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ARTICLE INFO ABSTRACT

Keywords: The 32 Ma vein-type Mahuaping Be-W-F deposit is closely related to the folding and faulting of its host-rocks,
Be.ryllium-tungsten-ﬂuorine deposit Ordovician slates and Silurian limestones. We demonstrate that mineral assemblages in the veins are

I;/h}:a " controlled by the wall-rocks and argue that fluid-rock interaction triggered mineral precipitation. Veins show
cheelite

two stages of mineralization. Stage I mica-quartz veins with beryl, scheelite and fluorite occur in limestone, slate,
and their contact zone. Dissolution of limestone provided Ca to form scheelite and fluorite in veins in the
limestones and in the contact zone. The precipitation of fluorite destabilized Be-fluoride complexes in the fluid
and induced the precipitation of beryl. Alteration of slates provided Fe to produce wolframite in veins hosted in
slates and in the contact zone. The composition of Stage I mica ranges from muscovite in veins in the limestones
to phengite in veins in the slates. The trace element contents of Stage I mica depend on the nature of the wall
rocks. Stage II mica-quartz veins are barren. Stage II veins are shielded from interaction with the wall-rocks by
Stage I mineral assemblages. Therefore, the composition of Stage Il muscovite and its trace-element signature are
independent of the nature of the wall-rocks. The trace element inventory of Stage II mica indicates that the
mineralizing fluid, which carried the ore elements Be, W, F, and Sn, is derived from low-grade sedimentary rocks

Ore-forming fluid
Vein-type mineralization

rather than an unexposed intrusion.

1. Introduction

The compositions of muscovite and scheelite are widely used to trace
the source and the chemical properties of ore-forming fluids (Gomes and
Neiva, 2000; Dostal et al., 2009; Li et al., 2021a; Dai et al., 2022; Peng
et al., 2023; Ji et al., 2024). The trace element signatures of muscovite
and scheelite provide complementary information, as the scavenging of
fluid soluble elements depends on the compatibility of these elements in
the crystal structure. For instance, elements that readily substitute for Ca
may be strongly underrepresented in muscovite and strongly enriched in
scheelite. Because the interaction of fluids with the wall-rocks changes
the composition of the fluid, the composition of muscovite may carry a
mixed signature reflecting the fluid source, the local wall-rocks, and
possible element scavenging by earlier precipitated minerals. These
reaction-induced changes of the fluid composition may result in the
wall-rock control of the mineral assemblage of vein-type mineralization

(Pirajno, 2009; Li et al., 2022).

We illustrate the influence of the wall-rocks on the mineral assem-
blage and mineral compositions of vein-type mineralization using the
Mahuaping low-temperature Be-W-F deposit that is hosted in limestones
and slates. This deposit is particularly suited to illustrate the wall-rock
influence because of the following reasons: (i) The ore forming fluid
flows in the contact zone between Ordovician slates and Silurian lime-
stones and forms quartz-muscovite vein type mineralization in these
rocks and irregular mineralization in the contact zone. As vein-type
mineralization in both types of wall rocks is caused by the same fluid,
differences in mineral assemblage and mineral composition are related
to the nature of the wall rocks. (ii) The ore elements Be, W, and F have
low contents in the wall rocks. Contributions from the wall rocks have
little or no effect on the budget of these elements in the fluid. Thus, the
availability of ore elements is controlled by the fluid, whereas the pre-
cipitation of the ore elements is controlled by the wall rocks. (iii) There
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Fig. 1. (a) Simplified tectonic map showing the position of major Tethys sutures and the location the Sanjiang belt and the Mahuaping deposit (Yang et al., 2025). (b)
Simplified geological map of the Mahuaping area. BA = Bendiwan anticline. (c) Geological map of the Mahuaping deposit showing the distribution of ore bodies
(modified after Bureau of Geology and Mineral Resources of Yunnan Province, 2017).

are two generations of vein-type mineralization in limestones and slates.
Fluids forming the first generation of mica interacted with the wall
rocks; fluids forming the second generation of mica were shielded from
wall-rock interaction by first-generation mineralization.

We describe the mineralogical characteristics of the veins and pre-
sent EPMA and LA-ICP-MS in situ major and trace element data of
muscovite from the veins in the limestones and slates and their contact
zone, as well as EPMA and LA-ICP-MS in situ major and trace element
data of scheelite from the veins in the limestones and the contact zone.
Our data show that the mineral assemblages of the veins are directly
influenced by the dissolution or alteration the immediate wall rocks.
This interaction is obvious from the occurrence of scheelite in veins in
the limestones and wolframite in veins in the slates, but also in the
chemical composition of different generations of mica in veins hosted by
different lithologies. We use the trace element composition of mica from
both generations of vein-type mineralization to argue that the ore ele-
ments Be, W, Sn, and F were mobilized during regional deformation and
metamorphism and do not originate from an unexposed intrusion.

2. Geological background
2.1. Setting of the Mahuaping Be-W-F deposit

The Sanjiang (“Three River”) region in the western part of the
Yunnan Province (Fig. 1) contains a collage of Paleozoic terranes and
Gondwana-derived blocks that were accreted to the Yangtze bock along
the Paleo-Tethys (c. 250 Ma), Meso-Tethys (c. 130-120 Ma), and Neo-
Tethys (c. 80 Ma) sutures (Li et al., 2016; Li et al., 2021a). The com-
plex tectonic development in the Sanjiang belt, involves not only the
accretion and collision of terranes and continental blocks, but also the
reactivation of older sutures and the deformation of the accreted units

and the margin of the Yangtze craton during the closure of younger
Tethys branches, the collision of India, and the uplift of Tibet (Metcalfe,
2013). The last major reactivation occurred at about 30 Ma (Metcalfe,
2013; Li et al., 2016).

