomatic melt from upper mantle peridotite (in the LVZ),
(ii) creation of the metasomatized peridotite (i.e., metasomatized
OLM) via hybridization/mixing of the metasomatic melt and the
host peridotite, (iii) melting of the metasomatized OLM (as the en-
riched component) and DM-type peridotite (as the depleted com-
ponent), (iv) melt mixing (between metasomatized OLM and DM
melts) to produce the final melt.

The Nb-enriched MORBs and OIBs show depletion in Th relative
La, resulting (i.e., [La/Th]py > 1), a feature also existing in the Im-
rahor samples (Fig. 7). This depletion appears to be inherited from
the source since Th and La are both highly incompatible and not
greatly fractionated from each other during upper mantle melt-
ing and subduction dehydration/melting processes (e.g., Sun and
McDonough, 1989; Kogiso et al., 1997). Therefore, the host mantle
peridotite (unmetasomatized) can be considered with (La/Th)py >
1, similar to the DM. In the modeling (Fig. 10), the metasomatic
melt was assumed to be generated at the LVZ within the garnet-
stability field, and characterized by very small melt fractions (F =
~0.5-1%), resulting in significant incompatible element enrichment.
Such small-volume LVZ melts will be volatile-rich, and can leave
their source region; however, they will freeze upon reaching the
base of lithosphere (Green, 1971; McKenzie, 1989).

An appealing feature of the modeling is that the calculated
metasomatic melt is strongly enriched in Nb (Nb/Nb* = ~1.8-2.3)
due to Dy, ~ Dyp < Dp,. In this way, while (La/Th)py ratio still
remains greater than 1, a positive Nb anomaly is produced with-
out needing an additional process (i.e., subduction). The more in-
compatible nature of Th and Nb (relative to La) is also evidenced
by the melting systematics of MORBs and OIBs (e.g., Sun and Mc-
Donough, 1989; Niu and Batiza, 1997). The magnitude of Nb-kick
depends mainly on the degree of melt fraction rather than the
type of DM-type peridotite. D-DMM, DMM, and E-DMM compo-
sitions (Workman and Hart, 2005) are all relatively low in Nb/Nb*
(~1.3); therefore, the addition of small-degree metasomatic melt
into these compositions would result in a positive Nb anomaly. Af-
ter adding the metasomatic melt to the OLM peridotite, the re-
sulting lithology becomes a metasomatized OLM peridotite rep-
resenting the enriched component. The modeling reveals that the
metasomatized OLM possesses high (La/Th)py;, strong Nb-kick, and
may have a chondritic or enriched La/Sm ratio (see Fig. 10 for the
details). On the other hand, the unmetasomatized peridotitic do-
main surrounding metasomatized OLM may characterize the de-
pleted component. Thus, recycled OLM can be envisioned to con-
sist of both enriched and depleted domains.

The melt mixing process was also integrated into the modeling
to produce the final melt. Both sample groups in this study can
be successfully generated by the melt mixtures of the metasoma-
tized OLM and depleted peridotite. It must be noted that metasom-
atized OLM starts melting earlier than anhydrous peridotite; hence
it is expected to dominate the early, low-degree melt fractions. The
modeling allows a significant contribution (up to 100%) from meta-
somatized OLM to produce highly enriched Imrahor compositions
in the dataset. Lowering the metasomatized OLM proportion (e.g.,
70%) can also yield successful results, but such cases require lower
F for metasomatic melt and metasomatized OLM. The differences
between the two groups can be explained by the melt fraction (F)
of the metasomatic melt and its mass proportion in the host peri-
dotite. Group 2 requires integration of smaller F and a relatively
larger proportion in the mixture (i.e., less proportion of the host
peridotite) to develop higher Nb/Nb* ratios than Group 1. While
this explains the main difference between the sample groups, the
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Fig. 10. Geochemical modeling for the assessment of the metasomatized oceanic lithospheric mantle (OLM) in the petrogenesis of the Imrahor samples from the Niliifer
Unit. The elements used in the modeling are selected such that they are sensitive to (i) the Nb-kick, (ii) LREE/HREE fractionation, (iii) HREE fractionation. A non-modal, batch
melting scheme of Shaw (1970) was adopted. In the model, the metasomatic melt is assumed to derived from garnet peridotite. The metasomatized OLM, which represent
here the Nb-enriched, FOZO/C-like mantle material, is also characterized by garnet peridotite. For this lithology, the source mode is taken as 0.60 ol + 0.20 opx + 0.14
cpx + 0.06 grt, which melts in the proportions 0.01 ol + 0.04 opx + 0.55 cpx + 0.40 grt (Haase et al., 1997). DMM-type melts, which later mixes with Nb-enriched
metasomatized OLM melts, are assumed to derive from spinel peridotite. Regarding spinel peridotite, the mode is assumed to be 0.612 ol + 0.203 opx + 0.135 cpx + 0.025
sp, which melts in the proportions 0.02 ol + 0.08 opx + 0.75 cpx + 0.15 sp (Haase et al, 1997). Final produced melt (after melt mixing), is calculated after 20% olivine
removal, for which Rayleigh fractionation is assumed to occur. DMM and E-DMM values are from Workman and Hart (2005). Partition coefficients are taken from Adam and

