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Abstract The Mengya’a Lead–zinc deposit is a large skarn

deposit in the north of the eastern segment of Gangdese

metallogenic belt. The garnet is the main altered mineral in

the Mengya’a area. The color of the garnet varies from

chartreuse to dark yellow brown and to russet. The brown

garnet (Grt1) is related to pyrrhotite and chalcopyrite, and

the green garnet (Grt2) is associated with lead–zinc min-

eralization. LA-ICP-MS is the induced coupled plasma

mass spectrometry. This paper has used this technique to

investigate Grt1 and Grt2. Grt1 develops core–rim textures

with strong oscillation zone occurring in rim, whereas Grt2

lacks core–rim textures and featured by oscillation zone.

LA–ICP–MS analysis shows that garnets of Mengya’a are

rich in CaO (29.90–37.52 %) and FeO (21.17–33.35 %),

but low in Al2O3 (0.05–4.85 %). The calculated end

members belong to grandite (grossular–andradite) garnets

andradite. The negative Al (IV) versus Fe3?, positive Al

(IV) versus total Al stoichiometric number, the positive Al

(IV) versus Fe3?, and the negative Al (IV) versus total

REE, all indicate that the substitution of REEs in garnets is

controlled by YAG. All Garnets are depleted in large

lithophile elements (e.g., Rb = 0.00–4.01 ppm, Sr =

0.03–8.56 ppm). The total REE in Grt1 core is high

(
P

REE = 233–625 ppm), with HREE enriched pattern

(LREE/HREE = 0.33–1.69) and weak negative Eu

anomalies (dEu = 0.21–0.47). In contrast, the total REEs in

the Grt1 rim and Grt2 are low (RREE = 12.4–354 ppm;

RREE = 21.0–65.3 ppm), with LREE enriched pattern

(LREE/HREE = 0.54–34.4; LREE/HREE = 11.4–682)

and positive Eu anomalies (dEu = 0.35–27.2; dEu =

1.02–30.7). After data compilation of garnet chemicals,

we found that the early fluid responsible for the core of

Grt1 was a relatively closed and chloride-depleted fluid

system. It was close-to-neutral, with a low water–rock

ratio. The core of garnet was formed by fluid diffusion in

metasomatic processes. The fluid was changed into a rel-

atively open system with reduced, chloride-rich, and weak-

acid fluid. It was fluid infiltration and metasomatism that

resulted in the formation of Grt1 rim and Grt2.

Keywords Garnet � In-situ LA–ICP–MS analysis � The

Mengya’s Lead–Zinc skarn deposit � Tibet

1 Introduction

Garnet is the most common mineral in the skarn deposit.

With zonal textures, it mainly consists of grossular garnet

and andradite garnet. Garnet has attracted many scholars to

carry out related studies. (Jamtveit 1991; Yardley et al.

1991; Jamtveit and Andersen 1992; Jamtveit et al.

1993, 1995; Jamtveit and Hervig 1994; Smith et al. 2004;

Gaspar et al. 2008; Peng et al. 2015; Park et al. 2017b; Tian

et al. 2019). The method of in-situ LA–ICP–MS has been

used to investigate the chemical components and structures

of garnets. It has provided key information for the evolu-

tion of skarn fluid and the kinetic growth of garnet

(Rakovan and Reeder 1996; Smith et al. 2004), physico-

chemical conditions during fluid evolution (Jamtveit et al.

1993; Zhang et al. 2017a, b; Tian et al. 2019) and fluid

metasomatism (Gaspar et al. 2008).
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For many years, the Gangdese metallogenic belt of

Qinghai–Tibetan plateau has been an important region in

China for prospecting for ores and exploration. (Li et al.

2004; Rui et al. 2003, 2006; Hou et al. 2003a, b, 2006; Mo

et al. 2003, 2005; Tang et al.

2009a, b, c, d, 2010, 2012, 2013, 2014, 2017, 2019). This

belt is rich in medium to super large porphyry-skarn

deposits. These polymetallic deposits are major hosts of

Pb, Zn, Mo and Fe. (e.g., Mengya’a, Yaguila, Dongzhon-

gla, Lawu, Longmala, Dongzhongsongduo, Leqingla and

Xingaguo) (Tang et al. 2014). Thanks to metallogenic,

geochemical and geological techniques, significant pro-

gresses have been achieved in the field of metallogenic

regularity research, prospecting prediction (Hou et al.

