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Abstract: Apatite can be used as an archive of processes occurring during the evolution of granitic
magmas and as a pegmatite exploration tool. With this aim, a detailed compositional study of apatite
was performed on different Variscan granites, pegmatites and quartz veins from the Central Iberian
Zone. Manganese in granitic apatite increases with increasing evolution degree. Such Mn increase
would not be related to changes in the fO, during evolution but rather to a higher proportion of Mn
in residual melts, joined to an increase in SiO; content and peraluminosity. In the case of pegmatitic
apatite, the fO, and the polymerization degree of the melts seem not to have influenced the Mn
and Fe contents but the higher availability of these transition elements and/or the lack of minerals
competing for them. The subrounded Fe-Mn phosphate nodules, where apatite often occurs in P-rich
pegmatites and P-rich quartz dykes, probably crystallized from a P-rich melt exsolved from the
pegmatitic melt and where Fe, Mn and Cl would partition. The low Mn and Fe contents in the apatite
from the quartz veins may be attributed either to the low availability of these elements in the late
hydrothermal fluids derived from the granitic and pegmatitic melts, or to a high fO,. The Rare Earth
Elements, Sr and Y are the main trace elements of the studied apatites. The REE contents of apatite
decrease with the evolution of their hosting rocks. The REE patterns show in general strong tetrad
effects that are probably not related to the fluids’ activity in the system. On the contrary, the fluids
likely drive the non-CHARAC behavior of apatite from the most evolved granitic and pegmatitic
units. Low fO; conditions seem to be related to strong Eu anomalies observed for most of the apatites
associated with different granitic units, barren and P-rich pegmatites. The positive Eu anomalies
in some apatites from leucogranites and Li-rich pegmatites could reflect their early character, prior
to the crystallization of feldspars. The increase in the Sr content in apatite from Li-rich pegmatites
and B-P=£F-rich leucogranites could be related to problems in accommodating this element in the
albite structure, favoring its incorporation into apatite. The triangular plots XREE-Sr-Y and U-Th-Pb
of apatites, as well as the Eu anomaly versus the TE; 3 diagram, seem to be potentially good as
petrogenetic indicators, mainly for pegmatites and, to a lesser extent, for granites from the CIZ.

Keywords: apatite; chemical composition; pegmatite; granite; hydrothermal veins; Central Iberian Zone

1. Introduction

The members of the apatite group, with the general formula Cas(PO4)3(F,.Cl,OH), are
common accessory phases in a broad range of lithologies, including almost all igneous
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rocks. Silicate melts may become apatite-saturated from the earliest [1] until the latest
stages of crystallization [2—4], which, combined with the high stability of apatites during the
differentiation processes [5-7], allows this phosphate to monitor magmatic evolution [7].
Apatite composition may change to a great extent depending on the physicochemical
conditions, as its structure allows for different cationic substitutions. Calcium may be
mainly replaced by Mn and Fe and, to a minor extent, by REEs Y, Sr, U, Th and Pb,
whereas P may be replaced by Si, S and/or As (e.g., [8], and references therein [7,9-15]).
These replacements in the apatite structure depend upon various factors, such as the
host rock nature and melt structure, peraluminosity, fO, and temperature, among others
(e.g., [4,7,8,10,11,15-21]). Therefore, a detailed study of the chemical composition of apatite
in igneous environments may give valuable information on the crystallization conditions
of its host rocks. Likewise, it may constitute a powerful mineral exploration tool in the case
of ore deposits related to igneous rocks (e.g., [10,11,22-26]).

The Central Iberian Zone (CIZ) of the Iberian Massif is characterized by a huge volume
of granitic rocks. According mainly to their chemical and mineralogical characteristics, age,
protolith and distribution, these granitoids have been classified into five series (e.g., [27,28]).
Two of these series (S; and S,), corresponding to highly peraluminous, P-rich, Ca-poor,
S-type granites with a metasedimentary source, are commonly associated with signifi-
cant mineralization of Li, Sn, Nb and/or Ta in pegmatites and/or hydrothermal veins
(e.g., [28-34]). Although in some cases it is possible to determine the petrogenetic relation-
ships between granites and these mineralizations, the frequent juxtaposition of different
granites in this region shrouds the relationships between them and the above-mentioned
mineralizations. Some minerals, including silicates such as micas, alkali feldspars and
tourmaline and, less frequently, phosphates (mainly Fe-Mn-bearing ones) have been used
as tools to unravel the source for some of these deposit types (e.g., [35-49]). In this study,
the compositional variation of apatite from different granitic and pegmatitic lithologies
is addressed to evaluate its potential as a petrogenetic indicator in igneous environments
and as a pegmatite exploration tool. With this purpose, we compiled a wide chemical
dataset (including new analyses and others compiled from the literature) corresponding to:
(i) apatite associated with granitic units of different evolution degrees, belonging to the S;
and S, granitic series, considered as parental of the main Li-Sn+Nb=+Ta mineralizations
from the CIZ; (ii) apatite from barren, P-rich and Li-rich pegmatites; and (iii) apatite from
some quartz-rich hydrothermal veins.

2. Geological Setting and Samples

The CIZ is the most internal unit of the Iberian Variscan Belt that constitutes the
westernmost part of the European Variscides. It consists of a very thick sequence of
Neoproterozoic to lower Cambrian age including, in addition to some orthogneiss units in
the northern CIZ domain, shales and sandstones with minor conglomerate, carbonate, and
locally some interlayered volcanoclastic rocks (e.g., [50]). Abundant granitoids intruded this
sequence [51,52], known as the Schist-Greywacke Complex (see [50], for an overview). The
SGC is unconformably overlined by Early Ordovician to Early Carboniferous sediments,
which in general are not involved in the Variscan crustal recycling processes.

The granitoids are mainly syn-to post-D3, which is the last ductile deformation phase
recognized in this region and intruded during the period from ~320 to 295 Ma (e.g., [53-56]).
The high degree of thermal maturity attained by the thickened crust, together with the
transition from a compressional to a transtensional/transpressional regime, produced
an important crustal melting (e.g., [57,58]). Four S-types (S;, S, Sz and S4) and one
I-type granitic series have been distinguished in the CIZ [27,28]. According to the field,
geochemical and geochronological data, only peraluminous granites belonging to the S;
and S; series could be genetically related to the important Li mineralization occurring in
pegmatites and in some quartz-rich veins from the CIZ ([28,32]).

Pegmatites of different types, including barren bodies, intermediately evolved peg-
matites enriched in P-Be+-Nb-Ta, and some highly evolved aplite-pegmatites and granitic
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cupolas enriched in Li£Sn+Nb-Ta are relatively common in the CIZ ([28,32] and references
therein). These pegmatites occur along a ~500 km-long by ~150 km-wide belt with a
NNW-SSE strike (Figure 1). They mostly belong to the LCT (Lithium-Cesium-Tantalum)
family of the Cerny and Ercit classification [59]. Barren and intermediate pegmatites of the
CIZ are indistinctly hosted either by the CIZ metasediments or by granitic rocks, whereas
most of the highly evolved, Li-rich aplite-pegmatite dykes are hosted by the metasediments
(e.g., [28,32,60-66]), with just a few exceptions [67].

Besides pegmatites, Li-Sn—P mineralization in the CIZ may occur associated with
quartz-rich hydrothermal veins (Figure 1). These veins usually crosscut the metasediments
over leucogranitic cupolas, giving rise to a stockwork structure (e.g., [29,64,68]). Many of
these veins were mined for Sn during the last century. Quartz-rich veins enriched in P are
much scarcer (e.g., [69,70]).

2.1. S; Granites

This suite is mainly constituted by two-mica leucogranites, including the most felsic
Variscan granitoids in the CIZ [27,28]. Batholiths belonging to the S; suite were mainly em-
placed syncinematically (320 &= 6 Ma, on average) and are scarcer afterwards (e.g., [71-74]).
This series represents the first important Variscan magmatic event in the CIZ. S; granites
are mainly restricted to the NCIZ (Figure 1). The P content of these granites may be high,
mainly in those outcropping to the south, with mean P,Os5 values of 0.34 wt.%, whereas
their Ca content is generally low (mean contents of 0.77 wt.% CaO, [28]). A pure crustal
derivation for these granites has been proposed (e.g., [75,76]), either from peraluminous
metaigneous [58,76], metasedimentary [77], or a combination of both sources [73].

For this study, we counted on the chemical data of apatites from the Perefia [47] and
Pinilla de Fermoselle S; granites, both belonging to the Anatectic Tormes Dome (Figure 1).

2.2. S, Granites and Leucogranites

This suite corresponds to P-rich (avg. P,Os5 = 0.42 wt.%) and Ca-poor (avg.
CaO = 0.74 wt.%) highly peraluminous granites [28]. S, granitoids present an evident
coincidence in isotopic signatures (Sr, Nd, O, Hf) with the hosting metasedimentary se-
quences of the SGC [78-81]. Their most common facies correspond to biotite &= muscovite
=+ cordierite £+ andalusite/sillimanite monzogranite (=80%), followed by two-mica +
cordierite &+ andalusite/sillimanite leucogranite (~=14%) [27,28]. Most of the batholiths of
the S, suite are located in the SCIZ (Figure 1) and have been dated with ages in the range
~310-295 Ma (e.g., [56,78-80,82,83]). These granites are usually emplaced at epizonal levels,
under conditions of 2-3 kbar [80,82,84]. S, granitoids often form inversely zoned plutons,
as is the case of Belvis de Monroy [85,86]. For this study, we analyzed and/or compiled
chemical data of apatites from the following S, units: (1) Sierra Bermeja [82], Navalmoral
de la Mata, Peraleda de San Romén, Aldeanueva de Barbarroya, Oropesa, Puente del Arzo-
bispo [86], Logrosan [87] and Guarda-Sabugal [88]; (2) leucogranitic plutons from Belvis
de Monroy, Peraleda de San Roman, Valdeverdeja and Villar del Pedroso [86]; (3) B-rich
leucogranitic units from Belvis de Monroy, Valdeverdeja [86] and Castillejo de Dos Casas;
and (4) highly evolved B-P+F-rich leucogranitic units from Belvis de Monroy [86] and
Castillejo de Dos Casas.
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Figure 1. Schematic geological map of the Central Iberian Zone (CIZ) and the Galicia—Trds—-Os Montes
Zone (GTMZ) (Spain and Portugal) (modified from Martinez-Cataldn et al. [89], with the permission
of the SGE and authors, and from Roda-Robles et al. [28]) showing the distribution of the five Variscan
granitic series proposed in the classification of Villaseca [27] and Roda-Robles et al. [28], and the
localities where apatite samples have been taken. Numbers as in Table 1.

2.3. Barren Pegmatites

Barren pegmatites are common in the CIZ. They usually occur as thin tabular bodies
with thicknesses <1 m, but more irregular bodies, with thicknesses >15 m are locally
observed. The main mineral associations of poorly evolved pegmatites usually contain
quartz + alkali feldspars + muscovite £ Fe-tourmaline + biotite + garnet + apatite. They
appear either inside granitic plutons, sometimes with gradual contacts between pegmatitic
and granitic facies, or hosted by the metasediments of the SGC. In such a case, barren dykes
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may be concordant with the schistosity. Often, they exhibit rough internal zoning, with the
development of a quartz core. Unidirectional solidification textures, such as tourmaline
or mica “combed” crystals and/or quartz + feldspar graphic intergrowths, may be locally
observed inside these bodies.