The Mahuaping Be-W-F deposit is located near the axis of the Ben-
ziwan anticline (BA in Fig. 1). The c. 32 Ma deposit is hosted in Ordo-
vician slates and Silurian limestones that have undergone low-grade
metamorphism (Ma et al., 2020). During folding, rocks of the contact
zone between the slates and limestones, i.e., calcareous and siliceous
mudstones, developed into a large-scale detachment fault that provided
pathways for fluids released from deeper prograde metamorphosed units
(Figs. 1 and 2). Folding and interlayer shearing resulted in the formation
of tensional fractures in the slates and in particular in the brittle car-
bonates. These fractures are at a high angle to the shear zone and to the
bedding of the sedimentary rocks (Fig. 2). The Be-W-F mineralization is
structurally controlled. It is bound to the contact zone between shale and
limestone and the fissures in the wall rocks. The limestones, which form
the local hanging-wall rocks, had recrystallized in the contact zone and
were bleached near the contact zone (Fig. 2) (Xiong et al., 2015; Ma
et al., 2020; Jia et al., 2020). Intermediate to acid magmatic rocks are
not exposed in the mining area and its surroundings.

2.2. Deposit geology

The Mahuaping Be-W-F deposit exhibits large-scale mineralization in
the western limb of the Benziwan anticline. The deposit is exposed at
elevations up to 4200 m and is known to extend at least down to 2200 m
above sea level. In the mining area, mineralization of Be, W, and F co-
exists. The proven reserves are 41,700 tons of Be (containing 0.24 %
BeO), 72,700 tons of W (containing 0.82 % WO3), and 2,368,100 tons of
CaFy (containing 16.95 % CaF;) (Bureau of Geology and Mineral
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Wolframite vein

Fig. 2. (a) Field photograph of the Mahuaping Be-W-F deposit illustrating the relation between slates, contact zone, and limestones. Note the bleaching of the
limestone is due to the loss of exsolved H,O-COs fluid from the contact zone and the veins. (b) Schematic block diagram illustrating the relation between bedding,
tensional fissures, and mineralization. The contrasting distribution of mineralization in the footwall and hanging-wall is caused by the contrasting rheology of slates
and limestones. (c-d) Two-stage vein in limestone (natural and UV light, respectively). Stage II mica is coarse-grained; scheelite (tiny bright-blue spots in UV light)
occurs only in Stage I mineralization. (e) Two-stage vein in slate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Resources of Yunnan Province, 2017). The stratigraphic sequence that is
exposed includes siliciclastic rocks, carbonate rocks, and basalts, all of
which have undergone low-grade metamorphism. The lowest exposed
units are Ordovician slates and schists. These are overlain by Silurian
limestones and dolomites, which are further covered by Devonian
sedimentary rocks to the east. Mineralization primarily occurs within
the Ordovician slates, Silurian limestones, and the contact zone between
them (Ran et al., 2011; Xiong et al., 2015; Jia et al., 2020; Ma et al.,
2020). The Mahuaping deposit stretches for three kilometers along a
north-south trending fault, has a width of up to one kilometer, and in-
cludes 33 individual ore bodies. These ore bodies are composed of sec-
tions with particularly densely spaced or wide veins. These ore bodies
are concentrated along the contact zone and extend from the contact
zone in a comb-like or wedge-shaped pattern into the limestones and
slates of the western limb of the Bendiwan anticline (Figs. 1 and 2) (Ran
et al., 2011; Ma et al., 2020).

The deposit includes three types of mineralization, i.e., (i) 0.1 to 1 cm
wide scheelite-fluorite-muscovite-quartz veins in the limestones, (ii) up
to 10 cm wide wolframite-muscovite-quartz veins in the slates, and (iii)
beryl (euclase)-scheelite-wolframite-fluorite-quartz mineralization in
the contact zone between limestones and slates. Mineralization within
the limestones consists of numerous, closely spaced scheelite-fluorite-
muscovite-quartz veins that are nearly perpendicular to the original
bedding of the carbonate rocks. In contrast, mineralization in the slates
is characterized by relatively sparse muscovite-wolframite-quartz veins.

In these veins, beryl occurs only near the contact zone. The veins exhibit
distinct zoning with a marginal zone of fine-grained muscovite and
quartz and a core of coarse-grained muscovite and quartz (Fig. 2d-e). In
contrast, in the contact zone there is no zonation and the mineralization
is dominated by fine-grained muscovite and quartz. Only zones with
fine-grained muscovite also have ore minerals. Although vein-type
mineralization in the limestones and the slates, as well as mineraliza-
tion in the contact zone, were generated by the fluids that migrated
along the detachment fault, the three types of mineralization have
contrasting assemblages or ore minerals. Veins in limestone carry the
ore minerals scheelite, beryl, and fluorite, whereas veins in slate mainly
carry wolframite. In the contact zone, there is scheelite and wolframite.

