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The newly discovered Zhaojinggou Ta\\Nbdeposit in the northernmargin of theNorth China Craton contains ore
reserves of more than 38Mt. at an average grade of 0.013 wt% Ta2O5 and 0.012 wt% Nb2O5. The Ta\\Nbmineral-
ization ismainly hosted in a peraluminous, albite granite body, which is about 400m long and 20 to 100mwide,
with a surface exposure of ~0.05 km2. Granitic pegmatites and greisen veins that range from several centimeters
tometers inwidth, occur in themargin of the granite body, andwolframite-quartz veins intrude thewall rocks up
to tens of meters away from the granite contact. LA-ICP-MS U\\Pb dating for columbite of the granite yields the
lower intercept ages between 131.8 ± 1.0 Ma and 134.6 ± 2.1 Ma on the Tera-Wasserburg concordia diagram,
indicating that the mineralization occurred in the early Cretaceous, coeval with the peak stage of lithospheric
thinning and destruction of the North China Craton. The columbite grains in the granite are commonly euhedral,
and are surrounded or penetrated by irregular tantalite patches/rims containing Ta2O5 as high as 59.5wt%. The Ta
concentrationswithin single columbite crystals commonly increase slightly from the center outwards, consistent
with a systematic decrease of Nb/Ta caused by crystallization of columbite from the silicic magma. Mica in the
granite shows disordered bright and dark domains in their BSE images; bright domains are F-rich zinnwaldite
crystallized from highly evolved melts that were relatively enriched in Fe, Li, Rb, Nb and Ta, whereas the dark
domains are F-poor muscovite crystallized from later hydrothermal fluids that were relatively enriched in Al,
Mn, Ba, Sn and W. It is thus likely that the tantalite patches/rims around the columbite grains crystallized from
a Ta- and F-rich hydrosilicate melt in a magmatic-hydrothermal transitional stage. The wolframite-quartz
veins adjacent to the granite body likely formed from a W-rich hydrothermal fluid.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Tantalum and Nb are critical metals in the high-tech electronics in-
dustry. Global Ta resources are mainly produced from LCT-type (Li, Cs-
and Ta-enriched), peraluminous pegmatites and granites (Linnen and
Cuney, 2005). Although most of the Ta mined thus far is from LCT-
type pegmatites, such as those of the Tanco deposit of Canada (Van
Lichtervelde) and the Greenbushes deposit of Australia (Partington
et al., 1995), peraluminous granites can also contain significant reserves
of Ta, such as the Yichun granite in China (Huang et al., 2002), the
Orlovka granite in Russia (Reyf et al., 2000), and the Nuweibi granite
in Egypt (Helba et al., 1997).
y andMetallogeny, Guangzhou
uangzhou 510640, China.
Most Ta- and Nb-bearing minerals in peraluminous granites belong
to the columbite group (Linnen et al., 2014 and references therein),
but it is still not clear how the Ta-rich phases form. Experimental results
show that Ta has a higher affinity for silicate melts than for hydrother-
mal fluids (Linnen andCuney, 2005; Linnen andKeppler, 1997), but tex-
tural relationships and compositions of columbite-group minerals
suggest derivation from late exsolved, hydrothermal fluids or fluid-
rich melts (Anderson et al., 2013; Dostal et al., 2015; Neiva et al.,
2015; Rao et al., 2009; Wu et al., 2018; Zhu et al., 2015). Columbite-
group minerals in peraluminous granites usually exhibit complex
zoning patterns of Nb, Ta and other trace elements (Alfonso et al.,
2018; Tindle and Breaks, 2000; Wang et al., 1997), reflecting the evolu-
tion of the host granite. In addition, mica is common in peraluminous
granites where include both magmatic and hydrothermal varieties
(Li et al., 2015; Kaeter et al., 2018; Breiter et al., 2019), thus providing
diagnostic information on the magmatic-hydrothermal processes of
the granitic magmas.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2020.105648&domain=pdf
https://doi.org/10.1016/j.lithos.2020.105648
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The Zhaojinggou Ta\\Nb deposit in the North China Craton con-
tains ore reserves of more than 38 Mt. with an average grade of
0.013 wt% Ta2O5 and 0.012 wt% Nb2O5 (Chai and Wu, 2013). The
Ta\\Nb mineralization is hosted in a peraluminous, albite granite
body. The columbite-groupminerals andmicas in the granite display
diverse zoning patterns in BSE images, and we use this information
to decipher the magmatic-hydrothermal processes that formed the
deposit. In this study, we investigated the columbite-group minerals
and micas in the deposit using SEM, EPMA and LA-ICP-MS trace
element mapping techniques to understand the processes responsi-
ble for the Ta\\Nb mineralization.