In this study, we selected representative apatite crystals from some barren pegmatites
occurring in the Fregeneda—Almendra pegmatitic field (Salamanca, Spain and Guarda,
Portugal) [41,65] (Figure 1). These are dyke-like concordant pegmatites hosted by metased-
iments of the SGC, in the andalusite zone of the contact metamorphism, related to the
intrusion of the close Méda-Escalhao-Penedono-Lumbrales two-mica granite, belonging to
the S; series. The mineral association consists of quartz, albite, K-feldspar (orthoclase and
microcline) and muscovite, with minor Fe-tourmaline, andalusite, chlorite, garnet, biotite,
apatite, and accessory Fe-Mn phosphates and oxides of the columbite—tantalite group.
These dykes show an internal zonation, with muscovite-rich outer zones and graphic
K-feldspar + Fe-tourmaline inner zones. Tourmalinization of the host metasediments in
contact with these bodies is a common feature.

Additional chemical data of apatite associated with other barren pegmatites from
the region (Figure 1), including Fregeneda—Almendra, Tres Arroyos [90,91], Belvis de
Monroy [86], Barroso—Alvao [92] and Navasfrias [33,93], were compiled and included in
this study for comparison.

2.4. P-Rich Pegmatites

In the CIZ, the beryl-phosphate-rich pegmatites often occur as isolated bodies, or in
groups of just a few pegmatites, in contrast to the pegmatitic fields where Li pegmatites use
to occur in groups of dozens to hundreds of bodies (see below). These pegmatites belong
to the beryl-phosphate subtype defined in the classification of Cerny and Ercit [59]. Some
representative samples in the CIZ include Cafiada, Pedra da Moura, Senhora da Assungao
and Puentemocha pegmatites. Their shape is variable from tabular to turnip-shaped to
irregular, with sizes from ~5 m up to ~50 m in thickness, and different lengths, usually
<100 m. These pegmatites are commonly hosted by anatectic granitic plutons of the S; series
(Figure 1), often showing a gradual transition between the granitic and the pegmatitic facies.
Phosphorous-rich pegmatites show a well-developed internal structure, with a prominent
massive quartz core, and coarse-grained size. Major minerals in the beryl-phosphate-
rich pegmatites include quartz + K-feldspar + plagioclase + beryl + Fe-Mn phosphates
+ muscovite + biotite, whereas schorl, Nb—Ta oxides and apatite are minor or accessory
phases. Phosphates are commonly Fe-Mn-rich and usually occur in the intermediate zone
as sub-rounded masses up to 1.5 m in diameter.

In this study, apatite samples from the Cafiada and Puentemocha beryl-phosphate-rich
pegmatites were selected (Figure 1). Both pegmatites are located in the Salamanca province
(Spain). The Cafiada pegmatite is partly hosted by a S; two-mica leucogranitic pluton
and partly by a small gabbroic intrusion [94]. The leucogranite is strongly peraluminous,
with tourmaline and garnet as common accessory minerals in its most evolved facies.
The gabbro predates the granitoids and consists of biotite + hornblende + augite + calcic
plagioclase [49,94]. Cafiada is a tabular pegmatite with a maximum width of 10 m in
outcrop, striking E-W and dipping 60° N [94]. The pegmatite is quite homogeneous in
the outcrop. It mainly consists of quartz + plagioclase + K-feldspar + muscovite, with
minor tourmaline, biotite, garnet, beryl, and columbite-(Fe). Cassiterite, pyrite, uraninite,
corundum, ilmenite, zircon and Fe-Mn carbonates are the main accessory minerals [94].
In the Cafiada pegmatite, Fe-Mn phosphates belong to three different associations [49]:
(i) the earliest association corresponds to dark masses of up to 30 cm &, where phosphates
are intergrowth with Fe-Mg silicates (garnet, tourmaline and biotite). Ferrisicklerite is
the predominant phosphate in this association, which occurs together with graftonite-
(Ca), johnsomervilleite, wagnerite and fluorapatite; (ii) the second phosphate association
resembles the first association in color and shape, also with ferrisicklerite as the most
common phase. This phosphate often occurs graphically and skeletally intergrown with
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graftonite-(Ca). It is also common that ferrisicklerite occurs together with fluorapatite,
giving rise to a stripped texture where squared crystals of xenotime-(Y) and monazite-(Ce)
appear scattered [46,49]; and (iii) the latest phosphate association occurs as subrounded
masses (up to 1 m in diameter) of greyish colors. In this association triphylite containing
numerous sarcopside lamellae are the most abundant primary phosphates. No apatite has
been identified in this association.

The Puentemocha pegmatite is tabular, with a changing dip from 40° S to subhorizon-
tal, and an estimated size of 7 m thickness by 100 m length [48]. It presents well-developed
internal zoning, with a voluminous quartz core, enveloped by an irregular intermediate
zone which, in turn, is rimmed by a thinner wall zone that transitions gradually into the
hosting granite [48]. The main minerals of Puentemocha pegmatite are quartz + plagioclase
+ K-feldspar + muscovite + biotite. Beryl is a minor phase, mainly occurring in the outer
core and core margin of the pegmatite. Partly replacing the primary zones (mainly interme-
diate and core zones), some irregular to subrounded greisen masses occur, with muscovite,
chlorite and quartz as the main minerals, and with Fe sulphides and struverite as acces-
sory phases. Rounded Fe-Mn phosphate nodules (<8 cm in diameter) are included inside
these greisen masses. The main phosphate phases in these nodules include ferrisicklerite,
heterosite, sarcopside and alluaudite, with accessory graftonite, eosphorite, rockbridgeite,
souzalite and scorzalite. Apatite occurs in pegmatite primary units (intermediate and wall
zones) as well as in the hosting granite. It is also common in the phosphate nodules and in
the greisen masses [48].

2.5. Li-Rich Pegmatites

This type of pegmatite mainly occurs in the studied region grouped in fields of up to
a few hundred bodies [28,32]. Some representative fields from this region are Fregeneda—
Almendra, Tres—Arroyos, Barroso—Alvao and Gongalo ([28,32] and references therein). They
are mainly dyke-like bodies, with different dips, from subvertical to subhorizontal, reduced
thicknesses (from <50 cm up to ~30 m), and lengths usually <1 km. Most commonly,
these dykes do not present internal zoning. Their grain size is variable, from aplitic to
pegmatitic, the biggest crystals being usually <12 cm. Unidirectional solidification textures
are frequently observed in these dykes, mainly comb crystals of alkali feldspars and/or Li
aluminosilicates, and/or a layering parallel to the contacts with the hosting rock. Quartz
+ alkali feldspar graphic intergrowths or a quartz core are not commonly observed in
these pegmatites. These bodies are usually hosted by metasediments of the SGC and,
less frequently, by peraluminous Variscan granites. Only a few pegmatite dykes in each
field are Li-rich. In some cases, regional zoning is observed, with the barren pegmatites
occurring closer to the associated granite than the Li-richest ones (e.g., Tres Arroyos and
Fregeneda—-Almendra fields) [32,34,61,95]. In all these dykes albite and quartz are the main
minerals, with minor K-feldspar and muscovite, and accessory tourmaline, cassiterite,
Nb-Ta oxides, amblygonite—-montebrasite group minerals, apatite and Fe-Mn phosphates.
Spodumene, petalite and/or Li mica are the main Li ore in the Li-rich bodies, where topaz
may also be abundant.

Less commonly, Li mineralization in the CIZ occurs in the apical or marginal areas
of highly evolved leucogranites, intruded into the metasediments of the SGC. The most
representative Li-bearing cupolas are Pinilla de Fermoselle, Castillejo de Dos Casas and
Argemela ([28,32] and references therein). Textures observed in this type of Li mineraliza-
tion are quite similar to those observed in the Li-rich dykes just described above, including
a changing grain size from aplitic to pegmatitic, and the abundance of unidirectional
solidification textures such as “combed” crystals and layering. The transition between
granitic and pegmatitic facies is commonly gradual [47,96]. The main minerals are quartz,
alkali feldspars and micas, with minor tourmaline, topaz, cassiterite, Nb—Ta oxides, Li-Al
phosphates, Fe-Mn phosphates and apatite. The main Li ore in the leucogranitic cupolas is
lepidolite (for further information on Li-rich pegmatites see [28,32], and references therein).
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Apatite samples from some petalite-rich, spodumene + Li-mica-rich and Li-mica-
rich dykes from the Fregeneda—Amendra, Queiriga and Navasfrias pegmatitic fields and
from the Castillejo de Dos Casas leucogranitic cupola, were analyzed for this study. In
addition, chemical data of apatite from Navasfrias [93], Barroso—Alvao [92] and Lalin—
Forcarei [97], Li-rich fields and the Pinilla de Fermoselle granitic cupola were compiled for
comparison (Figure 1).

2.6. Quartz Veins

In the central area of the CIZ, hydrothermal quartz-rich veins enriched in Sn, Li and P
may occur (Figure 1) giving rise to a stockwork over some granitic cupolas belonging to 5;
or Sy granitic series (e.g., Valdeflorez [68], Golpejas [29], Barquilla [29]) Massueime [98,99]
and Feli open pit [64]. These veins are usually thin (<1 m), being hosted in fractures inside
the metasediments of the SGC or inside the granites. Together with quartz, minor minerals
include alkali feldspars, muscovite, cassiterite and montebrasite, with Nb-Ta oxides, sul-
phides, apatite and corundum as some common accessory phases. In addition, some barren
quartz-rich hydrothermal veins, as well as some quartz-rich, irregular greisenification
bodies located inside some pegmatites include apatite crystals.

In this study, representative apatite samples from the Sn-rich Golpejas and Feli quartz
veins, as well as from an intragranitic quartz vein from Pinilla de Fermoselle S; granite,
and greisenification bodies of the Puentemocha pegmatite, were analyzed.

2.7. P-Rich Quartz Veins

Apatite from the P-rich quartz dyke of Sitio do Castelo (Folgosinho, Portugal) was
analyzed (Figure 1). This dyke is a tabular sub-vertical body, with a thickness of ~5 m. It is
hosted in Mesquitela granite [69], with a sharp contact between the two lithologies. Three
different mineral associations were distinguished in the dyke [100]: (i) Fe-Mn phosphate
association, mainly including zwieselite, phosphosiderite and rockbridgeite, with accessory
apatite; (ii) quartz + Al mineral association, with muscovite and minor andalusite, garnet
tourmaline and gahnite; and (iii) greisen association, with quartz, muscovite, arsenopyrite,
scorodite and apatite.