3. Samples and analytical methods

We collected mineralized quartz-muscovite veins in the Mahuaping
mining area at the 4200 m surface and the 3600 m underground levels.
In addition, we sampled mineralization from the contact zone between
the limestone and the slates (Fig. 3). Based on field and microscopic
observations, the mineral assemblage in the veins formed during two
hydrothermal stages, an early ore-bearing stage with fine-grained
muscovite and a late barren stage with coarse-grained muscovite
(Table 1; Fig. 4). Hydrothermal mineral precipitates in the contact zone
belong to the early stage and contain only fine-grained muscovite.
Scheelite occurs in limestone-hosted veins and the contact zone. We
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Fig. 3. Field characteristics of the Mahuaping deposit. (a) Contact relations at the 4200 m level. (b) Sch-Brl-Ms-F1-Qz veins (dark) nearly perpendicular to the
bedding of their limestone host-rocks. (c¢) Brl-Eu-Sch-Wf-Ms-F1-Qz veins developed at the contact zone between limestone and slate. (d) Wf-Brl-Ms-Qz veins developed
in siliciclastic rocks. (e) Fine-grained (1) and coarse-grained (2) muscovite veins hosted in limestone.

determined the chemical composition of muscovite from both stages of
the two vein types and from the contact zone. In addition, we analyzed
scheelite from limestone-hosted veins and the contact zone.

3.1. Major element analysis of muscovite and scheelite

Mineral compositions were determined using a JEOL JXA-8230
Electron Probe Microanalyzer (EMPA) equipped with five wavelength-
dispersive spectrometers (WDS) at the Laboratory of Microscopy and
Microanalysis, Wuhan Microbeam Analysis Technology Co. Ltd.,

Wuhan, China. The samples were coated with a c¢. 20 nm thin carbon
film prior to analysis. For EPMA analytical details see Yang et al. (2022).
For quantitative analyses, the EPMA was operated at 15 kV acceleration
voltage, 10 nA beam current, and 10 um spot size. Data were corrected
online using a ZAF (atomic number, absorption, fluorescence) correction
procedure. The peak counting times were 10 s for Ca, K, Mg, Na, Si, Al,
Fe, F, Cl, Rb, Cs, Cr, and P and 20 s for Ti and Mn. Backgrounds were
measured at the high- and low-energy side of the peak for half of the
peak counting time. The following standards were used: Rutile (Ti),
diopside (Ca, Mg), microcline (K), jadeite (Na), almandine (Fe), olivine
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Fig. 4. Characterization of different vein stages in the Mahuaping deposit. (a) Hand specimen, (b) microphotograph, and (c) BSE image of Sch-Brl-Ms-FI + Qz vein
with rich ore in early fine-grained muscovite (Stage Ijimestone) and lean ore in late coarse-grained muscovite (Stage Iljimestone). (d) Hand specimen, (e) micropho-
tograph, and (f) BSE image of Brl-Sch-Wf-Ms-F1 & Qz vein in the contact zone (Stage Icontact) between limestone and slate. (g) Handspecimen, (h) microphotograph,
and (i) BSE image of Wf Brl-Ms-Qz-Cal vein (Stage I ) in siliciclastic host-rock. (j) Hand specimen, (k) microphotograph, and (1) BSE image of Wf-Py-Ms-Qz vein
with rich ore in early fine-grained muscovite (Stage Igace) and lean ore in late coarse-grained muscovite (Stage Igjate)-

(Si), rhodonite (Mn), pyrope (Al), tugtupite (Cl), barium fluoride (F),
pollucite (Cs), phosphate (Rb), chromium metal (Cr), and apatite (P).

3.2. LA-ICP-MS trace element analysis of muscovite and scheelite

Trace element analysis of muscovite and scheelite were conducted by
LA-ICP-MS at the Wuhan Sample Solution Analytical Technology Co.
Ltd., Wuhan, China. Detailed operating conditions for the laser ablation
system, the ICP-MS instrument, and data reduction are described by
Zong et al. (2017). Laser sampling was performed using a GeolasPro
laser ablation system that consists of a COMPexPro 102 ArF excimer
laser (193 nm wavelength and 200 mJ maximum energy) and a Micro-
Las optical system. An Agilent 7900 ICP-MS instrument was used to
measure ion-signal intensities. Helium was applied as a carrier gas.
Argon was used as make-up gas and mixed with the carrier gas via a T-
connector before entering the ICP. A “wire” signal smoothing device was
included in the laser ablation system (Hu et al., 2015). The laser was set
to 44 um spot size and operated at 5 Hz. Trace element contents of
minerals were calibrated against various reference materials (BHVO-2G,
BCR-2G, and BIR-1G) without using an internal standard (Liu et al.,
2008). Each analysis included approximately 20 — 30 s of background

acquisition followed by 50 s of data acquisition. The Excel-based soft-
ware ICPMSDataCal was used to perform off-line selection and inte-
gration of background and sample signals, drift correction, and
quantitative calibration for trace element analysis (Liu et al., 2008).

4. Results
4.1. Major- and trace-element compositions of muscovite

Major and trace element contents of muscovite were determined
using EPMA and LA-ICP-MS, respectively. The measured totals of
analyzed oxides fall in the range from 93.53 wt% to 96.45 wt%, which is
typical for muscovite. The chemical formula of muscovite was calculated
for 22 oxygen a.p.f.u. using the structural formulas of Lin and Peng
(1994) and Tischendorf et al. (1997). The results are shown in Tables S1
and S2.