2. Geological background

The North China Craton, which lies between the Central Asia
Orogenic Belt to the north and the Yangtze Craton to the south
(Fig. 1), is composed of an Archean to Paleoproterozoic metamor-
phic basement overlain by a Mesoproterozoic to Permian platform
cover (e.g., Zhai and Santosh, 2011). Its final amalgamation oc-
curred at ca.1.85 Ga (Zhao et al., 2001; Zhao et al., 2005) and
later underwent lithospheric thinning and destruction in the
early Mesozoic (Xu, 2001; Zhu et al., 2012), leading to large-scale
tectonic-thermal events in the early Cretaceous (130–120 Ma)
(Wu et al., 2005). The development of the early Cretaceous
magmatism, metamorphic core complexes (Davis et al., 2002; Liu
N
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Fig. 1. A simplified geological map showing the distribution of the early Cretaceous Ta\\Nb m
(modified from Zhu et al., 2012).
et al., 2005), intracontinental rift basins (Ren et al., 2002) and
gold mineralization (Li et al., 2012) in the craton was coeval with
the peak stage of its lithospheric thinning and destruction
(Zhu et al., 2012).

A number of the early Cretaceous A-type granitic plutons,
i.e., Yansaihu, Xiangshan, Jiashan, Qiancengbei, Wulingshan, Madi,
Donghouding and Zhaojinggou, were emplaced during extension of
the Yinshan-Yanshan fold and thrust belt (Fig. 1), extending up
800 km along the northern margin of the craton (Davis et al., 2002;
Yang et al., 2008). The Yansaihu, Xiangshan, Qiancengbei and
Wulingshan plutons are arfvedsonite-bearing granites with zircon
U\\Pb ages of 115 Ma, 116 Ma, 129 Ma and 130 Ma, respectively
(Yang et al., 2008; Zeng, 2016). The Jiashan syenite and Donghouding
granitic porphyry have ages of 110 Ma and 129 Ma, respectively
(Liang et al., 2013; Liu et al., 2015). The Madi and Zhaojinggou albite
granites host significant Ta\\Nb mineralization (Chai and Wu, 2013;
Ye et al., 1991).

The Zhaojinggou Ta\\Nb deposit occurs in the westernmost part of
the A-type granite belt (Fig. 1). The Ta\\Nb mineralization is hosted in
a fine-grained, albite granite body, which is about 400 m long and 20
to 100 m wide with a surface exposure of ~0.05 km2 (Chai and Wu,
2013) (Fig. 2a, b). The granite body and a few wolframite-quartz veins
intrude Carboniferous sandstone of the Shuanmazhuang Formation
(Fig. 2a), and sandstone breccia commonly occurs along the intrusive
contact (Fig. 3a). In cross-section, the granite forms a northeast-
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Fig. 2. (a) A simplified geologic map of the Zhaojinggou Ta\\Nb deposit. (b) Plan view of the Zhaojinggou Ta\\Nb deposit. (c) Cross section of the Zhaojinggou Ta\\Nb deposit. (Modified
from Chai and Wu, 2013).
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striking, dike-like body that dips 50° to 70° SE, and extends to a depth of
~770 m (Fig. 2c). Granitic pegmatites intrude the margin of the granite
body along sharp but irregular contacts (Fig. 3c), ranging from several
centimeters to meters in width (Fig. 2b, c). Some thin greisen and gra-
nitic pegmatite veins also intrude the granite body along its margins
(Fig. 3b, d).
3. Analytical methods

3.1. Back-scattered electron (BSE) and cathodoluminescence (CL) imaging

BSE images were obtained from polished thin sections using a Phe-
nom XL scanning electron microscope (SEM) equipped with an energy
dispersive spectrometer (EDS) at the Chinese Academy of Science
(CAS) Key Laboratory of Mineralogy andMetallogeny, Guangzhou Insti-
tute of Geochemistry (GIG). Semi-quantitative EDS was applied to ob-
tain approximate chemical compositions and elementmaps ofminerals.