3. Data Collection and Analyses

Overall, in this study close to 750 electron microprobe (major and minor elements)
and 260 LA-ICP-MS (trace element) analyses of apatite associated with the different
pegmatite, granite and quartz vein types described above were compiled (Table 1). From
them, 440 electron microprobe and 120 LA-ICP-MS analyses were taken from the literature.
The rest of the electron microprobe data were obtained using a CAMEBAX SX-100 at
the Centre de Micro-characterization Raimond Castaing belonging to the Université Paul
Sabatier (Toulouse, France). The operating conditions were a voltage of 15 kV and beam
current of 20 nA, and the calibration standards used were: SiO, (synthetic) (Si), MnTiO3
(synthetic) (Ti, Mn), wollastonite (Ca), corundum (Al), hematite (Fe), albite (Na), orthoclase
(K), fluorite (F), graftonite (P), periclase (Mg), chromite (synthetic) (Cr), synthetic glass
with Rb,O = 1.11 wt.% and Cs,O = 1.89 wt.%, BaTiO3 synthetic (Ba), sphalerite (Zn) and
tugtupite (Cl). Data were reduced using the procedure of Pouchou and Pichoir [101], and
analytical errors were estimated to be of the order of +1-2% for major elements and +10%
for minor elements. The structural formulae of apatite were calculated on the basis of 26
(O,EC1,0H), H,O* estimated.
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Table 1. Localities and lithologies from which apatite was selected and analyzed for this study.
Numbers in the left column correspond to those in the map of Figure 1. References: (1) this work;
(2) Merino-Martinez [86]; (3) Pérez-Soba et al. [102]; (4) Vindel et al. [87]; (5) Neiva et al. [88];
(6) Errandonea-Martin [103]; (7) Llorens [93]; (8) Llorens and Moro [33]; (9) Fuertes-Fuente [97];
(10) Martins [92]; (11) Garate-Olave [90].
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(3) Belvis de Monroy X X X X 2)(3)
g())rl;zr:leda de San X X @)
(5) Valdeverdeja X X 2)
(6) Villar del Pedroso X X ?2)
g[)agavalmoral dela X @)
(e e : ®
Abzabiapo. x @
(10) Oropesa X )
(11) Logrosan X X 4)
(12) Guarda-Sabugal X 5)
(13) Sierra-Bermeja X 6)
(Clgls)agastillejo de Dos N X X )
Cmengra " x X x O
(16) Navasfrias X X (7)(8)
(17) Lalin-Forcarei X ©)
(18) Queiriga X 1)
(19) Barroso—Alvao X X (10)
(20) Tres Arroyos X X 11
(21) Bendada X 1)
(22) Cafiada X (e
(23) Golpejas X 1)
(24) Sitio do Castelo X 1)

Our own analyses of trace elements in apatite were conducted by laser ablation induc-
tively coupled plasma mass-spectrometry (LA-ICP-MS) at the Geochronology and Isotope
Geochemistry-SGlker facility of the University of the Basque Country UPV/EHU (Spain).
During the analyses, minerals mounted on ca. 100 um thick petrographic sections were ab-
lated with a UP213 Nd:YAG laser ablation system (New Wave) coupled to a Thermo Fisher
Scientific XSeries 2 quadrupole ICP-MS instrument, with sensitivity enhanced through a
dual pumping system. Spot diameters of ca. 100 um associated with repetition rates of
10 Hz and laser fluence at the target of ca. 5.5 J/cm? were used for analysis. The ablated
material was carried in He and then mixed with Ar. The NIST SRM 612 reference glass
was used for tuning and mass calibration, by inspecting the signal of 238U to obtain ca.
14,000,000 cps/ppm, and by minimizing the ThO* /Th* ratio to ca. 1%. Raw data were
processed using Iolite 2.3 [104,105] and Ca as an internal standard (determined by electron
microprobe). Apatite from Cerro Mercado (Durango, Mexico) was used in order to optimize
the procedure. This mineral was also used as a secondary standard to control the quality of
the results in each analytical session.
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4. Results
4.1. Apatite Major Elements

Important differences in major element contents were observed not only among the
apatite crystals from the different lithologies, but also in apatite from the same type of rock
(Tables 2 and 3). Data of apatite hosted by quartz-rich hydrothermal units (Sn-rich, greisen
bodies and intragranitic veins) are very homogeneous, which allows us to include all those
data in the same group (quartz veins) for simplification.

Fluorapatite is by far the most common member of the apatites considered in this study,
with important variations in the mean F contents depending on lithology (Tables 2 and 3;
Figures 2a and 3a—c). The highest mean contents correspond to the apatite from the less
evolved granites and the quartz veins (3.74, 3.61; 3.04 wt.% for the S, granites, the quartz
veins and the S; granites, respectively). The lowest F values are found in the Li-rich
pegmatites (mean F content of 2.57 wt.%), followed by the highly evolved (B-P£F-rich)
leucogranites, with a mean F value of 2.92 wt.%. The Cl concentrations are quite low in
general, with mean values < 0.74 wt.%, and the highest contents (4.37 wt.%) corresponding
to apatite from the P-rich pegmatites (Figures 2b and 3a—c).

Overall, the widest variations are those observed in apatite from P-rich pegmatites,
with CaO values ranging from 37.01 to 55.72 wt.%; P,O5 contents between 35.45 and
44.46 wt.%; MnO and FeO contents in the ranges 1.01-10.07 wt.% and 0.23-9.16 wt.%,
respectively (Table 3; Figure 2c—f). Apatite from Li-rich pegmatites also shows broad com-
positional changes, with CaO contents in the range 39.5-55.62 wt.%; P,Os between 34.44
and 43.56 wt.%; MnO and FeO varying from 0.13 to 8.44 wt.% and 0.0 to 9.48 wt.%, respec-
tively. In contrast, apatite associated with granites of the S; series shows the narrowest
variations (Table 2, Figure 2c—f), with 53.1 to 55.57 wt.% CaO, 42.48 to 43.28 wt.% P,0Os; 0.07
to 1.33 wt.% MnO; 0.00 to 0.74 wt.% FeO. Apatite associated with quartz veins is also quite
homogeneous, with 52.5 to 56.01 wt.% CaO; 37.51-42.91 wt.% P,Os; 0-0.85 wt.% MnO and
0.01-0.65 wt.% FeO (Table 3; Figure 2c—f).

The highest mean contents for CaO are observed in apatite from the quartz-rich
hydrothermal veins (54.75 wt.%), and from the less evolved granites (54.39, 53.68 and
51.36 wt.% for the S; granites, S, granites and leucogranites, respectively) (Tables 2 and 3;
Figure 2c). Oppositely, the lowest mean CaO values belong to apatite from highly evolved
B-P=£F-rich leucogranites (47.08 wt.%), followed by P-rich pegmatites (49.00 wt.%) and
P-rich quartz veins (49.52 wt.%). The highest mean MnO contents correspond to apatite
hosted by P-rich lithologies, with 4.88 wt.% in P-rich pegmatites, and 4.63 wt.% for P-rich
quartz veins, with high mean values also for the apatite hosted by highly evolved B-P+F-
rich leucogranites (3.99 wt.%) (Tables 2 and 3; Figure 2e). The lowest mean MnO contents
are found in apatite associated with the quartz veins (0.43 wt.%), followed by less evolved
granitic units (0.52, 0.81 and 1.78 wt.% for the S,, S; and leucogranites, respectively). The
highest mean contents of FeO are observed in apatite from highly evolved leucogranites
(2.60 wt.%), followed by those from P-rich pegmatites (1.54 wt.%), the lowest values
corresponding to apatite from quartz veins (0.24 wt.%), followed by those from less evolved
granites (0.48 and 0.55 wt.% for S; and S, respectively) (Tables 2 and 3; Figure 2f).
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Figure 2. Box and whisker plots for major and minor elements in apatite from the different lithologies.
All values in wt.%.

Good negative correlations are observed between Ca and Mn and Ca and Fe (Figure 3d-i).
In contrast, P shows no correlation with these elements (Figure 4). In general, Mn values
are higher than Fe contents (Figures 3d-1 and 4). Nap,O and Al,Os3 values are low in general
(mainly <1 wt.% and <1.5 wt.%, respectively, with few exceptions (Tables 2 and 3). No
correlation is found between these elements and other apatite major elements.
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Figure 3. Binary plots of the major and main minor elements for apatite from the different lithologies
(all the values in a.p.f.u): (a—c) Cl versus F; (d—f) Ca versus Mn; (g—i) Ca versus Fe; and, (j-1) Fe versus
Mn; in all the cases for granitic, pegmatitic and hydrothermal veins, respectively.
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Figure 4. Binary plots of P,Os5 versus: (a—c) MnO; and (d—f) FeO, in apatite from the granitic,
pegmatitic and hydrothermal veins, respectively. All the values in wt.%.
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Table 2. Representative microprobe analyses with major element composition (wt.%) and unit
formula (a.p.f.u.) calculated on the basis of 26 (O,F,Cl,OH), H,O* estimated, for apatite associated
with the different granitic lithologies from the CIZ. Locality number as in Figure 1 and Table 1.
References: * this work; ** Merino-Martinez [86]; *** Neiva et al., [88]; **** Errandonea-Martin [103].
b.d.1. below the detection limit.—not analyzed.