2003b, 2006; Wang et al. 2014; Tang et al. 2012, 2014), as

well as the determination of metallogenic epoch (Hou et al.

2003a; Meng et al. 2003a, b; Tang et al.

2009a, 2009b, 2009c) and ore–forming materials (Qu et al.

2002; Meng 2006, 2007; Cheng et al. 2010).

Located in northern part of southern section of Gangd-

ese metallogenic belt, the Mengya’a lead–zinc deposit is a

large skarn-type lead–zinc deposit. Skarnization is the most

important alteration type in the Mengya’a area, where

garnet–skarn and garnet are the main alteration results.

With spatial zonation away from intrusive rock, color types

of garnet vary from dark caramel, russet to pale chartreuse.

Most studies have focused on the sources of ore-forming

materials, using trace, rare earth elements of ores, sulfides,

(Zhang 2011, 2012; Wang et al. 2012; Ye et al. 2012;

Zhang et al. 2013; Lai et al. 2017) or S–Pb isotopes of

sulfide (Cheng et al. 2010). Several scholars investigated

the fluid evolution (Wang et al. 2011; Niu 2017) based on

stable isotopes (C, O, and H) and fluid inclusions of the

Mengya’a deposit. These scholars suggested that the tem-

perature and salinity in fluids gradually decreased during

early to late ore-forming stage. Ore-forming fluids were

mainly derived from magmatic water with a large inflow of

meteoric water. However, this theory of fluid evolution still

lack mineralogical evidence (e.g., garnet) and requires

further and detailed analysis on zoned garnet’s structure

and chemical composition. Currently, the understandings

of physicochemical condition and formation of skarn fluid

are still insufficient. Therefore, this paper aims to present

detailed petrographic textures and in-situ LA–ICP–MS

geochemical data of the Mengya’a garnet, to contribute to

the theory of skarn fluid evolution and formation.

2 Regional geology

The Gangdise belt, located in Lasa terrane, has been sub-

divided into southern Gangdise, middle Gangdise, and

northern Gangdise (Mo et al. 2003; Zhu et al. 2011). The

Mengya’s area is in the Pb–Zn–Ag polymetallic and met-

allogenic belt of the north margin of Gangdese belt (Fig. 1)

(Zheng et al. 2002; Pan et al. 2006). Its regional tectonics

are dominated by E–W trending structures with linear

composite folds and compression–torsion thrust sheets

(Cheng 2008). Regional strata include basement and cover

rocks. The basement rocks mainly consist of pre–Ordovi-

cian Songduoyan group, Carboniferous-Permian Laiguzu

formation, Permian Luobadui formation, Paleogene Linzi-

zong group, and Quaternary (Niu 2017) in origin. The pre–

Ordovician Songduoyan rocks are of middle–low meta-

morphic condition (e.g., mica-schist, slate). The Car-

boniferous-Permian Laiguzu formation is composed of

terrigenous clastic rocks interlayered with carbonate rocks.

The Permian Luobadui formation is of volcanic-bearing

carbonate sedimentary construction. The Paleogene Linzi-

zong group mainly comprises calc-alkaline and interme-

diate to acidic volcanic rocks.

There is a strong magmatic activity in this region,

including (Fu et al. 2015): � Late Triassic–middle Jurassic

granitoid (Zhang et al. 2007), e.g., late Jurassic Xurucuo

(154 Ma), Wenbu (154 Ma), Xia dingle (153 Ma) and

Xiongba intrusions (149 Ma) (Zhu et al. 2008a), early

cretaceous granitoid; ` Paleocene–Eocene magmatic rocks

e.g., granitoid, which forms the main part of Gangdese

magmatic belt; ´ Oligocene–Miocene adakite and potas-

sic–ultra–potassic intermediate–acid magmatic rocks

(Turner et al. 1996; Ji et al. 2009), which comprises

monzonitic granite and biotite syenite granite. These

Magmatic activities have provided conditions for the

activation and modification of metallogenic materials, as

well as their migration and enrichment in this region.