CL images were obtained from thin sections using a GatanMonoCL4
system installed on a Carl Zeiss SUPRA 55 SAPPHIRE field emission elec-
tron microscope at the State Key Laboratory of Isotope Geochemistry,
GIGCAS.
3.2. Mineral composition analyses

Major elements of mica, albite, K-feldspar and columbite-group
minerals were determined by electron probe microanalysis (EPMA)
using a JEOL JXA-8230 at the CAS Key Laboratory of Mineralogy and
Metallogeny. Operating conditions of 15 kV accelerating voltage,
20 nA probe current, and a 3 μm beam were applied to the analyses
for all elements. In situ trace element analyses of mica, albite, K-
feldspar, and zirconwere carried out using an Agilent 7500a inductively
coupled plasma-mass spectrometer coupled with a Resonetic 193 nm
ArF excimer laser ablation system. Single spot ablation was adopted
with a laser beamwidth of 31 μm. Laser energy was 80 mJ and ablation
frequency was 6 Hz. Helium was used as a carrier gas. NIST SRM 610
glass was employed as an external standard, and the SiO2 contents of
mica, albite, and K-feldspar determined by EMPA were used as internal
standards.
3.3. Trace element mapping of mica

LA-ICP-MS imaging of trace element distribution within mica was
performed at the Ore Deposit and Exploration Center of Hefei University



Fig. 3. Hand specimen photographs of the samples from the Zhaojinggou Ta\\Nb deposit. (a) Albite granite is fine-grained and contains sandstone breccia, which is cut by granitic
pegmatites. (b) Albite granite is cut by granitic pegmatites. (c) Granitic pegmatite with sharp, but irregular contacts with the albite granite. (d) Albite granite is cut by a greisen vein.
Abbreviations: Mc = microcline, Ms. = muscovite, Qz = quartz.
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of Technology, China, using an Agilent 7900 ICP-MS equipped with a
Photon Machines Analyte HE 193 nm ArF excimer laser. Sets of parallel
line rasters in a grid across the sample were ablated with a beam of
15 μm and a scanning speed of 15 μm/s. A laser repetition of 10 Hz
was selected at a constant energy output of 80mJ, resulting in an energy
density of ~2 J/cm2 at the target. Reference material GSE-1 g was ana-
lyzed at the start and the end of each mapping for data calibration. Im-
ages were compiled and processed using LIMS (in-house designed
mapping reduction software based on Matlab). For single elements,
the average background was subtracted from its corresponding raster,
and the rasters were compiled into a 2-D image displaying combined
background/drift corrected intensities. A detailed description of thepro-
cedure is given in Wang et al. (2017).

3.4. Whole-rock major and trace element analyses

Whole-rock major and trace element analyses were performed at
ALS Minerals in Guangzhou, China. The major elements were analyzed
by X-ray fluorescence (XRF), with an analytical precision better than
±2–5%. The trace elements were determined by inductively coupled
plasmamass spectrometry (ICP-MS) after complete dissolution. The an-
alytical precision for most of the trace elements was better than ±5%.
3.5. U\\Pb dating and trace element analyses of columbite-group minerals

The columbite-groupminerals were separated using standard heavy
liquid andmagnetic separation techniques after crushing. The separated
grainswere then handpicked under a binocularmicroscope,mounted in
epoxy and polished. In situ trace element and U\\Pb age analyses were
performed at the Institute of Geology and Geophysics, CAS, using a
GeoLas PLUS 193 nm excimer ArF laser ablation system coupled to an
Agilent 7500a quadrupole-based, inductively coupled plasma mass
spectrometer. The minerals were ablated using a spot size of 32 μm
and 4 Hz repetition rate. The reference material Coltan 139 was used
as an external standard. The fractionation corrections were calculated
using GLITTER 4.0 (GEMOC, Macquarie University) and the ages were
calculated by IsoplotR (Vermeesch, 2018). Trace element compositions
of themineralswere calculated byGLITTER 4.0,with 55Mn as an internal
standard and NIST 610 as an external reference material. Detailed
descriptions of the procedure are given in Che et al. (2015).

4. Petrography

The albite granite is fine-grained and consists of 65–70 vol% al-
bite, 10–15 vol% K-feldspar, 10–15 vol% quartz, 5–10 vol% mica,
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and minor fluorite (1–3 vol%). The grain size ranges from 0.2 to
0.5 mm (Fig. 4a), and the K-feldspar, quartz, mica and fluorite
are all interstitial to the larger albite laths. Mica shows irregularly
Fig. 4. Petrography of the rocks of the Zhaojinggou Ta\\Nb deposit. (a) K-feldspar (Kfs), zinnwa
albite granite. (b) BSE image of irregular zoning of mica in the granite. (c) Two types of albite en
greisen vein consisting of quartz, muscovite, and euhedral fluorite (Fl). (e) The rhythmic layers
and granitic pegmatites. (f) The CL image of quartz in the UST texture grows in one direction.
patchy zoning in the BSE images and contains areas of intergrown
zinnwaldite and muscovite (Fig. 4a, b).
ldite (Znw), muscovite (Ms) and quartz (Qz) are interstitial to albite (Ab) in a BSE image of
closedwithinmicrocline (Mc) in a BSE image of granitic pegmatite. (d) The BSE image of a
of quartz with unidirectional solidification textures (UST) which are cut by greisen veins