Anal. n° 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Refs‘ * * * L L Lk *% % ¥ * * * * * L
Locality (1) 1) (2) (7) (12) (13) 3) (5) (5) (14) (14) (14) (14) (14) 3)
Lithology S1 Granites S, Granites Leucogranites B-Rich Leucogranites nghlzel:-:;;;onates
SiO; b.dl  bd.l - b.d.l - 003 b.dl bdl bdl 0.04 0.16 1.02  bdl bdl 0.22
TiO, - - - b.d.l 0.01 0.02 b.dl.  b.dl 0.02 - - 0.41 0.16 0.03 0.04
Al,O3 b.dl bdl b.dl 0.02 0.09 b.dl bdl bdl 0.01 b.dl  bd.l 0.63 0.02 0.01 0.15
FeO(t) 0.74 0.64 0.41 0.49 0.38 0.43 0.75 1.14 0.14 1.19 0.07 1.52 0.31 0.88 3.54
MnO 0.97 1.23 0.51 0.03 0.45 0.77 2.84 1.38 b.d.l. 7.95 2.51 2.46 3.13 6.09 3.38
MgO b.d.L 0.04 0.04 b.d.l 0.02 0.07 b.dl  bdl bdl bdl 0.01 0.05 b.d.L 0.02 0.07
ZnO - - - 0.04 - - - 0.02 b.d.l. - - 0.03 b.d.l 0.08 b.d.l
CaO 53.10 53.70 55,57 5456 5379 5428 4932 5198 53.66 4643 5176 5283 5280 47.85 47.29
Na,O 0.02 b.dl  b.dl 0.12 0.06 0.05 b.d.l 0.10 b.d.l 0.04 b.dl  b.dl b.dl 0.05 0.74
K,O - - b.dl  bd.l 0.06 0.01 b.d.l 0.01 0.01 - b.d.l. 0.02 0.01 0.01 0.02
BaO - - - - 0.03 - - - - - - 0.01 b.d.l 0.09 -
SrO b.dl.  b.dl 0.04 - 0.02 - - - - b.d.l - 0.20 0.02 0.03 -
P,0s5 4265 4328 4305 4141 4255 4133 4234 4201 4288 4216 4210 3828 3973 38.67 39.03
H,O* 0.27 0.33 0.00 0.07 0.38 0.30 0.00 0.00 0.04 0.41 0.25 0.59 0.00 0.00 0.46
F 3.18 3.10 4.02 3.54 2.95 3.08 3.88 4.00 3.66 2.84 3.13 241 391 3.84 2.32
Cl b.d.l. 0.04 0.04 0.04 0.01 0.02 b.d.l 0.03 b.d.l. 0.00 0.12 0.01 0.21 0.62 0.49
0O=ECl 1.34 1.31 1.70 1.50 1.24 1.30 1.63 1.69 1.54 1.20 1.35 1.02 1.69 1.75 1.09
Total 99.59 101.05 101.98 98.82 99.56 99.09 9750 9898 98.88 99.87 98.76 99.45 98.61 96.52  96.66
Structural formulae on the basis of 26 (O,F,Cl,OH)
Si b.dl  b.dl - b.d.l - 0.005 bdl bdl bdl 0007 0027 0176 bdl b.dl  0.039
Ti - - - b.dl.  0.001 0.003 bdl bdl 0.003 - - 0.053 0.021 0.004 0.005
Al bdl bdl bdl 0004 0018 bdl bdl bdl 0.002 bdl bdl 0128 0.004 0.002 0.031
Fe?* (1) 0.104 0.089 0.056 0.070 0.053 0.061 0.108 0.162 0.020 0.169 0.010 0219 0.045 0.131 0.526
Mn?* 0.138 0.173 0.071 0.004 0.064 0.111 0412 0.198 b.dl 1147 0361 0359 0459 0919 0.509
Mg b.dl.  0.010 0.010 b.dl 0005 0018 bdl bdl bdl bdl 0003 0013 bdl 0.005 0.019
Zn - - - 0.005 - - b.dl  bd.l - - 0.004 bdl 0011 b.dl
Ca 9570 9540 9.803 9961 9.688 9.898 9.061 9452 9.684 8470 9.426 9.760 9.790 9.137  9.003
Na 0.007 bdl  bdl 0040 0.020 0.016 bdl 0033 bdl 0013 bdl bdl bdl 0.017 0.255
K - - b.dl  b.dl 0.013 0.002 bdl 0.002 0.002 - b.dl. 0.004 0.002 0.002 0.005
Ba - - - - 0.002 - - - - - - 0.001 b.d.l  0.006 -
Sr b.dl  b.dl  0.004 - 0.002 - - - - b.d.l - 0.020 0.002 0.003 -
P 6.074 6.076 6.001 5974 6.056 5955 6.147 6.036 6.115 6.077 6.058 5589 5821 5835 5.871
F 1.692 1.625 2.093 1908 1568 1.658 2.104 2.147 1950 1529 1.682 1314 2140 2164 1304
Cl b.dl.  0.011 0.011 0.012 0.003 0.006 b.dl 0.009 b.dl 0.001 0035 0003 0.062 0.187 0.148
OH 0.308 0.363 0.000 0.081 0429 0337 0.000 0.000 0.050 0470 0282 0.683 0.000 0.000 0.549
Table 3. Representative microprobe analyses with major element composition (wt.%) and unit
formula (a.p.f.u.) calculated on the basis of 26 (O,F,Cl,OH), H,O* estimated, for apatite associated
with the different pegmatitic types and hydrothermal quartz veins from the CIZ. Locality number as
in Figure 1 and Table 1. b.d.l. below the detection limit.—not analyzed.
Anal. n° 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Locality (15) (14) (18) (21) (22) 2) 15) 15) (15) (6] 15) 2) (249) (24) (24)
Lithology Li-Rich Pegmatites P-Rich Pegmatites Barren Pegmatites Hydrothermal Qz Veins P-Rich Quartz Dykes
SiO, - 0.07 - - - - - - - b.d.l - - 0.01 0.01 0.02
TiO, - - - bdl  bdl - - - - - - - 0.02 0.03 0.03
Al O3 - b.d.L b.d.L 0.05 b.d.l b.d.L - - - 0.02 - b.d.l b.d.l. 0.01 0.00
FeO(t) 0.01 0.29 0.21 0.85 0.83 3.51 0.56 0.21 1.24 0.14 0.06 0.22 0.34 1.20 1.26
MnO 3.98 6.52 5.09 4.70 7.19 5.72 2.66 1.79 4.87 0.41 0.18 0.74 3.65 5.56 5.62
MgO b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.02 0.02 <0.01 0.01
ZnO - - - - - - - - - - - - b.d.L 0.05 b.d.l
CaO 50.54 47.93 50.70 49.81 48.03 45.77 52.77 53.36 50.15 55.27 56.25 54.98 51.13 48.02 48.54
Na,O 0.04 b.d.l 0.09 0.01 0.11 0.22 0.04 b.d.l 0.12 b.d.l 0.02 b.d.l 0.01 0.03 b.d.l
K,O b.d.l - - b.d.l b.d.l. b.d.l b.d.l b.d.l b.d.l - b.d.l b.d.l b.d.l 0.01 0.01
BaO - - - - - - - - - - - - 0.03 0.03 0.07
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Anal. n° 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Locality (15) (14) (18) (21) (22) ) (15) (15) (15) 1) (15) (2) (24) (24) (24)
Lithology Li-Rich Pegmatites P-Rich Pegmatites Barren Pegmatites Hydrothermal Qz Veins P-Rich Quartz Dykes
SrO 0.21 0.19 - 0.02 - b.d.l b.d.l 0.11 b.d.l b.d.l b.d.l 0.07 0.09 b.d.l 0.28
P,0s5 42.52 42.09 4151 41.80 40.42 39.71 41.64 41.80 41.58 42.78 41.64 42.56 41.30 41.37 41.06
H,0* 0.45 0.54 0.23 0.23 0.46 0.65 0.36 0.63 0.10 0.30 0.00 0.00 0.01 0.00 0.00
F 2.78 2.50 3.22 3.22 2.60 - 2.96 241 3.50 3.17 4.40 4.37 3.66 3.73 3.82
Cl1 b.d.1. 0.13 - 0.02 0.14 4.10 b.d.l b.d.l b.d.l. b.d.l b.d.l 0.02 0.02 0.10 0.06
O=ECl 1.17 1.08 1.36 1.36 1.13 0.93 1.25 1.01 1.47 1.33 1.85 1.84 1.54 1.59 1.62
Total 99.36 99.18 99.69 99.35 98.65 98.75 99.74 99.30 100.09  100.76 ~ 100.70  101.14 98.74 98.55 99.18
Structural formulae on the basis of 26 (O,F,Cl,OH)
Si - 0.012 - - - - - - - b.d.l - - 0.001 0.001 0.004
Ti - - - b.d.l b.d.l - - - - - - - 0.002 0.004 0.004
Al - b.d.l b.dl 0.010 b.d.l b.d.l - - - 0.004 - b.d.l b.d.l 0.003 0.000
FeZ*(t) 0.001 0.041 0.030 0.121 0.121 0.520 0.079 0.030 0.176 0.019 0.008 0.031 0.049 0.173 0.181
Mn? 0.571 0.943 0.734 0.679 1.058 0.859 0.382 0.257 0.701 0.058 0.025 0.104 0.530 0.811 0.819
Mg b.d.l b.d.l b.dl b.d.l b.d.l b.d.l b.dl b.d.l b.d.l b.d.l b.dl 0.005 0.005 0.001 0.003
Zn - - - - - - - - - - - - b.d.l 0.006 b.d.l
Ca 9.166 8.766 9.254 9.098 8.940 8.690 9.587 9.697 9.137 9.852  10.072  9.768 9.398 8.866 8.947
Na 0.013 b.d.l 0.030 0.003 0.037 0.076 0.013 b.d.l 0.040 0.000 0.006 b.d.l 0.005 0.009 b.dl
K b.d.l. - - b.dl b.d.l. b.d.l b.dl b.d.l b.d.l - b.d.l b.d.l. b.d.l 0.003 0.003
Ba - - - - - - - - - - - - 0.002 0.002 0.005
Sr 0.021 0.019 - 0.002 - b.d.L b.d.L 0.011 b.dl b.d.L b.d.L 0.007 0.009 b.d.L 0.028
P 6.094 6.083 5.987 6.033 5.945 5.957 5.978 6.002 5.986 6.026 5.891 5.975 5.999 6.036 5.980
F 1.488 1.350 1.735 1.736 1.428 - 1.587 1.293 1.882 1.668 2.325 2.292 1.985 2.033 2.079
Ccl b.d.l 0.036 - 0.006 0.041 1.231 b.d.l b.d.l b.d.l b.d.l b.d.l 0.006 0.004 0.030 0.019
OH 0.512 0.614 0.265 0.258 0.530 0.769 0.413 0.707 0.118 0.332 0.000 0.000 0.010 0.000 0.000

4.2. Apatite from the P-Rich Puentemocha Pegmatite

As described above, the Puentemocha pegmatite (Salamanca, Spain) is an internally
zoned P-rich pegmatite that presents apatite in all its primary (wall and intermediate zones
and phosphates nodules) and subsolidus (greisen replacement bodies) units. Moreover,
apatite occurs in the host S; type granite. This allows a recording of the compositional
evolution of apatite during crystallization of this granite—pegmatite system. According
to the obtained data, the composition of apatite from the host granite and the wall and
intermediate zones of the pegmatite is in the same ranges for its main components, i.e., Ca,
Fe, Mn, F and CI (Table 4, Figure 5). In contrast, apatite from the phosphate nodules is by
far the Mn-, Fe- and Cl-richest, and the Ca- and F-poorest, whereas the apatite from the
greisenification bodies is the Fe- and Mn-poorest and the Ca-richest (Table 4, Figure 5).
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Figure 5. Binary plots for apatite from the different units of the Puentemocha P-rich pegmatite (all
the values in a.p.f.u): (a) Cl versus F; (b) Ca versus Mn; (c¢) Ca versus Fe; and (d) Fe versus Mn.
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Table 4. Representative microprobe analyses with major element composition (wt.%) and unit
formula (a.p.f.u.) calculated on the basis of 26 (O,F,Cl,OH), H,O* estimated, for apatite associated
with the different units distinguished in the Puentemocha pegmatite and in its hosting granite. b.d.L.
below detection limit.—not analyzed.