Moreover, regional metallogenesis is related to the Oligo-

cene–Miocene magmatic activity (Niu 2017).

3 Geology of the Mengya’a lead–zinc deposit

Mengya’a lead–zinc deposit is located in the eastern

Mesozoic Island chain of Lunggar Nyainqing–Tanggula in

the Gangdese–Nyainqing–Tanggula plate (Zheng et al.

2002). The main exposed strata are Late Paleozoic strata

(Fig. 2), including fine clastic rocks with limestone lenses

of Upper Carboniferous–Lower Permian Laigu formation,

tuff and carbonate rocks in the first and second members of

the Middle Permian Luobadui formation, as well as grey-

wacke, limestone, and conglomerate of Upper Permian

Lielonggou formation and Quanternary. The dominant

structure is the E–W trending fault, accompanied by NE–

SN trending faults. The E–W trending faults control the

orebody occurrence. The main exposed magmatic rock is

the quartz porphyry dike that occurs along the Laigu
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formation strata. Moreover, a small amount of granite

porphyry is exposed beneath the ore district.

The Mengya’a Pb–Zn deposit consists of 20 orebodies

in different sizes. This study has focused on the No. Pb21

orebody, which is the second largest one, only next to No.

Pb14 orebody. They are hosted by Luobadui Formation

carbonate rock. This stratiform and vein-type ore deposit

strikes nearly S–N and dips to the W with the angle of 54�–
68�. Its main ore minerals are sphalerite and galena, with

small amounts of chalcopyrite, pyrrhotite, and pyrite.

Gangue minerals are mainly garnet, diopside, wollastonite,

quartz, calcite with minor fluorite. The alteration of the

Mengya’a deposit is dominated by skarnization, with minor

silicification, carbonatation and sericitization. It is noted

that chartreuse garnet is related to Pb–Zn mineralization,

whereas that russet garnet is related to Fe–Cu mineraliza-

tion. In the shallow part of the skarn system, garnet is

widely developed in the marble contacts and occurs as fine-

grained crystals of chartreuse color, accompanied by

abundant Pb–Zn mineralization, which comprises the main

iron orebody. In the deep part of the system towards granite

porphyry, russet garnet becomes abundant and occurs as

massive coarse-grained crystals with small amounts of Fe–

Cu mineralization.

4 Petrographic characteristics of garnet

As the main skarn mineral, garnet is widely distributed in

the area. Based on hand specimens and petrographic

investigations, two generations (three types) of garnets can

be distinguished. Garnets associated with Fe–Cu mineral-

ization of the first generation (Grt1) are brown (Fig. 3a, b)

and with crumble feature. Most of them have large crystals

(0.1–1 cm), including pentagonal dodecahedron, rhombic

dodecahedron and tetragonal triocahedron, with occurrence

of chalcopyrite and pyrrhotite. Grt2 is green and charac-

terized by fine-grained crystals with some sphalerite and

galena fillings (Fig. 3c, d). In thin section, Grt1 shows

euhedral and subhedral texture. It is 0.1 mm to 1 mm in

size (Fig. 4a–c). The core–rim textures are well developed

in garnet. The rim parts in Grt1 are optically anisotropic.

Several calcite veinlets crosscut the rim sections (Fig. 4a–

c). The grains of Grt2 are euhedral-subhedral and have

fine-grained textures. The grains’ size ranges from 0.5 to

1 mm. Like Grt1 rims, Grt2 is featured by obvious oscil-

latory zoning, whereas it lacks the core–rim textures

(Fig. 4d–f).

5 Sampling and methods

Three representative samples, including ZK071–2,

ZK071–1–1 and ZK071–1–2, were collected from the drill

core. These samples were grounded into thin sections for

further textural and petrographic investigation. Where

garnets were recognized, more detailed petrographic

examinations were undertaken, such as texture, mineral

assemblage, and metasomatic replacement identifications.

Representative samples were then selected for in situ major

and trace element analysis. This analysis with LA-ICP-MS

was carried out in Nanjing FocuMS Technology Co. Ltd.