Green (2006).

variations within Group 1 and Group 2 themselves need somewhat
a different explanation. In the light of the modeling, more depleted
compositions within each group can be explained by higher contri-
butions from the host peridotite and DM-type melt, which would
buffer the LREE enrichment.

4.4.7. A possible link to the mantle plumes?
The seismic anomalies reveal two major mantle upwellings
(also called superplumes) in the lower mantle, underlying the

Africa and Pacific plates. These upwellings are characterized by
very low seismic anomalies, and the peripheries of these regions
can be possible locations from which the mantle plumes have
been derived (e.g., Burke et al, 2008). These low-velocity re-
gions are suggested to have existed at least 300 Ma (Burke et al.,
2008) and encompass both temporally and spatially the within-
plate Permian-Triassic magmatism in the Tethyan realm (e.g.,
Pe-Piper, 1998; Al-Riyami and Robertson, 2002; Geng, 2004;
Sayit et al, 2010; Maury et al, 2008; Tekin et al, 2019).
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Hence, mantle plumes may have played an essential role in the
Tethyan magmatism, as also suggested by several studies (e.g.,
Lapierre et al., 2004; Sayit and Gonciioglu, 2009; Tekin et al., 2019).

The Nb-enriched imrahor melts (this study), as a part of the vo-
luminous Triassic Niliifer mafic magmatism, may have been possi-
bly sourced from the mantle plumes within the Tethyan realm. The
enriched component reflected by the Imrahor samples appears to
be FOZO/C-like based on the trace element systematics. This man-
tle component is envisioned here to be the oceanic lithospheric
mantle, which has been metasomatized by very small-degree,
volatile melt fractions derived from the LVZ (e.g., Green, 1971;
Frey and Green, 1974; Niu and O’Hara, 2003). Such metasomatic
melts may possess high Nb/Nb* values (this study) and gener-
ate diverse geochemical signatures based on the role of acces-
sory phases (Pilet et al., 2005). After metasomatic modification, the
oceanic lithosphere would include enriched (wet metasomatized
OLM) and depleted (dry OLM) domains. This lithospheric material
is eventually recycled at the subduction zone, traveling down to
the lower mantle (van der Hilst et al., 1997; Kellogg et al., 1999).
Here, the oceanic lithosphere will probably get rid of much of its
crustal part, leaving the oceanic lithospheric mantle as the pre-
dominant lithology. The Nb-enriched, FOZO/C-like signatures origi-
nate from the metasomatized OLM itself, while the EM-type char-
acteristics can be produced by the incorporation of a small amount
of crustal sedimentary material (e.g., Weaver, 1991; Jackson et al.,
2007) or originate from the metasomatized OLM itself via diverse
metasomatic processes (e.g., Workman et al., 2004; Pilet et al.,
2005; Salters and Sachi-Kocher, 2010). After some period of res-
idence, this material heats up and rises as a mantle plume, be-
coming the source of TE-enriched Tethyan magmatism, and con-
tributing to the mantle heterogeneity. The influence of mantle
plumes on the Tethyan realm appears to be a global-scale phe-
nomenon, starting from the Dinarides (e.g., Lugovic et al, 1991;
Ustaszewski et al., 2009); Albanides (e.g., Bortolotti et al., 2004;
Tashko et al., 2009), Hellenides (e.g., Pe-Piper, 1998; Saccani et al.,
20034, 2003b, 2008; Photiades et al., 2003; Bortolotti et al., 2004;
Monjoie et al., 2008; Koglin et al., 2009; Chiari et al., 2012),
and Carpathians (Hoeck et al., 2009) in the west, and stretch-
ing up to the Middle East (e.g., Lapierre et al., 2004; Sayit and
Gonciioglu, 2009; Gonciioglu et al., 2010; Saccani et al., 2013;
Esmaeili et al., 2020; this study) and Tibet (e.g., Xia et al., 2008;
Dai et al., 2011; Wang et al., 2019).
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