Anal. n° 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Lithology Granite Wall Zone Intermediate Zone  Phosphate Nodule Greissen Masses
SiO, bdl b.dl bdl 002 bdl bdl bdl bdl bdl bdl bdl bdl 001 bdlL bdl
Al,03 bdl 002 001 bdl bdl bdl bdl bdl 001 bdl bdl bdl 022 002 bdl
FeO(t) 064 074 056 045 105 024 023 034 024 614 409 598 065 014 030
MnO 123 133 121 130 158 046 161 172 154 660 645 676 004 041 0.85
MgO 0.04 001 004 002 005 bdl bdl bdl 001 004 000 006 bdl bdl bdl
CaO 53.70 5347 5355 5345 53.08 54.83 5502 5459 5470 4153 4399 4186 5380 5527 54.89
Na,O bdl bdl 005 006 009 004 bdl 003 004 034 008 031 034 bdl 001
SrO bdl 003 003 006 bdl 004 bdl 017 010 bdl bdl bdl 002 bdl 026
P,0s5 4328 4258 4272 4298 4267 4282 4324 4342 4348 3991 4036 4023 40.19 4278 4196
H,0* 033 034 041 029 035 033 019 031 040 057 064 063 023 030 013
F 310 304 29 317 303 3.09 343 319 300 bdl bdl bdl 315 317 348
Cl 0.04 002 003 001 004 bdl 001 bdl 002 437 418 419 001 bdl bdl
O=ECl 131 128 123 133 129 130 145 134 127 099 094 095 133 133 147
Total 99.36 99.18 99.69 9935 98.65 9875 99.74 99.30 100.09 100.76 100.70 101.14 98.74 98.55 99.18
Structural formulae on the basis of 26 (O,F,Cl,OH)

Si bdl b.dl bdl 0003 bdl bdl bdl bdl bdl bdl bdl bdl 0002 bdl bdl
Al bdl 0.004 0002 bdl bdl bdl bdl bdl bdl bdl bdl bdl 004 0.004 b.dlL
Fe?*(t) 0.089 0.104 0.078 0.063 0.147 0.033 0.032 0.047 0.033 0916 0.604 0.886 0.094 0.019 0.042
Mn?* 0173 0.189 0.171 0.184 0224 0.065 0224 0239 0214 0998 0965 1.014 0.006 0.058 0.121
Mg 0.010 0.002 0.010 0.005 0.012 0.000 b.dl bdl 0002 0011 bdl 0016 bdl bdl bdl
Ca 9.540 9.598 9.599 9552 9506 9.789 9.694 9.603 9.622 7.941 8326 7.946 10.005 9.852 9.884
Na b.dl b.dl 0016 0019 0.029 0013 b.dl 0010 0.013 0118 0.027 0.106 0.114 b.dl 0.003
Sr b.dl 0003 0.003 0.006 0.000 0.004 b.dl 0016 0.010 b.dl bdl bdl 0002 bdl 0.025

P 6.076  6.039 6.051 6.070 6.039 6.041 6.020 6.036 6.044 6.030 6.036 6.034 5906 6.026 5.970

F 1625 1.611 1534 1.672 1602 1.628 1784 1.656 1558 b.dl. b.dl bdl 1729 1.668 1.850
Cl 0.011 0.006 0.009 0.003 0.011 b.dl 0.003 b.dl 0006 1322 1252 1258 0.003 b.dl b.dl
OH 0363 0.384 0.457 0325 0387 0372 0213 0344 0437 0678 0.748 0.742 0.268 0.332 0.150

4.3. Apatite Trace Elements

As with the major elements, some trace element contents in the studied apatite change
in a broad range (Table 5). The main variations are observed for Sr, Y and REE (Figure 6a—c).
Narrower, but still important, variations are observed for Zr, Li, Zn, Ba, Pb, Ta, Be and U
(Figure 6d-k), and slighter variations exist for Hf, Th and Nb (Figure 61-n). For the rest of
the analyzed elements, no remarkable changes are observed. Some of these elements show
the same behavior in apatite from pegmatitic and granitic rocks. Such is the case of Sr, REE,
Y, U, Zr, Hf, Nb and Ta. Strontium is the only one that shows the highest contents in apatite
from the most evolved pegmatites (Li-rich) and leucogranites (Figures 6a and 7). Apatite
shows Sr values in the ranges 537-16,400 ppm and 63-527 ppm in Li-rich pegmatites and
barren pegmatites, respectively, and changes from 21 to 580 ppm in P-rich pegmatites. The
strontium contents in apatite from the most evolved leucogranites are also the highest
among granitic rocks (1070-2470 ppm). The lowest values correspond to those of apatite
from S; granites and leucogranites, where Sr contents change from 10 to 351 ppm and
from 1.3 to 991 ppm, respectively (Table 5, Figures 6a and 7a,b). In contrast, apatite from
most evolved rocks shows the lowest contents of Y and XREE (Table 5, Figure 6b,c and
Figure 7). The XREE values in apatite are in the ranges 19-1187 ppm, 702-1558 ppm and
536-6291 ppm, for Li-rich, barren and P-rich pegmatites, respectively; and in the ranges
<2-3585 ppm, 1979-4396 ppm, 258-5880 ppm and 1350-6275 ppm, for highly evolved
leucogranites, B-rich leucogranites, leucogranites and S, granites, respectively (Table 5;
Figures 6¢c and 7c,d). The Y contents change in the same way, from <1 to 765 ppm, 332
to 681 ppm and 406 to 9800 ppm for Li-rich, barren and P-rich pegmatites, respectively;
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and from <1 to 1930 ppm, 2821 to 2990 ppm, 23 to 3285 ppm and 894 to 3770 ppm,
for highly evolved leucogranites, B-rich leucogranites, leucogranites and the S, granites,
respectively (Table 5; Figures 6b and 7a,b). There is a good positive correlation between Y
and ZREE (Figure 7e,f), whereas Sr exhibits a good negative correlation with Y and ZREE
for granitic apatite and for apatite from pegmatites this negative correlation is not so good
(Figure 7a—d).

Table 5. Representative trace element analyses (values in ppm) for apatite associated with the different
granitic and pegmatitic lithologies from the CIZ. Locality number as in Figure 1 and Table 1. References:
* this work; ** Merino-Martinez [86]; *** Errandonea-Martin [103]; **** Pérez-Soba et al., [102].

Anal. n° 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Refs‘ EE ok ELEE EEd * * EEd *ok * * * * * *
Locality (13) (7) 3) 3) (14) (149) 3) 3) (15) (15) (22) (22) (15) 14

. Highly . s T
Lithology S Granites Leucogranites L B-RICh. Fractionates Barrefl P-RICP L1-R1c‘h
eucogranites L Pegmatites Pegmatites Pegmatites
eucogr.
Li 11.5 11.3 33.0 31.0 65.1 20.7 1.0 1.0 6.6 43.5 2.0 11.0
Be 1.0 0.0 139.0 173.0 1.0 0.0 0.0 1.0
Sc 0.8 1.4 15.0 18.0 16.9 10.0 3.0 4.7 42.4 1.0 0.0
A\ 0.0 0.0 0.7 1.0 0.7 43.0 0.0 1.0
Cr 2.0 2.0 2.0 1.0 1.1 12.7 1.0 1.0
Co 0.0 0.0 0.1 0.0 0.0 1.0 1.8 0.0 0.0
Ni 2.0 2.0 2.0 2.0 1.5 8.3 2.0 2.0
Cu 1.0 0.0 0.0 0.3 119 0.0 0.0
Zn 1.0 8.0 13.0 65.8 135.0 2.0 2.0 68.0 95.0 1.0 1.0
Rb 59 1.0 0.0 0.3 0.0 0.0 0.7 38.0 0.0 9.0
Sr 138.5 97.4 73.0 65.6 36.0 32.0 2250.0 1290.0 136.0 733.0 66.9 217.0  7610.0 4366.0
Y 2480.0 2520.0 2900.0 535.0 2817.0 1758.0 9.1 21.8 599.0 456.0 940.0 577.0 24.0 134.0
Zr 0.3 0.3 0.0 9.0 0.7 9.4 5.0 1.0 1.2 184.0 0.0 2.0
Nb 0.6 0.1 0.0 0.0 2.1 0.0 0.0 0.2 41 0.0 0.0
Sn 55.0 44.0 3.0 1.0 1.0 3.0
Cs 0.5 0.0 0.0 0.0 2.0
Ba 6.9 2.0 2.0 142.0 199.0 3.0 1.0 34.0 183.0 1.0 7.0
La 247.0 263.0 538.0 253.0 344.0 367.0 14 1.2 249.0 201.0 33.0 540.0 26.0 56.0
Ce 1013.0 918.0 1782.0 638.0 793.0 802.0 24 7.8 472.0 399.0 230.0 1740.0 42.0 171.0
Pr 153.0 162.0 254.0 80.6 88.0 82.0 0.2 14 50.0 38.0 63.9 271.0 4.0 21.0
Nd 770.0 813.0 1073.0 245.0 305.0 258.0 1.0 7.3 158.0 125.0 382.0 1050.0 13.0 87.0
Sm 315.0 320.0 401.0 75.9 152.0 100.0 0.3 32 44.0 33.0 319.0 405.0 2.0 19.0
Eu 10.7 75 15.2 134 3.0 3.0 0.6 5.0 6.0 49 6.5 8.0 8.0
Gd 392.0 423.0 480.0 76.2 217.0 116.0 0.8 3.5 46.0 34.0 432.0 289.0 1.0 18.0
Tb 73.7 75.9 102.0 17.0 61.0 32.0 0.1 0.8 11.0 8.0 94.2 48.9 0.0 3.0
Dy 524.0 497.0 636.0 108.0 428.0 228.0 0.8 49 76.0 55.0 436.0 211.0 2.0 19.0
Ho 98.0 95.1 97.0 15.3 71.0 40.0 0.2 0.8 14.0 11.0 42.0 19.2 0.0 4.0
Er 242.0 237.0 218.0 35.4 199.0 121.0 0.4 1.7 46.0 36.0 70.0 33.7 1.0 12.0
Tm 30.6 329 29.0 5.1 32.0 22.0 0.1 0.2 9.0 7.0 7.3 4.0 0.0 2.0
Yb 175.0 194.0 185.0 35.9 241.0 176.0 0.3 14 75.0 57.0 34.9 22.4 3.0 11.0
Lu 20.7 24.4 19.0 4.6 28.0 21.0 0.0 0.1 10.0 8.0 2.8 2.2 0.0 1.0
Hf 0.5 0.2 0.0 0.0 0.3 0.0 0.0 04 4.8 0.0 0.0
Ta 0.2 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.5 0.0 0.0
Pb 9.0 11.2 16.0 11.0 133.0 49 22.0 56.0 103.0 76.7 19.0 11.0
Th 29 3.5 8.3 55.0 66.0 0.1 5.0 2.0 1.2 26.5 22.0 13.0
U 72.0 81.4 431.0 258.0 186.0 214.0 1.6 124.0 187.0 229.0 67.0 272.0 3.0 1.0
B 22.3 5.6
XLREE 2498.0 2476.0 4048.0 12925 1681.6 1609.1 5.3 20.9 972.2 795.6  1027.9 4006.0 86.9 353.0
YHREE 1566.7 1586.8 1781.2 3109 12804 759.1 2.7 13.9 291.7 2224 11241 6369 17.1 77.6
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Figure 6. Box and whisker plots for main trace elements in apatite from the different lithologies. All
values in ppm.
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Figure 7. Binary plots of main trace elements in apatite (all values in ppm): (a,b) Sr versus Y; (c,d) Sr
versus XREE; (e,f) Y versus LREE; from the different granitic and pegmatitic lithologies, respectively.