4.1.1. Muscovite from veins in limestone

Stage I and Stage II muscovite define two separate trends emerging
from the muscovite end-member composition into the muscovite field
(Fig. 5). Stage I muscovite has 45.07-50.31 wt% SiOo, 27.60-37.40 wt%
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Fig. 5. (a) Full and (b) enlarged (Mg-Li) — (Fei + Mn + Ti + AIYY classifi-
cation diagram showing the chemical composition of mica from veins in the
Mahuaping deposit. The composition of early-stage mica changes systemati-
cally, depending on host rock (Stage Ijimestones Stage Icontact and Stage Igate),
from muscovite to phengite. Late-stage mica (Stage Ijimestone and Stage Il ae)
is muscovite.

Al503, and 10.6-11.7 wt% K50 and minor amounts of FeO (0.01-0.69
wt%), MgO (0.16-4.26 wt%), and MnO (<0.36 wt%) (Fig. 6). The F
content is between 0.11 and 1.37 wt%. The trace elements contents vary
among the various analyses by up to two orders of magnitude (Figs. 7, 8,
and 9). The most important trace elements include W (14-103 pg/g), Li
(7.17-748 pg/g), Be (34.6-87.6 nug/g), Rb (1276-1955 pg/g), Cs
(39.5-103 pg/g), Nb (0.33-88.7 pg/g), Sn (3.52-471 pg/g), and Sr
(2.95-38.5 pg/g). In particular, the contents on Be, Nb, W, Sn, and Sr are
much higher than usually found in muscovite from granitic and

Ore Geology Reviews 184 (2025) 106728

metamorphic rocks (e.g., 3.63-22.9 pg/g Sn; 49.3-820 pg/g Li; typically
less than 0.3 pg/g Sr; 6.27-138 nug/g Be; 9.48-57.3 pg/g Nb) (Yang et al.,
2020; Xu et al., 2022; Monnier et al., 2022; Sun et al., 2023; Song et al.,
2023; Ni et al., 2023).

The compositional range of Stage II muscovite broadly overlaps with
the range of Stage I muscovite, but with AloO3 (32.30-36.94 wt%) and
FeO (0.48-2.33 wt%) reaching to higher contents and with SiO,
(45.37-47.40 wt%) and MgO (0.15-2.41 wt%) having lower maximal
contents. The F contents range from 0.20 to 0.88 wt%. The trace element
contents of Stage II muscovite generally overlap with those of Stage I
muscovite, but typically encompass narrower ranges that are lower for
W (14.9-39.0 pg/g), Li (18.5-238 pg/g), Be (27.1-41.5 pg/g), Rb
(1300-1683 pg/g), Cs (46.2-85.2 1g/g), and Sr (8.85-33.5 pg/g) and
higher for Nb (43.7-124 nug/g) and Sn (259-687 pg/g).

4.1.2. Muscovite from veins in slates

Stage I muscovite from veins in the slates falls on the same compo-
sitional trend as Stage I muscovite from veins in limestones, although at
generally higher contents of SiO; (46.83-51.08 wt%), MgO (1.48-6.75
wt%), FeO (0.29-2.16 wt%), and F (0.86-2.54 wt%) and generally lower
contents of Al,O3 (23.88-31.91 wt%) and K50 (9.71-11.70 wt%). The
compositions correspond to phengite. Stage I muscovite from both li-
thologies show strong enrichment of the same trace elements. The
contents of these trace elements partially overlap, although Stage I
muscovite from veins in the slates have generally higher contents of Li
(704-2253 pg/g), Be (46.1-172 pg/g), Rb (1700-2193 pg/g), and Cs
(97.1-204 pg/g) and lower contents of W (11.5-47.4 pg/g), Sn
(1.05-25.3 pg/g), Sr (0.86-21.5 pg/g), and Nb (0.10-4.13 ug/g) (Figs. 8
and 9).

Stage II muscovite from veins in the slates has broadly similar major
element contents as Stage II muscovite from veins in the limestones,
where Stage II muscovite independent of the host rock defines separate
ranges (Fig. 6) and trends (Figs. 5, 7, and 8), respectively. The trace
element contents of Stage II muscovite show-independent of host lith-
ology-similar ranges of W (13.9-34.8 pg/g), Li (148.3-414 nug/g), Be
(29.1-51.2 pg/g), Rb (1395-1883 ug/g), Cs (58.9-84.4 pg/g), Nb
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Fig. 6. Contents of SiO;, MgO, Al;03, and FeO in mica from the Mahuaping deposit.
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Fig. 7. Binary diagrams for mica from the Mahuaping deposit. (a) Rb vs. Sr, (b) Al;O3 vs. F, (¢) F vs. Li, and (d) F vs. Be diagrams. Note the clustering of Stage II mica
independent of the nature of the host rock and the difference between Stage I and Stage II mica from veins hosted by slates.

(2.43-106 pg/g), Sn (86.1-585 g/g), and Sr (4.28-22.1 pg/g) (Figs. 8
and 9).