During the analysis, the laser ablation system (Photon

Machines Analyte HE with 193 nm ArF Excimer) coupled

to an Agilent 7700 9 ICPMS was used.

Prior to LA-ICP-MS analysis, all measured points were

eroded by a broad beam to eliminate potential pollutants on

the surface. Helium and argon were used as the carrier gas

and make–up gas, respectively. The laser was operated at

5 Hz, with a laser fluency of 6.06 J/cm2, a spot size of

40um, and background and analysis counting times of 15

and 40 s. Element concentrations were calibrated against

multiple reference materials. The preferred values of ele-

ment concentrations are from the GeoReM database based

on the USGS reference (http://georem.mpch-mainz.gwdg.

de/). Standard reference materials CGSG–1, CGSG–2,

CGSG–4, CGSG–5 and NIST SRM 612 were used for the

external calibration. Detection limits were calculated for

each element in each spot analysis. The off–line data

processing was performed with ICPMS DataCal software

(Liu et al. 2008).

6 Results

In-situ major and trace elements compositions of the

Mengya’a garnets are given in Table 1. Figure 5 shows the

calculated end-member compositions of garnets while the

REE diagram is presented in Fig. 6.

6.1 Garnet major element geochemistry

According to major element data, both Grt1 and Grt2 are

grossular–andradite (grandite) solid solution, while the

compositions of other end member components, such as

almandine, spessartine, pyrope and uvarovite, are\ 10%.

There is a wide range of major elements components of

core sections in Grt1 and Grt2 with relatively high Al

contents, including Al–rich andradite (Adr70–98 Grs0–27;

Adr79–99 Grs0–19, respectively) (Fig. 5). Grt1 rims are rich

in Fe, close to nearly pure andradite (Adr81–100 Grs0–17).

We also collected data for major element compositions of
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garnets in other skarn deposits, which indicates that garnets

are mainly made of andradite (Fig. 5). Compared with

zoned garnets from different skarn deposits worldwide

(Armbruster et al. 1998; Russell et al. 1999), the Mengya’a

garnets are similar to Fe–Cu skarn deposits and Pb–Zn

skarn deposits (Fig. 5).

6.2 Garnet trace element geochemistry

The results indicate that these garnets are distinctively

depleted in LILE (Table 1) as the radius is too large to fit in

Cain the eight coordination sites of garnet. Whereas, HFSE

(e.g., Zr, Hf, Nb and Ta) and REE elements in garnets are

consistent to major elements and textures in the thin sec-

tion. The cores from Grt1 are rich in HREE elements

compared with Grt1 rims and Grt2 (Fig. 6).

Cores in Grt1 have higher total REEs (
P

REE =

18.7–106 ppm) (Table 1) than the rims (
P

REE =

3.0–24.8 ppm) and Grt2 (
P

REE = 21.0–65.3 ppm). In

the Chondrite–normalized diagram, the cores of Grt1 have

significantly rich HREEs but lack LREEs with weak neg-

ative Eu anomalies (Fig. 6a). In contrast, Grt1 rims and

Grt2 exhibit rich LREE but scant HREE distribution pat-

terns with significant positive Eu anomalies (Fig. 6).

7 Discussion

7.1 REE substitution mechanism in garnet

The chemical formula of garnet can be written as

X3Y2Z3O12, where X2? is Ca2?, Mg2?, Mn2?, or Fe2? in

eight coordination, Y3? is Fe3?, Al3?, or Cr3? in six

coordination, and Z4? is Si4? in a tetrahedral coordination

(Deer et al. 1997). The X of having eight coordination is

exclusively occupied by REEs and Y exclusively occupy

X2? site (Ca2?). For the substitution of Eu2?, instead of

neutralizing electrovalence, it needs other ions to maintain

electrovalence balance for REE3?, U4? and Y3? (Shannon

1976; Smith et al. 2004). Previous studies have suggested

three main substitution mechanisms (Jaffe 1951; McIntire

1963; Enami et al. 1995; Smith et al. 2004; Gaspar et al.

2008; Grew et al. 2010; Park et al. 2017a).