In granitic rocks, the lowest Pb contents correspond in general to apatite from the S,
granites, whereas some of the highest values are found in the highly evolved leucogranites.
Opposingly, the highest U values are found in apatite from the leucogranites and the S,
granites, and the lowest ones in apatite from the highly evolved leucogranites, which also
show the lowest Th contents (Table 5; Figures 6h,k,m and 8a—d). Regarding the pegmatitic
apatite, the highest U contents are in apatite from barren pegmatites whereas, in general,
the apatite from P-rich pegmatites has the highest Pb and lowest Th contents (Table 5;
Figures 6k,h,m and 8a—d). Some pairs of elements, such as Y-Ho, Zr-Hf and Nb-Ta, show
in general good positive correlations (Figure 8e—j). However, except for Y-Ho, whose
contents decrease with fractionation of the host rocks, an evident relationship between
the content variations and the lithology is not found (Table 5; Figures 6d,i,l,n and 8ej).
Lithium, Ba and Be are found in comparable ranges for apatite associated with the different
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types of pegmatites, while they seem to increase with fractionation in granitic rocks (Table 5;
Figure 6e,gj).
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Figure 8. Binary plots of minor trace elements in apatite (all values in ppm): (a,b) Pb versus U;
(c,d) Th versus U; (e f) Ho versus Y; (g,h) Hf versus Zr; (I,j) Ta versus Nb; from the different granitic
and pegmatitic lithologies, respectively.

4.4. Rare Earth Element Patterns in Apatite

The chondrite-normalized patterns of the studied apatite are notably different for
granitic and pegmatitic lithologies. The apatite from the S, granites shows quite uniform
and well-defined spectra, with a weak slope to the left of the LREE and to the right of
the HREE, a strong negative Eu anomaly and no or minor tetrad effects (a split of the
chondrite-normalized REE patterns into four segments called tetrads, ref. [16]) (Figures
9a and 10a). Most apatite crystals from the leucogranites show well-defined patterns.



Minerals 2022, 12, 1401

19 of 34

10,000

1000

0.1

10,000

1000 4

0.1

10,000

1000

100

However, mainly in the case of the highly evolved leucogranites, some analyses correspond
to erratic patterns of samples that are quite depleted in REE (Figure 9b—d). In general,
leucogranitic apatite shows nearly subhorizontal LREE patterns, a negative slope for the
HREE, a strong negative Eu anomaly (except for a few apatite crystals that show a positive
one), and strong tetrad effects with an M shape (Figures 9b—d and 10a).
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Figure 9. Chondrite-normalized (McDonough and Sun, [106]) apatite REE patterns for: (a) S, granites,
(b) leucogranites; (c) B-rich leucogranites; (d) highly fractionated leucogranites; (e) barren pegmatites;
(f) P-rich pegmatites; and (g) Li-rich pegmatites.

The REE spectra for pegmatitic apatite are notably different depending on pegmatite
type (Figure 9e-g). In barren and P-rich pegmatites, tetrad effects are strong (Figure 9e,f and
Figure 10b). For barren pegmatites, the LREEs show a pronounced negative slope, whereas
the HREEs show a weak positive slope, with a not too pronounced negative Eu anomaly
(Figure 9e). The apatite from P-rich pegmatites shows a more negative Eu anomaly, with
a positive slope for the LREE and a negative slope for the HREE (Figure 9f). The apatite
from the Li-rich pegmatites is REE-poorer in general, and often the chondrite-normalized
spectra are not well defined. The patterns are quite flat, with no or strongly positive Eu
anomaly (Figures 9g and 10b).

Regarding the Ce anomaly, in the granitic apatite from the CIZ the smallest variations
correspond to the apatite associated with S, granites, and the broadest one to that from
the highly evolved leucogranites (Figure 10c). The highest Ce anomalies in the pegmatitic
apatite are those observed in P-rich pegmatites, whereas the lowest ones belong to the
apatite from Li-rich pegmatites (Figure 10d).
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Figure 10. Binary plots of (a,b) the Eu anomaly (defined as Eu/Eu* = Eun/(Smn x Gdn)0.5) and the
Tel,3 value for the tetrad effects calculated according to the procedure of Irber [107]; and (c,d) the
Ce anomaly (defined as Ce/Ce* = Eun/(Lan x Prn)0.5) versus the Eu anomaly; for the apatite from
granitic and pegmatitic lithologies, respectively.

5. Discussion
5.1. Significance of Major Element Variations
5.1.1. Manganese and Fe

Apatite can accommodate a number of elements with a wide range of sizes and
valence states owing to its structural tolerance and chemical substitution (e.g., [9] and
references therein; [10,12,14,15]). Manganese and, to a minor extent, Fe are the main
elements that enter into the apatite structure. Their concentration is very variable, from
some ppm [10] up to 1.37 Mn a.p.f.u., with Mn substituting preferentially onto Cal sites [9].
The highest recorded Mn contents in apatite are ~19 wt.% MnO [108]. In general, the
highest Mn contents are found in apatite from granitic pegmatites and highly evolved
peraluminous granites (e.g., [10,91,94,108]). The Mn content in apatite has been proposed
to be independent to a great extent of the Mn concentration in the melts [109], whereas
fO, is considered to have an important influence on Mn incorporation into the apatite
structure (e.g., [4,10]). According to these authors, Mn?* may incorporate into apatite more
readily than Mn3* or Mn** because its size and charge are more similar to those of Ca?*.
Therefore, in reduced melts the increase in the relative proportion of Mn?* would favor
its inclusion into the apatite structure. Nevertheless, the Mn increase in the melts during
evolution may obscure the relationships between the fO, of the magma and the Mn content
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in apatite and, moreover, temperature has a strong influence on the fO; of melts [18]. Recent
experimental studies indicate that, rather than fO,, the main factor that controls the apatite
melt partition of Mn is the melt structure [20]. A significant increase in the Mn content in
apatite has been reported during magmatic evolution for peraluminous granites with high
silica contents [7,10,18,109,110]; i.e., Mn would be more easily incorporated into apatite in
Si-rich peraluminous melts. This variation in the partitioning of Mn between apatite and
melt would be related to the structural changes in the melt. The higher the polymerization
of the melt, the lower the availability of free oxygen and the lower the solubility of Mn
in the melt, becoming more compatible in the apatite [20,111]. Other factors that could
control Mn partition are the pressure, temperature, volatile content in melts, precipitation
of mineral phases competing for Mn and melt composition [6,15].

Manganese and Fe contents in apatite associated with granites, pegmatites and quartz
veins from the CIZ show significant variations (Tables 2 and 3; Figures 2e,f and 3d,j). The Mn
content of granitic apatite noticeably increases with fractionation. S; and S; granitic series have
a main metasedimentary protolith with ilmenite and absent magnetite [28,77-79,81,82,86],
which suggests a relatively low fO; typical of reducing conditions. Studies on the fO, evolution
in S-type granitic series from the CIZ [112] indicate reducing conditions close to the Ni-NiO
buffer without significant changes during fractionation. This is attested by the presence of
some late apatite crystals (not included in this study) in the most evolved leucogranitic unit of
the Belvis de Monroy pluton, which are graphite-rich [86,102]. Accordingly, the increase in the
Mn content in apatite with the evolution of the granitic melts would not be related to changes
in the fO; during fractionation. More likely, it would be the result of a higher proportion
of Mn in residual melts, joined to an increase in the SiO; content and peraluminosity with
fractionation, which would change the melt structure reducing Mn solubility and increasing
Mn partitioning into apatite.

Apatite associated with pegmatites from the CIZ also shows high Mn and Fe contents
(Tables 2 and 3; Figure 2e,f and Figure 3e,h k). Oppositely to granitic apatite, in general the
highest Mn and Fe values are not observed in the most evolved bodies (Li-rich pegmatites),
but in the P-rich ones. These P-rich pegmatites belong to the beryl-columbite—phosphate
subtype of the LCT family (from Li, Cs and Ta) in the Cerny and Ercit classification [59],
which corresponds to Si-rich peraluminous pegmatites with intermediate degrees of evolu-
tion. In these pegmatites, primary apatite occurs either scattered among silicates in the wall
and intermediate zones (as is the case of the Puentemocha pegmatite), or together with
other Fe-Mn phosphates within subrounded masses of phosphates. The manganese and
Fe contents in apatite change dramatically in both cases, being clearly much higher when
apatite grows inside the Fe-Mn phosphate nodules (Figure 5). Redox conditions during
pegmatitic crystallization are not completely understood. According to some experimental
studies on mica crystallization in leucogranitic and pegmatitic melts [113], biotite would
be stable under reducing conditions whereas in oxidizing conditions biotite would be
replaced by muscovite, which would be indicative of high fO, when occurring as the sole
mica. Biotite is present in the host granite of Puentemocha pegmatite and in the wall
and intermediate zones [48]. Taking into account that the Mg/(Mg+Fe) value of biotite is
sensitive to changes in the oxygen fugacity [114,115], the crystallization of the wall and
intermediate zones of the Puentemocha pegmatite has been estimated to take place under
relatively reducing conditions at approximately FMQ = —0.5 [48]. Based on the Eu anomaly
in apatite from the phosphate nodules (see below), their crystallization also seems to have
developed under reducing conditions. Accordingly, Mn and Fe contents in apatite from
P-rich pegmatites seem not to be greatly influenced by the redox conditions, as they most
probably remained at low fO, during the whole pegmatite crystallization. However, there
are significant variations in the Mn content between apatite from the wall and intermediate
zones and that from the phosphate nodules. Since apatite from P-rich quartz veins (those
containing subrounded masses of Fe-Mn phosphates), is also richer in Mn and Fe than
the apatite from the other quartz-rich veins (Table 3; Figure 3f,i,1), and both lithotypes are
almost free of biotite, it seems plausible that in both cases (P-rich pegmatites and P-rich
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quartz dykes) the higher Mn and Fe contents in apatite account for a higher availability of
these elements in the system, and not for the redox conditions or the polymerization degree
of the fluids. Apart from the silica and alumina contents, the temperature [2,3,116,117] and
depth of emplacement [118] may also influence P solubility in silicate melts. Phosphorous
behavior in pegmatitic melts has been described as incompatible until the intermediate
stages of pegmatitic crystallization (e.g., [47,119-121]), when phosphate saturation occurs,
often in the core margin or the outer core zones of the internally zoned pegmatites. The
subrounded shape of the phosphate nodules, which are nearly completely constituted
by phosphate minerals, has been interpreted as evidence for liquid immiscibility, with
those phosphate masses crystallizing from a P-rich melt segregated from a silicate-rich melt
(e.g., [47]). A P-enrichment in late-stage magmas may induce liquid immiscibility [122],
as previously shown experimentally [123,124]. If immiscibility occurs, then Mn and Fe
would most probably partition preferentially into the P-rich melt, as in some pegmatites
the only mafic minerals occurring, at least in the inner zones, are the Fe-Mn phosphates.
Consequently, and considering that the fO, and melt structure seem not to have influenced
apatite composition in P-rich pegmatites, we infer that the notoriously higher availability of
these transition elements in P-rich melts would lead to higher Mn and Fe contents in apatite
from P-rich units. This may also be the case for the apatite from the P-rich quartz dykes.