4.1.3. Muscovite from the contact zone

In the contact zone, there is only Stage I muscovite whose compo-
sition in part overlaps with Stage I muscovite from veins in the slates and
in part bridges the compositional gap to Stage I muscovite from veins in
the limestones and the slates (Figs. 5, 6, 7, and 8). The ranges of major
element compositions broadly overlap with those of Stage I muscovite
from veins in the slates, although there is a tendency to lower Al,O3
(25.26-30.24 wt%) and higher MgO (2.44-5.21 wt%) and FeO
(0.38-1.48 wt%) contents (Table S1). The trace element contents of
muscovite in the contract zone are intermediate to those from the other
two host-rocks as for Li (375-1624 pg/g) and Sr (1.57-13.2 pg/g) or
similar to those of muscovite from veins in the slates, as for W
(9.84-33.6 pg/g), Be (71.7-160 pg/g), Rb (1534-2180 ug/g), Cs
(128-263 pg/g), Nb (0.04-1.76 pg/g), and Sn (0.66-17.5 pg/g) (Fig. 9).

4.2. Major- and trace-element compositions of scheelite

Scheelite may substitute Mo and high-field strength elements
(HFSE), in particular Nb, Ta, U and REE, in variable and sometimes
significant amounts for W and may substitute Sr and Pb for Ca. Other
trace elements have low contents that are typically below 1 pg/g.

4.2.1. Scheelite from veins in limestone

Scheelite only develops within veins and contact zones to the lime-
stones and is restricted to Stage I veins in limestone. In addition to its
primary components of WO3 (78.11-80.65 wt%) and CaO (19.00-20.06
wt%), scheelite also contains trace amounts of SiOy (0.10-0.22 wt%)
and F (below 0.76 wt%). It exhibits high Sr (213-1748 pg/g) and Pb
(4.55-73.0 pg/g) contents, but low concentrations of Li (below 0.88 pg/
g), Be (bdl-0.67 pg/g), Nb (1.04-21.3 pg/g), and Ta (0.02-0.11 pg/g;

Table S3). The total rare earth element contents (XREE, La-Lu + Y) in
scheelite range from 2.88 to 2200 pg/g. The light rare earth element
contents (XLREE, La-Eu) are between 2.27 and 1888 pg/g, the middle
rare earth element contents (XMREE, Gd-Ho) vary from 0.17 to 256 pg/
g, and the heavy rare earth element concentrations (XHREE, Er-Yb)
range from below detection limit to 56.8 pg/g (Fig. 10a).

4.2.2. Scheelite from the contact zone

The contents of MoOs, SiO,, and F in scheelite from the contact zone
(Sch Ieontact) are all relatively low and similar to those of Sch Ijimestone. In
contrast, the Sr (1704-4694 ng/g) content of scheelite from the contact
zone is significantly higher than of Sch Ijjmestone, and the trace element
contents of Li (below 3.98 pg/g), Be (below 0.63 ug/g), Nb (6.32-9.75
ng/g), and Ta (0.02-0.11 pg/g) are all relatively low. Rare earth element
contents (REEs), i.e., XREE, LREE, SMREE, and HREE, of Sch I .ontact
are much higher than those of Sch Ijimestone (Table S3, Fig. 10).

5. Discussion
5.1. Wall-rock control on mineral assemblage of veins

At temperatures and pressures higher than at the Mahuaping deposit,
interaction between fluids and carbonate wall-rocks leads to the for-
mation of calc-silicate reaction rims and the release of large amounts of
CO4 and variable amounts of Ca and Sr into the fluids, leading to changes
in the composition of the fluid and to phase separation for saline fluids
(e.g., Heinrich 2007). In the Mahuaping area, however, temperature and
pressure were too low to form calc-silicate reaction rims in the lime-
stone. Instead, the carbonate wall-rocks dissolved during stage L. In the
western section of the ore field (Fig. 2), WO%’ and F from the fluid
combine with Ca?" derived from the limestone to produce substantial
amounts of scheelite (CaWOy) and fluorite (CaFy). The high availability
of Ca is the reason for the abundant precipitation of scheelite and
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fluorite in the hydrothermal veins hosted by limestone. In contrast, in
the eastern section of the ore field, the siliciclastic host rocks of the veins
cannot provide Ca and CO,. Instead, oxidation of sulfide minerals or
alteration of mica in the clastic host-rocks supply significant amounts of
Fe (and possibly Mn) to the fluid. In the veins in the siliciclastic host
rocks, Fe and Mn combine with WO?{ to form wolframite ((Fe,Mn)
WO,). In the contact zone, the fluids contain Ca and CO, from the
limestone, as well as Fe and Mn from the clastic rocks. Therefore,
mineralization in the contact zone includes scheelite, wolframite, beryl,
and fluorite.

In low-temperature hydrothermal fluids, Be is most likely trans-
ported as fluoride (BeF', BeF,, BeF°~, and BeFﬁ’) or fluorocarbonate
(BeCO3F™) complexes (Wood 1992). Fluorine-rich minerals such as
fluorite, apatite, and muscovite in the hydrothermal veins of the
Mahuaping deposit, indicate that F was present in the ore-forming
fluids, facilitating the transport of W and Be from the source rocks to
the vein-type mineralization (He et al., 2020). The precipitation of
fluorite reduced the fluorine contents of the fluid, which destabilized

fluoride and fluorocarbonate complexes of Be and eventually resulted in
the precipitation of beryl in particular in the limestones and the contact
zone between limestones and slates (e.g., Wood 1992).