The black arrow shows the direction of crystallization.
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Granitic pegmatite consists of blue or pale-green microcline, albite
and minor quartz. Albite is enclosed within the microcline and appears
as either irregular patches or oriented laths (Fig. 4c). Associated greisen
consists ofmuscovite, quartz andminorfluorite (Fig. 4d). Small grains of
monazite in the greisen veins locally fill angular interstices amongmus-
covite, fluorite and quartz (Fig. 4d).

Distinctive quartz-rich, unidirectional solidification textures
(UST) occur in the margin of granite body. Rhythmic and crenulate
Fig. 5.BSE images of columbite-groupminerals. (a) Fine-grained and platy columbite (Col) and z
zoning. (b) Zinnwaldite (Znw) and muscovite (Ms) are interstitial to coarse-grained, euhed
zinnwaldite. (d) Close-up of the columbite-group minerals in Fig. 5b showing that irregula
irregular tantalite and subhedral cassiterite. (f) Euhedral, prismatic columbite has small patc
columbite preserves oscillatory zoning on its right edge. (h) Euhedral, prismatic columbite an
in Fig. 5h showing penetration of euhedral prismatic columbite grains by irregular tantalite, c
close-up of prismatic columbite.
layers of quartz alternate with fine-grained albite granite, showing
a so-called “brain rock” texture (Shannon et al., 1982) (Fig. 4e).
Each quartz layer ranges in thickness from 1 to 3 mm and is cut by
the greisen veins and granitic pegmatites (Fig. 4e). Crystals in the
crenulate layers consist of quartz and minor zinnwaldite, both of
which are much coarser than the grains in the adjacent granite.
The quartz grains in the crenulate layers display an irregular shape
on one side and euhedral, hexagonal crystal terminations on the
ircon (Zrn) are interstitial to albite (Ab) and quartz (Qz). The columbite in inset displays no
ral columbite, albite and quartz. (c) Columbite and cassiterite (Cst) enclosed within the
r tantalite (Tan) penetrates the euhedral columbite. (e) Columbite grains are rimed by
hes of tantalite in the margin. (g) Irregular tantalite patches in columbite. Note that the
d fluorite (Fl) are interstitial to albite and K-feldspar (Kfs). (i) Close-up of the columbite
assiterite, siderite (Sd) and xenotime (Xtm) along the fractures and edges; The inset is a
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other side, showing a downward direction of crystallization
(Fig. 4f).

5. Texture of columbite-group and rare element-bearing minerals

5.1. Columbite-group minerals

Columbite-group minerals in the Zhaojinggou deposit, which are
hosted in the albite granite, are mainly Ta-Nb-rich phases that occur
as disseminated, euhedral grains (Fig. 5). Fine-grained columbite-
Fig. 6. BSE images of cassiterite, REE-bearingminerals, and zircon. (a) Intergrowth of subhedral
columbite in albite granite. (c) Intergrowth of subhedral cassiterite, monazite (Mnz), tantalite (T
granite. (e) Zircon aggregates associated with tantalite and columbite in the granite. (f) Flow
interstitial to albite in the granite. (h) Disseminated monazite and xenotime (Xtm) enclosed w
of Y and P in selected areas (dotted box). (i) Monazite and xenotime are associated with the fl
group minerals (<100 μm) are typically platy with weak to no zoning
in their BSE images (Fig. 5a and close-up inset), whereas coarse-
grained varieties (>100 μm) are typically prismatic (Fig. 5b). They are
commonly interstitial to albite, or rarely, enclosed within zinnwaldite
(Fig. 5c).

Coarse-grained columbite-group minerals display diverse zoning
patterns (Fig. 5d–i); some grains are entirely columbite showing oscilla-
tory zoning that are partly rimmed by irregular tantalite and cassiterite,
whereas others have patchy textures (Fig. 5d–f). Columbite domains are
locally penetrated by tantalite grains (Fig. 5d) and some columbite
cassiterite (Cst) and euhedral columbite (Col). (b) Intergrowth of anhedral cassiterite and
an), and columbite in the granite. (d) Aggregates of euhedralmetamict zircon (Zrn) in the
er-like zircon aggregates in the granite. (g) Monazite enclosed within fluorite (Fl) that is
ithin fluorite in a greisen vein. Colorized EDS elemental mapping shows the distribution
uorite that is interstitial to microcline in granitic pegmatite.
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grains are replaced by patchy tantalite (Fig. 5g). Grains enclosed in fluo-
rite (Fig. 5h) show a homogeneous columbite core, which is surrounded
by banded tantalite (Fig. 5i) or penetrated by tantalite, cassiterite, and
xenotime along micro-cracks (Fig. 5i and close-up inset).
5.2. Rare element-bearing minerals