Most barren pegmatites are aplite-pegmatite bodies or albite-rich leucocratic aplite—
pegmatite units in some pegmatitic cupolas at the top of S-type plutons, where the occur-
rence of mafic minerals is negligible and muscovite is often the only mica. In this scenario,
apatite is the main (if not the only) phase competing for Mn and Fe, which could explain
the relative abundance of these elements in many apatite crystals associated with barren
pegmatites. The same argument may be applied to the apatite from Li-rich highly evolved
pegmatites from the CIZ. In these pegmatites the biotite is absent, which together with
the positive Eu anomaly of apatite (see below) could indicate oxidizing conditions, typical
of hydrous and F-bearing pegmatitic magmas [113]. Therefore, also in this case the fO,
seems not to have affected to a great extent the Mn (and Fe) content in pegmatitic apatite.
Moreover, both barren and Li-rich aplite-pegmatites have in general lower silica values
than the S-type granites from the S; and S, series [28]. This, joined to a higher concentration
of fluxes in those pegmatitic melts (mainly H,O, F and B), would dramatically decrease the
polymerization degree of the melts. This means that, as with the fO,, the melt structure
would not have influenced the Mn partition into apatite.

Finally, apatite from the quartz-rich hydrothermal veins shows the lowest Mn and
Fe values, except in the case of the P-rich veins already commented on above (Table 3;
Figure 3f,il). The low Mn and Fe contents in hydrothermal apatite could reflect the
low availability of these elements in late hydrothermal fluids exsolved from granitic and
pegmatitic melts, as well as the high fO,, attested by the common coexistence of apatite
with oxides, mainly cassiterite, in these veins [113].

5.1.2. Fand Cl

Fluorine, Cl and OH may substitute extensively for each other in the halogen site
of apatite [9,125,126]. The proportions of these elements depend on different factors
including melt (or fluid) composition, occurrence of other F- and Cl-bearing phases such as
micas, and P-T conditions ([127]). The fluorine distribution coefficient between fluid and
melt is <1 during fractional crystallization [8,128], allowing F to be incorporated into the
apatite crystallizing early from the melt [6]. Thus, typical igneous apatite corresponds to
fluorapatite [10]. In contrast to F, Cl strongly partitions into the fluid phase when the silicate
melt is saturated in H,O, so chlorapatite becomes the characteristic of the hydrothermal
systems [129]. The apatite associated with granites, pegmatites and quartz-rich veins from
the CIZ is fluorapatite, except for some apatite crystals occurring inside the phosphate
nodules of the P-rich pegmatites (Figure 3b). If these phosphate nodules crystallized as
immiscible droplets from an immiscible P-rich melt batch, this could mean that, as with
Mn and Fe, Cl would also partition preferentially into such a P-rich melt. None of these
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elements were included in the experimental work of Prowatke and Klemme [124], who
demonstrated that when silicate melt and phosphate melt immiscibility occurs, 5i, Al,
Na, K, Ca and large ion lithophile elements partition preferentially into the silicate melt,
whereas Sr, LREE, U and Ba tend to be incorporated into the phosphate melt.

5.2. Significance of Trace Element Variations
5.2.1. Eu and Ce Anomalies in Apatite

Besides the major elements Mn and Fe, apatite can accommodate a good number of
trace elements via different substitution mechanisms (e.g., [9,10,12,14,15,125]). The REEs,
together with Y and Sr, are the main trace elements entering into the apatite structure. Rare
Earth Element cations with a trivalent valence state are readily incorporated into this phos-
phate, whereas Eu (Eu?* and Eu®*) and Ce (Ce®* and Ce*") may occur with two different
oxidation states (e.g., [130,131]). In both cases, the trivalent cations are more compatible
with the apatite structure, as the ionic radii of Eu®* and Ce>" are much closer to that of
Ca?* [16]. This preference for Eu’* and Ce* versus Eu?* and Ce** in the apatite structure
may lead to anomalies in the contents of both elements when compared to the other (triva-
lent) REEs [15], and the Eu and Ce anomalies in apatite may reflect the fO, conditions of
melts [9,10,15,132]. Accordingly, reducing environments would lead to high Eu?* /Eud*
ratios with pronounced Eu-negative anomalies in apatite, whereas oxidizing conditions
would be associated with no or positive Eu anomalies [6,7,9-11,15,109,128,132-134]. A
negative Eu anomaly has been postulated to increase with melt evolution ([10]). Nev-
ertheless, the crystallization of other mineral phases, such as feldspars, may strongly
influence the Eu distribution, distinguishing the effects of the oxidation state on the Eu
anomaly (Eu/Eu*). The high compatibility of Eu?* in feldspar (mainly in K-feldspar, [10])
may control the partitioning of the Eu in the melt [135] and would induce a negative Eu
anomaly in apatite if this crystallizes later or grows in the presence of coexisting feldspar
([10,16,109,132,136-138]). Oppositely, Ce anomaly (Ce/Ce*) seems not to be affected by
the crystallization of other phases, except for zircon, monazite and other REE-bearing
minerals [15]. Low fO; would lead to high Ce3* /Ce** ratios, resulting in a considerable
partitioning of Ce®* in apatite and a positive Ce anomaly [6]. Nevertheless, the extent
of Ce/Ce* in apatite is usually less pronounced than that of Eu/Eu* [7,10,128,133], and
it is assumed to be less effective to measure the redox state of the magma than the Eu
anomaly [11]. Some authors propose to combine the variations of two elements with an
opposite partitioning behavior into apatite, such as Eu and Ce, in order to assess the redox
conditions during apatite crystallization [6,11,134]. In the studied apatite crystals from the
granitic and pegmatitic rocks of the CIZ, important variations in the Eu/Eu* (from <0.01
up to 343) are observed, whereas the Ce/Ce* values change in a much narrower range
(0.74-1.45) (Figure 10). Apatite associated with granitic rocks shows in general negative
Eu anomalies, with the exception of four samples from a leucogranite (Figures 9 and 10).
The lowest Eu/Eu* values correspond to apatite from the granite, indicating reducing
conditions during its crystallization, although similar REE patterns in apatite from other
peraluminous granites have been ascribed to represent the effect of magma mixing, crustal
contamination or the influence of a heterogeneous crustal source (e.g., [7]). Apatite from the
highly evolved B-PxF-rich leucogranites shows in general less strong Eu anomalies, which
could correspond to some higher fO, (moderate oxidized in Figure 10c). Apatite from the
B-rich leucogranites shows the broadest Eu/Eu* range, falling in the fields of reducing,
moderate oxidized and oxidized crystallization conditions in the plot of Figure 10c. This
broad range of the Eu anomaly could be indicative of the different crystallization stages
of the host rocks under different fO,. However, as indicated in a previous section of this
discussion, the oxidation conditions remain reducing without important changes during
fractionation [112]. Therefore, the positive Eu/Eu* anomaly in these apatite crystals could
reflect their crystallization prior to that of plagioclase rather than the redox conditions
during crystallization, such as suggested by Cao et al. [16] for some apatite crystals from the
Koktokay No. 3 pegmatite. Moreover, in these highly fractionated lithologies, K-feldspar
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may be very scarce and the plagioclase composition tends to be pure albite, which due to
the lack of Ca should include a lower amount of Eu in its structure. Therefore, the early
crystallization of apatite, without other important phases competing for Eu, may be the
cause of the positive Eu/Eu* values observed in some of the apatite crystals hosted in
the leucogranites.

In the case of apatite from pegmatites, their Eu and Ce anomalies allow segregation by
pegmatite types (Figure 10). The highest Eu/Eu* and the lowest Ce/Ce* values correspond
to apatite associated with P-rich pegmatites, suggesting that apatite formed under reducing
conditions. Moreover, the early character of the phosphate masses where these apatite
crystals are hosted, in relation to the coexisting plagioclase [49], is not consistent with
the Eu negative anomaly in apatite. This means that the origin of the important negative
Eu anomaly in apatite from the P-rich pegmatites is likely to be related to the low fO;
during crystallization. Apatite from the barren pegmatites show intermediate Eu/Eu* and
Ce/Ce* values (Figure 10), corresponding to some higher fO,. Finally, apatite from the
Li-rich pegmatites shows strongly positive Eu anomalies and the lowest Ce/Ce* values
(Figure 10), which could be attributed to oxidizing conditions. In this case, as with the
leucogranites, in the highly evolved pegmatites K-feldspar occurs in low proportions and
plagioclase composition corresponds to pure albite, which may host a lower proportion
of Eu. Consequently, the early crystallization of apatite could give rise to the positive Eu
anomaly observed in most apatite crystals from the Li-rich pegmatites. This implies that fO,
might not be the only control on the Eu anomaly in this apatite and, hence, redox conditions
during Li-rich pegmatite crystallization should not be necessarily highly oxidizing. On
the other hand, negative Eu anomalies in extremely fractionated melts, such as that of the
Li-rich pegmatites, have been attributed to the high solubility of Eu in comparison with
the other REEs in F- and Cl-rich systems [139]. If H,O saturation is achieved by the melt,
then Eu is assumed to be partitioned into the fluid, resulting in a negative Eu anomaly
in the apatite crystallizing from the Eu-depleted melt [140,141]. The strong positive Eu
anomaly in the apatite of Li-rich pegmatites could reflect that its crystallization occurred
at the very early stages of pegmatitic evolution, prior to the early exsolution of fluids.
Evidence in support of this is provided by the strong metasomatic effects observed in the
host metasediments of these dykes, and by the undercooling-related primary unidirectional
textures observed inside most of the Li-rich pegmatites from the CIZ [32].

5.2.2. Strontium and Y Variations

Strontium and Y contents in apatite are considered to be independent of the redox
conditions [142], in contrast with Mn, Fe, Eu and Ce. In as much as Sr is compatible
with plagioclase, the apatite Sr values have been described as decreasing with magmatic
evolution (e.g., [6,7,10,11,15,16,134]). The lowest Sr contents in apatite have been reported
in highly evolved granitoids and granitic pegmatites, with values <100 ppm [10]. To
the contrary, Y behaves as an incompatible element and, therefore, its content generally
increases in apatite with magmatic evolution [6,7,10,11,15], the highest Y contents in apatite
(over 1%) being found in granitic pegmatites [10]. Apatite from the granitic and pegmatitic
rocks from the CIZ shows important variations for Sr and Y (Figure 7a—f). However,
contrary to the just exposed, the Sr-richest apatite is found in the most evolved granitic
rocks (highly evolved leucogranites) and in Li-rich pegmatites that, by contrast, show the
Y-poorest apatites

The strontium content in apatite seems to reflect the Sr concentration in the whole
rock in general with lower Sr values than its host rock rarely exceeding 200 ppm in granitic
rocks [7,14,15,129]. As with apatite, the whole-rock data corresponding to Li-rich peg-
matites (e.g., [28]) and highly evolved leucogranites from the CIZ (e.g., [86]) also reflect a
late Sr increase, being that the Sr values in host leucogranites and pegmatites are lower
than in the apatite. Both lithologies are Ca-poor, with pure albite (Ab > 93% mol) being the
most common phase together with quartz (e.g., [28,32,86]). Despite Sr being a compatible
element in granitic magmas, once these low Ca melts attain high degrees of fractionation,
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plagioclase composition becomes Na-rich. Consequently, not being able to enter in plagio-
clase, the Sr content increases in residual melts. When the crystallization of these highly
evolved melts finally occurs, apatite acts as a sink for Sr due to the limitation of albite to
incorporate this element. This would also explain that Sr content in apatite is higher than
in the whole rock, as no other Sr-bearing minerals coexist there with apatite. According to
Watson and Green [143] and Prowatke and Klemme [124], Sr behaves similarly to Eu, which
could also explain the positive Eu anomalies found in apatite from the Li-rich pegmatites
and in some leucogranitic apatites, where Sr contents are also high. Moreover, the partition
coefficients of Sr between apatite and melt are strongly correlated with the CaO content of
the melt, with a strong decrease in DSr with increasing CaO [124].