Ca3 Al; Feð Þ2Si3O12 þ REE3þ
xðaqÞ þ NaþxðaqÞ

¼ Ca2þ
3�2x ; REEx; Nax

� �
Al; Feð Þ2Si3O12 þ Ca2þ

2xðaqÞ

ð1Þ

Fig. 1 Structural map of Tibet a geotectonic division and mineral distribution b in Gangdise region (modified from Cheng 2008a; Zhu et al.

2008b; Cheng et al. 2010). BNSZ Banggonghu-Nujiang suture zone, YZSZ Yarlung Tsangpo suture zone, GLZCFZ Ga’er-Longgeer-Zhari

Namco-Cuomai fault zone, SLYNJOMZ Shiquanhe-Laguocuo-Yongzhu-Nam Co-Jiali ophiolite mélange zone, SMLMFZ Shamol-Mela-

Lobadui-Mirashan fault zone
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Ca3 Al; Feð Þ2Si3O12 þ REE3þ
xðaqÞ þ Al3þ

xðaqÞ
¼ Ca2þ

3�x ; REEx

� �
Al; Feð Þ2 AlxSi3�xð ÞO12 þ Ca2þ

xðaqÞ
þ Si4þ

xðaqÞ

ð2Þ

Ca3 Al; Feð Þ2Si3O12 þ REE3þ
2xðaqÞ

¼ Ca2þ
3�3x; REE2x; ½ �x

� �
Al; Feð Þ2Si3O12 þ Ca2þ

3xðaqÞ

ð3Þ

The Eq. (1) substitution mechanism mainly involves

high Na contents in fluid (McIntire 1963; Smith et al.

2004). However, low Na concentrations (Table 1) make it

difficult to detect possible correlations and evaluate the role

of the Eq. (1) mechanism. Another coupled substitution of

Eq. (2) is a possible substitution forming yttrium aluminum

garnet (YAG) (Gaspar et al. 2008). The negative Al (IV)

versus Fe3? (Fig. 7a) and positive Al (IV) versus total Al

(Fig. 7b) correlations, combining with the negative Al (IV)

versus andradite component (Fig. 8a) and positive Al (IV)

versus total REE (Fig. 8b), suggest that the incorporation

of REE happens following the YAG–type substitution.

Gaspar et al. (2008) pointed that Al (IV) increases with

growing Al, indicating that the garnet in an Al–rich envi-

ronment would have high REE contents. REE substitution

mechanism of the Mengya’a garnet suggests that the REE

would preferentially concentrate in fluids in a relatively

Al–rich environment when incorporating. That mechanism

is distinctively different from what has formed in a Fe–rich

environment (Park et al. 2017b).

7.2 Constrains of physiochemical conditions

for garnet growth

7.2.1 Redox conditions of garnet formation

The relationship between Eu and the total REE content is

generally different with textural types (Fig. 9a) and it

verifies the variation of the fluid compositions from gen-

eration to generation. Van Westrenen et al. (2000) sug-

gested that Eu2? is lower than REE3? in terms of the

relaxation energy required for entering Ca sites, but it is

higher than Eu3? for D garnet/fluid REE between grandite

garnet and aqueous fluids (Smith et al. 2004). Furthermore,

Eu2? makes of a predominant share in skarn systems above

Fig. 2 Geological map of the Mengya’a ore district (modified from Cheng 2008)
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250 �C (Bau 1991; Sverjensky 1984), where the stability of

soluble Eu2? is enhanced by chlorine (Mayanovic et al.

2002, 2007), while the partitioning of Eu depends on the

oxygen fugacity of the fluid (fO2) (Allen and Seyfried,

2005). Thus, the positive shift in the europium anomaly is

probably caused by the rich divalent europium in the

residual fluid (i.e., the infiltration fluid). The Eu in the Grt1

rims and Grt2 is positively fractionated, compared with

other REEs (Fig. 6), showing a reduced- and Cl-enriched

system. In contrast, the negative Eu anomaly characterized

most of the Grt1 cores (Fig. 6a) which are likely originated

from an Eu-depleted fluid source or from a Cl-depleted

system.