Cassiterite and zircon are commonly intergrown with columbite-
groupminerals in the albite granite (Fig. 6a–f), and aggregates of cassit-
erite, columbite, and monazite may also occur as interstitial phases
(Fig. 6b,c). Zircon aggregates are locally present in the granite and
some grains in the aggregates show distinct dissolution textures with
pores and cracks (Fig. 6d). Some euhedral zircon aggregates are
enclosed within albite (Fig. 6e,f).

Monazite and xenotime are common REE-bearing phases in the
granite, typically associated with fluorite (Fig. 6g–i). Most grains are in-
terstitial to albite in the granite (Fig. 6g), to quartz in the greisen veins
(Fig. 6h), and to microcline in the granitic pegmatites (Fig. 6i).
6. Mineral compositions

6.1. Mica

Mica in the albite granite displays complex zoning patterns
with interlocking dark and bright domains in the BSE images (Fig. 4a,
b); the dark domains contain ~2 to 3 wt% F and are mainly muscovite,
whereas the bright domain contain ~7wt% F and aremainly zinnwaldite
(Supplementary Table 1).Mica in theUST layers is zinnwaldite,whereas
that in the greisen veins is muscovite (Fig. 7). Zinnwaldite in the
UST layers contains 352–512 ppm Nb, 79–142 ppm Ta, and
1428–2877 ppm Sn, much higher values than those of zinnwaldite in
the granite (Fig. 8a,b,d). Muscovite in the granite and greisen veins
has much higher W and Ba than those of zinnwaldite in the granite
and UST layers (Fig. 8e,g).

A mica grain with distinct zoning in the albite granite (Fig. 9a) was
selected for LA-ICP-MS trace element mapping. The results show that
Fe, Li, Rb, Nb, Ta, and Pb are enriched in the zinnwaldite domain
(Fig. 9b–g), and that Al, Mn, Ba, Sn andW are enriched in themuscovite
domain (Fig. 9h–l).
Zinnwaldite in UST layers

Zinnwaldite in albite granite

Muscovite in greisen veins

2+R

Zinnwaldi

Li

Muscovite in albite granite

Fig. 7. Classification of mica in the Zhaojinggou Ta\\Nb deposit (after Foster, 1960). Li andH2O i
Webb, 1990, respectively.
6.2. Microcline and albite

Microcline in the granitic pegmatite is similar in composition to
the K-feldspar in the granite. These feldspars contain 65 wt% SiO2,
17 to 18 wt% Al2O3, 16 to 17 wt% K2O, and < 0.6 wt% Na2O (Supple-
mentary Table 2). Both are rich in Rb (2800 to 5500 ppm). Irregular
albite grains and albite laths in the granitic pegmatite also have
major and trace element compositions very similar to albite in the
granite (Supplementary Table 3). In addition, microcline and albite
in the granitic pegmatite have REE concentrations below the detec-
tion limit of the LA-ICP-MS.

6.3. Columbite-group minerals

Columbite grains in the albite granite display some enrichment in
Ta\\Mn on the plot of Ta/(Ta + Nb) versus Mn/(Mn + Fe) (Fig. 10a),
and the tantalite that rims the columbite grains hasmuchhigher Ta con-
centrations than the columbite. The euhedral columbite grains show the
enrichment of HREE on the chondrite-normalized REE patterns
(Fig. 10b), but have highly and variable LREE concentrations (Supple-
mentary Table 4).

6.4. Zircon

Zircon grains in the albite granite aremetamict (Fig. 11a) and cannot
be used to constrain meaningful U\\Pb ages. They have elevated LREE
concentrations relative to those of magmatic zircon (Supplementary
Table 5), and have chondrite-normalized REE patterns similar to those
of hydrothermal zircon (Fig. 11a). On the diagrams of Ce anomaly (Ce/
Ce*) versus (Sm/La)N and (Sm/La)N versus La, they plot close to the
field of hydrothermal zircon (Fig. 11b and c).