In Stage II, the mineral assemblages of the hydrothermal veins in
both limestone and slates are identical, which reflects that the minerals
that had precipitated during Stage I shielded the fluids from interacting
with the local wall-rocks. The absence of W and Be minerals in Stage II
mineral assemblages may reflect that late fluids did not carry these el-
ements at similar levels as Stage I fluids. Alternatively, the absence of
scheelite, wolframite, and beryl may indicate that the lack of wall-rock
interaction did not change the fluid composition and, thus, did not
induce precipitation of these ore minerals.

5.2. Wall-rock control on mineral chemistry of mica and scheelite

The interaction between fluid and wall rocks during Stage I, in
particular the dissolution of the carbonate wall rocks, did not only affect
the mineral assemblage in the vein, but also the mineral chemistry. The
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composition of mica in veins in the limestone is near the muscovite end-
member, whereas the compositions of mica in the siliciclastic rocks is
phengite (Fig. 5). Mica in the contact zone bridges the compositional gap
between the two types, indicating that the nature of the surrounding
rocks has a significant impact on the mica composition (e.g., Bishop and
Bird, 1987). The contents of SiO, MgO, FeO, F, Be, Li, Rb, and Cs in-
crease from the limestone wall-rocks, through the contact zone, to the
siliciclastic rocks, whereas the contents of W, Nb, Ta, Sn, and Sr
decrease. These compositional changes reflect contrasting availability of
elements derived from the wall-rocks and the presence of phases that
sequester elements that could be incorporated in mica. For instance, the
dissolution of wall-rock limestone releases Ca, as well as Sr and possibly
Pb that readily substitute for Ca. These elements do not enter the crystal
lattice of muscovite to a significant extent. Instead, Ca reacts with F in
the fluid to precipitate large amount of fluorite (CaF;), eventually
reducing the availability of F to be incorporated in mica and accounting

for the relatively low F contents in Stage I mica in limestone-hosted
veins. The precipitation of fluorite also triggers the precipitation of
beryl. Therefore, Stage I muscovite in veins in limestone has lower Be
contents than Stage I muscovite in veins in the slates (Fig. 9a). The
dissolution of limestone in the Mahuaping deposit does not release sig-
nificant amounts of Mg and, therefore, Stage Ijimestone Mmica does not have
particularly high Mg-contents.

In contrast, the interaction of the fluids with the slates releases a
wide range of elements. For instance, the dissolution of quartz and
oxidation of pyrite releases Si and Fe, respectively, and the alteration of
biotite to chlorite releases Fe, Mn, Mg, and F (which reach the highest
contents in Stage Igate mica), but also K and elements substituting for K.
The decrease of K/Rb ratios in mica from veins in limestones to the
contact zone and the slates (Fig. 8) largely reflects the higher availability
of Rb in slate-hosted veins. As the contents of K, which is controlled by
mineral stoichiometry, do not vary significantly in muscovite and
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phengite, the variation of K/Rb is related to the availability of Rb for
substitution into the interlayer site occupied by K. Higher contents of F,
Si, Mg, Be, Li, and Sn at lower K/Rb (Fig. 8) indicate that these elements
may have been added from the wall rocks to the fluid or that these el-
ements were not scavenged from the fluid by other minerals.

Stage II mica, independent of the wall-rocks of the veins, defines an
elongated cluster in the mica classification diagram (Fig. 5) that extends
from the muscovite end-member composition toward the phengite field,
but differs from the trend defined by Stage I mica. The compositional
ranges of Stage Iljimestone and Stage I, mica broadly overlap, indi-
cating that the wall-rock has little or no influence on the composition of
Stage Il mica. Most major elements have similar compositional ranges as
Stage I mica from limestone-hosted veins. Only the Fe contents seem to
be distinctly higher in Stage II mica. The trace element contents of Stage
II mica fall in two groups: (i) the contents of Li, Rb, Cs, Be, Sr and W are

similar to those of Stage Ijimestone mica, but generally lower than those of
Stage Igate mica (Fig. 9). Only Sr has higher contents than Stage Igjate
mica and W contents seem to be independent of the wall rock. (ii) Stage
II mica has higher contents of Nb, Ta, and Sn than Stage I mica (inde-
pendent of the wall rock). These higher contents may reflect that there
are no mineral phases that scavenge these elements along the migration
path of the fluid or that the contents of these elements in the fluid
changed over the lifetime of the mineralizing system.

The important implication of the compositional data of the various
mica types is the following: The composition of Stage I mica varies
depending on the local wall-rocks. Once early crystallizing mineral as-
semblages prevent direct interaction between fluids and wall-rocks, the
mica composition depends mainly on the fluid composition. Therefore,
the composition of Stage Il mica does not vary with the type of wall-rock.