7.2.2 pH condition of garnet formation

For factors that control water–rock interaction, pH signif-

icantly affects REE fractionation in skarn hydrothermal

fluids, so hydrothermal fluids are featured with distinctive

REE patterns (Bau 1991). When the pH is close-to-neutral,

hydrothermal fluids are HREE-enriched and LREE-de-

pleted with negative or no Eu anomaly. When the condi-

tions are mild acid, the REE patterns are relatively LREE-

enriched but HREE-depleted with distinct positive Eu

anomalies (Bau, 1991; Allen and Seyfried, 2005; Gaspar

et al. 2008; Mayanovic et al. 2002, 2007). REE patterns

and Eu anomalies reflect pH conditions of hydrothermal

fluids (Sverjensky 1984; Bau 1991; Van Westrenen et al.

2000; Smith et al. 2004; Allen and Seyfried 2005; Park

et al. 2017b). This method has been widely used to con-

strain conditions that facilitate garnet formation (Zhai et al.

2014; Zhang et al. 2017a, 2017b; Xiao et al. 2018; Tian

et al. 2019).

The distinctive REE patterns and Eu anomalies in

Mengya’a garnet record the variation of fluid pH condition.

The Grt1 core sections exhibit a clear pattern of rich HREE

and depleted LREE with negative Eu anomalies (Fig. 6a),

suggesting that the fluid that forms core sections is close to

neutral. In comparison, the downward-sloping (LREE-en-

riched and HREE-depleted) trend with positive Eu

anomalies in Grt1 rims and Grt2 indicates that they were

made of mild-acid fluid. Furthermore, due to the Cl--en-

riched fluid under weak acidic condition (Bau 1991), the

acidic fluid can transport Eu in EuCl2- 4complex (Allen

and Seyfried 2005) and form positive Eu anomalies based

on increasingly stable Eu2? (Mayanovic et al. 2002, 2007;

Gaspar et al. 2008). Such mechanism might lead to LREE–

enriched and HREE–depleted patterns and positive Eu

anomalies in Grt1 rims and Grt2 (Fig. 6).

7.3 The formation of garnet

Skarn forms through a dynamic process, involving several

hydrothermal stages and a constant fluid evolution process

(Meinert 1982; Meinert et al. 2005). Skarn zonation is

usually consistent with the predictions of metasomatic

Fig. 3 Hand specimen

characteristic of brown and

green garnets collected from

drill holes in the Mengya’a

deposit. a, b Massive brown

granular garnet (Grt1) replaced

by quartz. c, d Massive granular

green garnet (Grt2) replaced by

quartz. Grt Garnet, Q Quartz
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zoning theory (Korzhinskii 1968), reflecting fluid dynamics

changes (diffusion or infiltration) (Gaspar et al. 2008). Our

study delves into the formation of garnet, exploring the

structure from core to rim and tracking its influence on the

composition of garnet.

Hydrothermal fluid metasomatism is subject to the skarn

system, which includes a closed system for diffusive

metasomatism and an open system for infiltrative metaso-

matism (Gaspar et al. 2008; Park et al. 2017b). The cor-

relation between Y and REE3? (Park et al. 2017b) might

reflect and identify properties of the system. If REE and Y

show an apparent linear correlation, it is indicative of a

closed system, otherwise, there could be an open system

(Park et al. 2017b). Furthermore, previous studies sug-

gested that the andradite with LREE-enriched patterns

shows no linear relationship between REE and Y, indi-

cating that this type of garnets are crystallized at disequi-

librium in an open system through infiltrative

metasomatism. The Al–rich andradite with HREE-enriched

patterns has a significant linear relationship between REE

and Y, indicating its crystallization took place at

equilibrium in the closed system through diffusion meta-

somatism. In this study, the Grt1 cores and rims show a

linear correlation between total REEs and Y (Fig. 9b),

indicating that such texture is crystallized in equilibrium or

under a stagnant state. However, the Grt1 rims exhibit

andradite components with apparent REE patterns and

LREE-enriched, HREE-depleted patterns (Fig. 6a).

Therefore, geochemical signature of Grt1 rims cannot

explain the distinguished REE patterns between core and

rim sections. Compared to Grt1, the Grt2 is characterized

by the absence of a correlation between Y and the total

REEs, which can be explained by infiltration

metasomatism.