7. Whole-rock compositions

The samples of albite granite contain 73.5 to 77.0 wt% SiO2, 12.5 to
18.4 wt% Al2O3, 7.8 to 9.8 wt% (Na2O + K2O) and have less than
0.2 wt% CaO (Table 1). They are peraluminous with ACNK [Al2O3/
(CaO + Na2O + K2O)] values of 1.07 to 1.13 and ANK [Al2O3/
(Na2O + K2O)] values of 1.08 to 1.14 (Fig. 12).

All the samples from the Zhaojinggou Ta\\Nb deposit show frac-
tionated LREE/HREE, chondrite-normalized REE patterns with nega-
tive Eu anomalies (Eu/Eu* = 0.07–0.28), and distinct M-type
AlTot

Muscovite

Trilithionite

Polylithionite

te

n themica was calculated based on themethod ofMonier and Robert, 1986 and Tindle and
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lanthanide tetrad patterns (Fig. 13a) with TE1,3 (evaluation of the
tetrad effect, after Irber, 1999) ranging from 1.2 to 1.5 (Fig. 14a).
They are also very depleted in Ba, Sr, Eu and Zr, and enriched in Cs,
Rb, W, Nb, Ta, Pb, Sn and Li (Fig. 13b). The granitic pegmatites have
much lower Nb, Ta, Zr, and Sn concentrations than other rock
types. All the rocks have Nb/Ta values less than 4 (Fig. 14a) and Zr/
Hf values less than 10 (Fig. 14b).
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Columbite grains from three albite granite samples were analyzed
for U\\Pb ages (Supplementary Table 6). 18 spots for sample ZJ-1
gave a lower intercept age of 134.6 ± 2.1 Ma (2σ, n = 18, MSWD =
1.5) on the Tera-Wasserburg concordia diagram (Fig. 15a), 36 spots
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10

100

1000

10

100

1000

10000

0

5000

10000

15000

20000

25000

0

5000

10000

15000

0 2 4 6 8

Ta
 (

p
p

m
)

S
n 

(p
p

m
)

L
i (

p
p

m
)

R
b 

(p
p

m
)

F (wt.%)

b

d

f

h

Zinnwaldite in
UST layers

Zinnwaldite in 
albite granite

Muscovite in
greisen veins

Mica in Yichun granite, China

 Mica in Cínovec granite, Czech

 

Mica in Huangshan granite, China

 
Muscovite in 
albite granite

he Zhaojinggou Ta\\Nb deposit compared with other ore bodies. Data sources: the Yichun
t al., 2018).



10 B. Wei et al. / Lithos 370–371 (2020) 105648
n=36, MSWD= 1.5) (Fig. 15b) and 25 spots for sample ZJ-8 yielded a
lower intercept age of 131.8 ± 1.0 Ma (2σ, n = 25, MSWD = 1.8)
(Fig. 15c). The three obtained ages are consistent with each other, and
can be considered to be the crystallization age of columbite.

9. Discussion

9.1. Timing of Ta\\Nb mineralization in the Zhaojinggou deposit

The mineralization age of the Zhaojinggou Ta\\Nb deposit has been
debated since it was discovered in 2012. The first zircon U\\Pb age for
Fig. 9. BSE images and LA-ICP-MS trace elementmapping formica in the albtie granite. (a)Mica
domains of F-poormuscovite (Ms). (b-l) Trace elementmapping showing that Fe, Li, Rb, Nb, Ta a
the dark domains (h to l). The dotted lines show the analyzed areas.
the deposit was reported to be 277 ± 2 Ma (Nie et al., 2013), although
this was only mentioned in the abstract with no data. Later, an
40Ar\\39Ar age of muscovite from the granitic pegmatite was reported
to be 124.0±2.0Ma (Gao et al., 2017), which is nearly coevalwith a zir-
con U\\Pb age of 125 ± 1 Ma and four monazite U\\Pb ages ranging
from 121 ± 1 Ma to 124 ± 2 Ma for the albite granite (Li et al., 2019).
Most recently a biotite 40Ar\\39Ar age of 133 ± 1 Ma for a biotite-
quartz vein was reported by Li et al. (2019).

Because the columbite-group minerals are the main Ta-Nb-rich
phases in the deposit, we suggest that their U\\Pb ages provide the
best estimate for the timing of mineralization. Columbite U\\Pb ages
shows irregular zoning patternswith bright domains of F-rich zinnwaldite (Znw) and dark
nd Pb are enriched in the bright domains (b to g), and Al, Mn, Ba, Sn andWare enriched in
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obtained in this study range from 131.8 ± 1.0 Ma to 134.6 ± 2.1 Ma,
close to the ages reported by Li et al. (2019) and Gao et al. (2017), indi-
cating that the Ta\\Nbmineralization occurred in the early Cretaceous.