Scheelite crystallized in hydrothermal fluids reacting with carbonate

10
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host rocks captures the characteristics of both the fluids and the car-
bonate rocks (Li et al., 2021b; Ji et al., 2024). High trace elements
contents in scheelite do not only reflect that these elements were
transported by the fluid and, thus, were available for substitution, but
also that these elements could be substituted into lattice sites occupied
by Ca or W (Ghaderi et al., 1999; Brugger et al., 2000). In scheelite, Ca
can be substituted by Sr and other divalent elements (e.g., Pb, Eu) and,
to a certain extent, by trivalent ions (e.g., REEs), whereas W may be
replaced by high field-strength ions Mo, Nb, and Ta (Ghaderi et al.,
1999; Poulin et al., 2016). Thus, the low contents of Li, Be, B, Rb, Cs, and
Ba reflect the incompatibility of these elements rather than their absence
in the fluid (Poulin et al., 2016; Ji et al., 2024). On the other hand, el-
ements that are highly compatible in scheelite may become depleted
from the fluid during scheelite growth. Thus, the low contents of these
elements (e.g., Mo, Nb, Ta) reflect the low abundance of these elements
in the fluid (Ji et al., 2024), either as these elements have been removed
from the fluid by earlier crystallizing scheelite or were never present in
significant amounts in the fluid. In the Mahuaping deposit, the elements
Mo, Nb, and Ta have low contents in scheelite. For instance, the Mo
content is typically less than 1 pg/g and only rarely reaches up to 20 pg/
g. For comparison, Mo in early-crystallized skarn scheelite may reach
several thousand pg/g (e.g., Ji et al., 2024). We interpret the consistently
low Mo contents in scheelite to reflect that Mo was not transported by
the relatively oxidized fluid to a significant extent. Similarly, the
consistently low Nb and Ta contents in scheelite (and mica) also may
indicated that these elements were not particularly abundant in the
fluids. The latter point is supported by the Nb and Ta contents of Stage I
mica that are higher in veins in the slates than in the limestones.

5.3. Possible sources of fluids and ore elements

Primary W (—Sn) deposits typically form from late-stage magmatic
fluids derived from highly evolved granites (Yuan et al., 2019; Cao et al.,
2020; Monnier et al., 2022; Ni et al., 2024; Zhu et al., 2024). No granite
bodies have been discovered at depth or in the larger surroundings of the
deposit. Therefore, possibility of alternative metal sources has to be
taken in consideration. Sedimentary rocks are a possible source and the
mobilization of metals during prograde metamorphism is an alternative
process. For instance, vein-type W deposits may form from metamorphic
fluids that are released from sedimentary rocks during prograde low-
grade metamorphism (e.g., Crocket et al., 1986; Cave et al., 2017).
Similarly, the alteration of sheet silicates may release K, Li, F, and Be
(Lecumberri-Sanchez et al., 2017; Yan et al., 2024). Prograde meta-
morphism slate could provide both the fluid and the ore elements
necessary to form a vein-type deposit as Mahuaping.

The trace element signature of scheelite seems to depend on the
setting in which the deposits formed (e.g., Poulin et al., 2018; Sciuba
et al., 2020). Scheelite from magmatic-hydrothermal deposits typically
contain low Sr contents, high Nb, Ta, and Mo contents (Poulin et al.,
2018; Sciuba et al., 2020; Liu et al., 2022; Miranda et al., 2022; Gao,
2023), as well as high As and V contents (Sciuba et al., 2020). In
contrast, scheelite from the Mahuaping deposit has high Sr contents
ranging from 213 to 4694 pg/g, low Mo below 7.10 pg/g), Nb
(1.04-21.28 pg/g), and Ta (0.02- 0.11 pg/g) contents and low As and V
contents near or below the detection limit (Table S3). Whereas the high
Sr contents reflect the carbonate wall-rocks of the veins, the low con-
tents of Mo, Nb, and Ta, as well as low As and V contents, indicate that
these elements did not reach high concentrations in the fluid. Thus, the
trace element signature of scheelite do not favor a magmatic-
hydrothermal fluid source. Furthermore, REE pattern of scheelite from
the Mahuaping deposit show positive Eu anomalies and weak or no
negative Ce anomalies (Fig. 10a), which contrasts with REE pattern for
scheelite from magmatic and skarn-type tungsten deposits (Fig. 10b).
The La/Ho ratio of scheelite mirrors the REE pattern, and shows low
values for bell-shaped and other LREE-depleted pattern (cf. Fig. 10b and
e) and high values for samples with LREE-enriched pattern as those for
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Sch Iimestone and Sch Ieontact Of the Mahuaping deposit (Fig. 10e). As the
REE and Y content in carbonate wall-rocks are low, decarbonization
does not affect the REE budget and the Y/Ho ratio of the fluid. The
higher Sr and Y contents in Sch I.optact do not only reflect the addition of
Sr from dissolution of limestone and the addition of Y from the slates.
Instead, the high Sr contents also may reflect the absence of phases that
scavenge Sr and/or REE + Y. The large variation of REE + Y contents to
very low values in some Sch Ijjmestone pOssibly are due the presence of
other phases—such as fluorite-that can incorporate REE (Fig. 10f).

Scheelite may incorporate large amounts of Mo. Therefore, the Mo
content of scheelite reflects the availability of Mo for incorporation and
seems to differ among different genetic types of W deposits (Song et al.,
2014; Poulin et al., 2018). Scheelite from intrusion-related deposits,
such as Huangshaping, Baizhangyan, and Shizhuyuan, have generally
high Mo contents. In contrast, scheelite from vein-type deposits in
metamorphic terranes, such as the Xi’an W deposit, Woxi Au-Sb-W de-
posit, Au-W deposits of Western Australia and Nova Scotia (Canada),
typically have low Mo contents (Fig. 10d). Scheelite from Mahuaping
has very low Mo contents (Table S3).