In addition, the garnet studied in this paper shows dis-

tinctive textures, indicating their different kinetics of

growth. In skarn environments, fluid infiltration is perva-

sive because of extensively brittle deformation (Einaudi

et al., 1981; Meinert, 1992; Ciobanu and Cook, 2004),

which leads to microfractures hosting the Grt1 rims and

Grt2 (Fig. 4). When pressure is released under an open

system, this textural type could be strongly influenced by

Fig. 4 Petrographic images

showing textural features of

garnets from Mengya’a deposit.

a–c Core–rim textures are

widely developed in Grt1 and

the rims show oscillatory zones.

It is noted that some epidote

replaced core sections and some

calcite veinlets replace rims

along oscillatory zones. d–f The

fine-grained Grt2 is optically

isotropic feature without core–

rim textures which replaced by

calcite. Cal Calcite, Ep Epidote
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infiltration metasomatism. The fluid inclusions and rapidly

grown textures (e.g., trapezohedral {211} crystal faces) of

Gr1 rims and Grt2 also support the crystallization through

infiltration metasomatism at high water/rock (W/R) ratios.

By contrast to Grt1 rims and Grt2, the Grt1 cores lack fluid

inclusions, microfractures, and rapidly grown textures

(Fig. 4), representing the fact that garnet cores grow slowly

under diffusive metasomatism at low W/R ratios. These

features are considered to reflect periodic fluid fluctuation,

showing that Grt1 cores crystallizes in a closed system

through diffusive metasomatism, while Grt1 rims and Grt2

forms in an open system by infiltrative metasomatism.

8 Conclusions

The Mengya’a Pb–Zn deposit is a large skarn deposit in the

east section of Gangdese metallogenic belt. Garnet is the

deposit’s predominant mineral with a widely developed

oscillatory zonation. According to our study on texture and

chemical composition of garnet, this paper draws following

conclusions:

(1) According to on hand specimen and optical

characteristics, there are two generations of garnets

identified in the Mengya’a deposit. Garnets of the

first generation (Grt1) associated with Fe–Cu min-

eralization are coarse-grained brown crystals with

core–rim textures in oscillatory zoning, while gar-

nets of the second generation (Grt2) associated with

Pb–Zn mineralization are fine-grained green crystals

with oscillatory zonings. In addition, Mengya’a

garnets are mainly made up of andradite as one of

the grossular–andradite solid solution series.

(2) The incorporation of REEs into the Grt1 and Grt2 is

likely dependent on the substitution mechanism of

[X2?]VIII -1[REE3?]VIII ? 1[Si4?]IV -1[Z3?-

]IV ? 1 in the Al-enriched environment. The Grt1

cores with HREE-enriched patterns and weak neg-

ative Eu anomalies are crystallized from Cl-depleted

close-to-neutral fluids, whereas the Grt1 rims and

Grt2 with LREE-enriched patterns and positive Eu

Fig. 5 Classification of garnet in the Mengya’a Pb–Zn skarn deposit,

comparing to the garnet from Fe, Cu, and Zn skarn deposits

worldwide (modified after Meinert 1992). Sps spessartine, Pyr
Pyrope, Alm almandine, Grs grossular, Adr andradite

Fig. 6 Chondrite-normalized REE patterns for two generations of Mengya’a garnets. The chondrite-normalized values were calculated by

McDonough and Sun (1995)
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anomalies are crystallized in a reduced, Cl-enriched

weak-acidic fluids.

(3) The early skarn fluid is a relatively closed system

with low water/rock ratio and mainly in diffusive

metasomatism, facilitating the formation of Grt1

cores with Al–enriched andradite. In comparison, the

late skarn fluid is an open system with high water/

rock ratio and infiltrative metasomatism, resulting in

Fig. 7 Scatter diagrams of tetrahedral Al (IV) against a Fe3? and b Al. Data in atoms per formula unit (apfu)

Fig. 8 Variation of tetrahedral Al (IV) with andradite composition and total REEs in garnets from Mengya’a: a tetrahedral Al (IV) in apfu versus

percentage of andradite end-member component in garnet including information on their texture character; b tetrahedral Al (IV) in apfu versus

total REEs
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the formation of Grt1 rims and Grt2 with oscillatory

zone.
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