Voluminous magmatism, extensional deformation and associated
gold mineralization in the early Cretaceous was coeval with the peak
of lithospheric thinning and destruction of the North China Craton
(e.g., Wu et al., 2005; Xu, 2001; Zhu et al., 2012). The Ta\\Nb minerali-
zation of the Zhaojinggou deposit was also coincident with this signifi-
cant tectonic-thermal event. The Ta\\Nb mineralization was likely
related to emplacement of the coeval A-type granitic plutons along
the Yinshan-Yanshan fold and thrust belt (Fig. 1). They all occurred in
an extensional setting due to the large-scale lithospheric thinning
(e.g., Yang et al., 2008).

In addition to the Zhaojinggou Ta\\Nb deposit, the Madi granitic
pluton in the eastern part of the Yinshan-Yanshan also contains signifi-
cant Ta\\Nbmineralization (Ye et al., 1991) (Fig. 1). Although the age of
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The normalization values are from Sun and McDonough (1989).
Ta\\Nbmineralization in theMadi granitic pluton has not yet been con-
firmed, it likely formed in a similar extensional setting because theMadi
pluton is adjacent to the Qiancengbei and Wulingshan A-type granitic
plutons, both of which have the crystallization ages of ca. 130 Ma
(Yang et al., 2008; Zeng, 2016) (Fig. 1).

9.2. Peraluminous granite host of the Zhaojinggou Ta\\Nb deposit

In the Zhaojinggou deposit, the albite granite body is about 20 to
100 m wide, whereas the granitic pegmatites are several centimeters
to meters wide (Fig. 2). The pegmatites are located along the boundary
between the granite pluton and its wall rocks and have irregular, but
sharp contacts with the granite (Fig. 3). This suggests that the granite
plutonmay be a large, buried body fromwhich the pegmatiteswere de-
rived. The granite hosting the Ta\\Nbore bodies contains 80 to 110 ppm
Nb and 40 to 170 ppm Ta, whereas the pegmatites are nearly barren in
Fe)
MnNb O2 6

Tantalite-(Mn)
MnTa O2 6

Columbite-(Mn)

a

Gd Tb Dy Ho Er Tm Yb Lu

b

Irregular tantalite 
rims and patches

Euhedral columbite

0.6 0.8 1

Černý et al., 1992); (b) Chondrite-normalized REE patterns of columbite-groupminerals.
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these elements with only 0.6 to 7.7 ppm Nb and 0.6 to 4.9 ppm Ta
(Fig. 13b and Table 1). Although the granite is fine-grained, it is unlikely
to be a border zone of the pegmatites (c.f., London, 2014).

The granite is peraluminous with high SiO2 (73.5 to 77.0 wt%) and
total alkalis (Na2O+ K2O= 7.8–9.8 wt%) (Fig. 12 and Table 1), indicat-
ing high degrees of fractional crystallization of the parental magma
Fig. 11. (a) Chondrite-normalized REE patterns of zircon in the albite granite. The inset BSE ima
reference areas of magmatic and hydrothermal zircon are after Yang et al. (2014). (b) Plot of
hydrothermal and magmatic zircon are adopted from Hoskin (2005).
(Pollard, 1986). All the granite samples in this study have Nb/Ta values
less than 4 (Fig. 14a) and Zr/Hf less than 10 (Fig. 14b), consistent with
other typical Ta-Nb-mineralized peraluminous granites (Ballouard
et al., 2016). The presence of disseminated columbite-group minerals
and high-Li mica in the granite (Fig. 5a, 8f) is also consistent with the
features of other Ta\\Nb deposits hosted in peraluminous granites
a

b

c

µ

ge shows an intense dissolution texture of themetamict zircon with pores and cracks. The
Ce anomaly (Ce*) vs (Sm/La)N and (c) plot (Sm/La)N vs La of zircon. Reference areas for



Table 1
Major oxides and trace elements contens of the rocks from Zhaojinggou Ta\\Nb deposit.