Muscovite and phengite from veins in the Mahuaping deposits has
high contents of Li, Rb, and Cs, as well as high Rb/Sr ratios (13-1630)
(Fig. 7a and 8; Table S2), as well as high contents of the ore elements Be,
F, Sn, and W (Figs. 8 and 9; Table S2). Although such chemical finger-
prints are typical for deposits related to granites and porphyries (Yin
etal., 2019, 2022; Cui et al., 2024), these signatures are not restricted to
intrusion-related deposits. Instead, these elements may also be activated
during the process of low-temperature prograde metamorphism or the
dehydration or recrystallization of muscovite. For instance, during the
process of low-grade to medium-grade metamorphism, muscovite may
be replaced or may recrystallize, releasing alkali metal elements (such as
K, Rb and Cs) and other trace elements (Kunz et al., 2022; Stepanov
et al., 2024). Similarly, the dissolution of oxyhydroxides in the sedi-
ments may release elements originally adsorbed on them. Furthermore,
sub-greenschist facies metamorphism may mobilize W from detrital
rutile or titanite in siliciclastic sediments (Cave et al., 2017). Low-
temperature (sub-greenschist facies) prograde metamorphism of ma-
rine sediments may produce copious amounts of low-saline fluids that
represent former pore waters and fluids released during the replacement
of clay minerals by low-grade metamorphic minerals (e.g., Fyfe et al.,
1978). Such fluids can serve as transport agents and provide F and CI to
complex metals released from altered and dissolved minerals. For
instance, at temperatures above 200-250 °C, Be forms soluble fluoride
and or fluorocarbonate complexes (Wood 1992) and W forms soluble
HoWO,4, HWOjZ, and WO?{ complexes (Wang et al., 2019). At these
temperatures, Sn forms soluble Cl and F complexes (Schmidt et al.,
2020) and may be redistributed Sn during prograde metamorphism
(Romer et al., 2022). Thus, the formation of W and Be minerals and the
high Sn contents in muscovite (0.66-687 pug/g) in the Mahuaping de-
posit do not require a magmatic metal source.

Fluid inclusions in fluorite of the Mahuaping deposit point to CO,
and F-rich low-temperature and low-salinity fluids (homogenization
temperature: 180-260 °C, salinity: 3-8 wt% NaCl; Ma et al., 2020 and
own unpublished data), which differs from magmatic W deposits that
have inclusions with higher homogenization temperatures and salinities
(Rui et al., 2003; Song et al., 2010; Song et al., 2011; Li et al., 2022; Cui
et al., 2023). Fluorine may derive from the alteration of micas in the
fluid source and CO; originates from the decarbonation reaction of
carbonate wall-rocks. Thus, high F and CO5, contents in the fluids cannot
be used as evidence for a magmatic fluid source.

Major and trace element contents in muscovite and scheelite from
the Mahuaping deposit indicate that the deposit can be related to pro-
grade metamorphism of pelitic rocks that serve as source of both the
fluids and the ore elements. The ore-forming fluids may have migrated
along the fault in the tectonic contact zone between limestone and slate.
In the Mahuaping area, the carbonates above the fault deformed in a
brittle manner and steeply-dipping tension fractures developed. The
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fluids escaped into these fractures and reacted with the wall rocks to
precipitate mica, quartz, and ore minerals. The formation of minerali-
zation in the limestone wall-rocks is controlled by carbonate dissolution.
The released Ca induced precipitation of scheelite and fluorite, whereas
the retraction of F from the fluid destabilized soluble Be complexes and
resulted in the precipitation of beryl. In contrast, mineralization is
related to the alteration of shale, which releases Fe and results in the
precipitation of wolframite. Veins in the shale have only little fluorite
and beryl (Fig. 11).

6. Conclusions

Fluids from low-grade metamorphic sedimentary rocks form Tertiary
vein-type mineralization in the Mahuping Be-W-F deposit. Fluids
migrated along the tectonic contact between Silurian limestones and
Ordovician slates and mineralization formed at relatively shallow
depths in steeply dipping tension fissures in these rocks near their flat
contact zone. The mineral assemblages and the composition of mica in
the fissures depends on the local wall rocks. The fissures were miner-
alized in two stages.

Low-temperature mineral assemblages of Stage I differ in veins in
limestones and slates, with beryl, scheelite, fluorite, muscovite, and
quartz in limestone and beryl, wolframite, muscovite, and quartz in
slate. In the contact zone, scheelite and wolframite occur together with
muscovite, quartz, fluorite, and beryl. The contrasting mineral assem-
blages are controlled by the nature of the wall-rocks. Dissolution of
limestone releases Ca that induces to the precipitation of scheelite and
fluorite. The removal of F from the fluid by fluorite precipitation de-
stabilizes Be-complexes in the fluid and results in the precipitation of
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beryl. Alteration of slate provides Fe and results in the precipitation of
wolframite rather than scheelite. Fluorite and beryl are less abundant in
veins in the slates.

The composition of Stage I mica varies from muscovite in veins in the
limestones to phengite in veins in the slates. The trace element content
of mica depends on the fluid, the wall rocks of the veins and the presence
of ore minerals that compete for the particular element. The wall-rock
influence is illustrated by the higher Rb and Li contents in Stage I
mica in veins in slates, whereas the presence of competing phases is
illustrated by higher F and Be contents in Stage I mica in veins in slates
as these veins have little or no fluorite and beryl, whereas veins in
carbonates and the contact zone have variably abundant fluorite and
beryl.

Stage I mica shields Stage II mica from interaction with the wall
rocks. Therefore, the composition of Stage II mica does not vary with of
the type of wall-rock.
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