5.2.3. Rare Earth Element Variations

Rare Earth Elements enter into apatite via complex substitutions mainly involving
Ca?* and to a lesser extent P>*, Si** and Na* [9,129,132,144]. The REE patterns of apatite
are interpreted to reflect the compositional variation of the host magma [7,15]. However,
the REE contents in apatite and in whole-rock are not systematically correlated [129].
According to these authors, the middle REEs incorporate into apatite more easily than
the lighter and heavier REEs. In general, as melts become SiO,-richer, the REE partition
coefficients between apatite and melt increase, which could indicate that with evolution,
REE contents in apatite increase [16,124]. However, magmatic evolution and the increase in
the peraluminosity of the melts would be accompanied by a decrease in the REE content in
apatite [15]. Such is the case of the apatite associated with granitic and pegmatitic rocks
from the CIZ, which shows a clear REE decrease with evolution (Figures 6¢, 7c—f and 9).

In general, most of the studied apatite crystals show marked tetrad effects. In granitic
apatite from the CIZ, the tetrad effects become stronger with evolution (Figure 10a), with
values of TE; 3 > 1.10 (calculated according to Irber [107]) for more than half of the apatite
crystals associated with the S; granites and for most of those occurring in the leucogranites.
In the case of pegmatites, the strongest tetrad effects for apatite are found in P-rich peg-
matites, followed by the barren pegmatites. In both cases, TE; 3 values are >1.10. However,
apatite from Li-rich pegmatites shows TE; 3 values < 1.2. Some authors have proposed that
tetrad effects could be related to a high fluid activity in the melts [107,145-149]. However,
in the studied rocks it is more probably a high fluid activity in relation to the most evolved
Li-rich pegmatites, which show a stronger metasomatism in the hosting metasediments and
effects of subsolidus processes (e.g., tourmalinization of the hosting metasediments [150],
albitization of feldspars and greisenization inside pegmatites), than in the S, granites.
Therefore, in the studied apatite crystals from the CIZ, the extent of tetrad effects seems
unrelated to the fluid activity in the system.

Non-CHARAC (CHArge-and- Radius-Controlled) Y/Ho ratios (those out of the
range 24-34, [145]) have also been attributed to the abundance of fluids exsolved from
melts [16,145,151]. Apatite from S, granites and some from less evolved leucogranites
show Y/Ho ratios in the CHARAC field (Figure 11a), whereas for pegmatitic apatite, most
of that associated with the P-rich pegmatites shows Y/Ho values in this range, while only
a few analyses from the Li-rich pegmatites and none from the barren pegmatites fall in
that range (Figure 11b). The highest Y/Ho values (up to > 100) correspond to apatite
associated with the Li-rich pegmatites, which supports that the non-CHARAC behavior of
apatite is characteristic of high-5i0, magmatic—pegmatitic systems enriched in H,O, Li, B,
F, P and/or C1[16,145,152]. Therefore, as suggested by Cao et al. [16], for the Altay Kok-
tokay N°3 pegmatite, the mechanisms controlling the tetrad effects and the non-CHARAC
Y/Ho behavior in apatite are different, the former most probably being independent of the
fluid activity.
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Figure 11. Binary plot of Y/Ho versus Y in apatite from (a) granitic; and (b) pegmatitic lithologies.
The greyish area represents the region where Y/Ho ratios correspond to CHARAC values.

5.3. Apatite as Archive of Processes in Granitic and Pegmatitic Systems

A good number of studies have concluded that apatite is a key mineral in magmatic—
hydrothermal systems to record their crystallization history and to reflect the melt composi-
tion and oxidation conditions [2,4,6-8,10,11,15,17,21,124,132,153]. Moreover, compositional
variations of apatite may help to determine the economic potential and fertility index
in different ore deposit environments, including granitoids (e.g., [7,10,134]); pegmatites,
(e.g., [10,16,49,154,155]); carbonatites (e.g., [10,23]); skarns (e.g., [11]); Sn, W and Mo de-
posits (e.g., [6,11]); Cu-porphyry [156,157]; and Au-epithermal deposits [26] among others.

For this purpose, a detailed compositional study of apatite associated with different
granitic and pegmatitic rocks from the CIZ was performed to assess the potential of apatite
as a recorder of the processes involved in the formation of granitic and pegmatitic rocks.
Iron and Mn in the apatite of different granites seem to reflect the evolution degree of their
host rocks (Figure 3j), with the highest values being associated with the highest degrees of
evolution. The apatite of pegmatitic rocks mostly has Mn content higher than Fe content. Only
the apatite from some barren pegmatites is richer in Fe than in Mn (Figure 3k). Therefore,
a higher Fe than Mn content in apatite could indicate a low degree of evolution in the host
pegmatite. However, the opposite (higher Mn than Fe values) does not necessarily mean
that the pegmatite is more evolved. Clearly, apatite from the phosphate nodules of the P-rich
pegmatites shows the highest Fe+Mn contents, in some cases > 1.5 apfu. The apatite from
the quartz veins is in general very Fe- and Mn-poor, which allows discriminating it from the
apatite from the P-rich quartz veins, which shows Fe+Mn values > 0.30 a.p.f.u. (Figure 3I).

In the Sr, Y and REE diagram, apatite from Li-rich pegmatites and evolved leucogran-
ites plot close to the Sr corner, whereas the rest of the apatite crystals are in general closer to
the REE vertex (Figure 12a,b). Only a few samples from the P-rich pegmatites are richer in
Y than in Sr and REE. Slighter differences are found among U, Th and Pb (Figure 12¢,d). In
pegmatites, apatite from Li-rich bodies is undoubtedly the poorest in U, showing in general
higher Pb than Th contents. Apatite from P-rich pegmatites is Th-poor, usually with higher
Pb than U contents. Apatite from the barren pegmatites is the U-richest and the Th- and
Pb-poorest. Apatite from granitic units is noticeably richer in U than in Pb and Th. Only a
few samples associated with leucogranitic rocks show higher contents of Pb than of U.

In the Eu anomaly versus TE; 3 plot (Figure 10b), apatites from the three pegmatite
categories are clearly discriminated, with that from the Li-rich pegmatites showing the
strongest Eu (positive) anomalies and less marked tetrad effects as calculated by Irber [107],
whereas the opposite values correspond to apatite from the P-rich pegmatites, and interme-
diate values to the barren pegmatites. For granitic apatite this plot is not so discriminant,
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but still apatite from the leucogranites shows either the highest TE; 3 values or the highest
Eu anomaly (Figure 10a).

All these plots are potentially interesting for using apatite as a petrogenetic indicator,
at least for S, granites and leucogranites and for the pegmatites from the CIZ. Nevertheless,
further investigation is necessary to specify and contrast its usefulness in other granitic—
pegmatitic belts worldwide.

@ Highly fractionated leucogr. @ Li-r_ich pegmat'ites
W B-rich leucogranites © P-rich pegmatltgs
B Leucogranites © Barren pegmatites

@ S2 granites

Figure 12. Triangular plots for apatite: (a,b) Sr-Y-XREE; and (c,d) Pb-U-Th, for the granitic and
pegmatitic lithologies, respectively.

6. Summary and Conclusions

(1) Apatite is a minor to accessory ubiquitous mineral in granitic and pegmatitic rocks.
Here we present a systematic study on the composition of apatites associated with
different Variscan granites, pegmatites and quartz veins from the CIZ.

(2) Except for the minor occurrence of chlorapatite in P-rich pegmatites, most of the
studied apatites correspond to fluorapatite. Important chemical variations have been
found in apatite depending on the host lithology and evolution degree. Mn and Fe
are the major elements whereas REE, Sr and Y are the main trace components in the
apatite structure. While the highest Mn and Fe contents are found in the apatite from
P-rich pegmatites, followed by the apatite from the P-rich quartz veins, the lowest
values correspond to quartz veins and peraluminous granites. This may be attributed
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either to the low availability of Mn and Fe in late fluids exsolved from granitic and
pegmatitic melts or to a high fO,.

(3) Pegmatitic apatite with Fe/Mn > 1 may be indicative of the barren nature of its
hosting pegmatite.

(4) The Mn and Fe in granitic apatite increase with increasing evolution degree, probably
due to a higher concentration of Mn in residual melts, together with an increase in
5i0; content and peraluminosity, rather than changes in fO,.

(5) In the case of pegmatitic apatite, the fO, and the polymerization degree of the melts
seem not to have influenced the Mn and Fe content, but the higher availability of
these transition elements and/or the lack of minerals competing for them.

(6) The apatite from the P-rich pegmatites often appears together with Fe-Mn phosphates
occurring in subrounded nodules, which probably crystallized from a P-rich fluid
exsolved from the pegmatitic melt. If immiscibility took place, Mn, Fe and Cl would
partition preferentially into the P-rich melt.

(7) The apatite from the quartz-rich hydrothermal veins is the Mn- and Fe-poorest one,
which may be attributed either to the low availability of these elements in late hy-
drothermal fluids exsolved from granitic and pegmatitic melts, or to a high fO,.

(8) The REE contents in apatite decrease with the evolution degree of their hosting rocks,
whereas the highest Sr and lowest Y contents are found in the most evolved lithologies
(Li-rich pegmatites and B-P%F-rich leucogranites).

(9) The REE patterns generally show strong tetrad effects, which do not seem to depend
on the activity of fluids in the system. These, on the contrary, likely drive the non-
CHARAC behavior of apatite from the most fractionated granites and pegmatites.

(10) The strong Eu anomalies observed for most apatites associated with different granites,
barren and P-rich pegmatites are interpreted to be related to low fO, conditions. The
positive Eu anomalies of some apatites from leucogranites and Li-rich pegmatites
could reflect their early character, prior to the crystallization of feldspars.

(11) The increase in Sr in apatite from most Li-rich pegmatites and B-P+-F-rich leucogran-
ites is the result of the limitation of albite for hosting appreciable amounts of Sr in its
structure, thus being incorporated into apatite

(12) The triangular XREE-Sr-Y and U-Th-Pb plots, as well as the Eu anomaly versus TE; 3
diagram, are potentially good discriminant tools, mainly for pegmatites from the CIZ.
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