Sample No. ZJ-10 ZJ-7 ZJ-2 ZJ-6-1 ZJ-13 ZJ-12 ZJ-6 ZJ-9

Rock types Albite granite Albite granite Albite granite Albite granite Granitic pegmatite Granitic pegmatite Greisen veins UST layers

SiO2 (wt%) 77.0 76.8 73.5 73.5 64.9 66.4 85.7 81.5
TiO2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.0 <0.01
Al2O3 12.7 12.5 15.3 15.9 18.4 17.3 5.4 8.7
Fe2O3

T 1.6 1.4 0.6 0.9 0.5 0.6 4.2 2.5
MnO 0.1 0.1 0.1 0.1 0.0 0.0 0.2 0.1
MgO 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
CaO 0.1 0.1 0.1 0.1 0.0 <0.01 0.1 0.1
Na2O 4.8 4.8 6.3 7.8 2.1 1.7 0.1 1.0
K2O 3.5 3.0 3.5 1.0 12.9 12.6 2.0 4.3
P2O5 0.01 0.02 <0.01 0.01 <0.01 <0.01 <0.01 <0.01
F 0.2 0.1 0.1 0.2 <0.1 0.1 0.6 0.7
LOI 0.2 0.5 0.4 0.6 0.3 0.4 0.9 0.8
Total 100.2 99.3 99.8 100.1 99.1 99.0 99.3 99.6

Li (ppm) 237 165 91 63 10 18 540 940
Be 6.2 4.8 5.4 5.9 6.7 6.5 8.4 5.2
Sc 0.4 0.2 0.1 0.3 0.1 0.1 0.9 0.4
Rb 653 658 919 213 3820 3580 701 1360
Sr 24.2 43.2 14.8 25.9 5.0 9.4 10.1 19.5
Y 31.0 10.1 3.2 9.2 1.8 2.0 15.7 9.9
Zr 85.0 20.0 14.0 38.0 2.0 2.0 24.0 13.0
Nb 97.1 81.2 79.8 112.5 0.6 7.7 25.7 43.7
Sn 6.0 285.0 30.0 34.0 1.0 3.0 83.0 204.0
Cs 4.5 4.3 3.1 3.1 11.0 9.6 10.8 11.0
Ba 25 77 30 35 22 45 205 80
La 15.1 3.3 1.4 2.8 1.0 0.9 1.6 3.0
Ce 47.2 16.0 7.8 10.8 6.0 5.4 9.6 18.2
Pr 6.8 2.9 1.0 2.0 0.6 0.8 1.3 3.3
Nd 22.4 8.9 2.7 5.6 1.7 2.3 3.9 9.0
Sm 5.8 3.3 0.8 1.8 0.5 0.7 1.7 3.4
Eu 0.13 0.06 0.04 0.06 0.04 0.05 0.04 0.06
Gd 3.8 1.6 0.3 1.2 0.3 0.3 1.4 1.8
Tb 0.7 0.5 0.1 0.3 0.1 0.1 0.4 0.6
Dy 4.6 3.5 0.8 2.2 0.5 0.6 3.5 4.1
Ho 0.9 0.7 0.2 0.4 0.1 0.1 0.8 0.7
Er 3.3 2.2 0.7 1.7 0.3 0.4 2.8 2.6
Tm 0.7 0.6 0.2 0.5 0.1 0.1 0.7 0.6
Yb 6.6 5.1 1.8 4.3 0.6 0.7 6.2 5.2
Lu 1.0 0.8 0.3 0.7 0.1 0.1 0.9 0.7
Hf 11.9 4.7 3.6 9.0 0.3 0.5 6.3 3.4
Ta 42.7 47.4 169.5 58.1 0.6 4.9 22.5 23.5
W 6.0 28.0 5.0 7.0 2.0 5.0 98.0 29.0
Pb 77 125 145 136 505 427 182 89
Th 25.3 25.1 3.6 39.9 0.3 0.8 15.2 7.7
U 1.8 1.2 1.6 1.2 <0.05 0.1 1.2 0.7
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(Linnen et al., 2014; Linnen and Cuney, 2005). The Zhaojinggou granite
body has a surface exposure of only 0.05 km2 and consists of a sole li-
thology, which is very different from the Yichun granite that has an out-
crop area of about 9.5 km2 and multiple intrusive units (Huang et al.,
2002; Li et al., 2015). Thus, we suggest that the fine-grained granite
may represent a highly evolved, apical unit of a larger granitic pluton.
9.3. Magmatic-hydrothermal processes recorded in mica

The UST textures in granites are typically thought to have been gen-
erated by undercooling of silicic magma (London, 2009). Mica in the
UST layers of the Zhaojinggou Ta\\Nb deposit contains 352 to
512 ppm Nb, 79 to 142 ppm Ta and 1428 to 2877 ppm Sn, values
which are comparable with those of mica in the Yichun and Huangshan
granite in China (Li et al., 2015; Zhuet al., 2018), and the Cínovec granite
in the Czech Republic (Johan et al., 2012) (Fig. 8). This is probably be-
cause mica in the UST layers crystallized in an early magmatic stage
prior to extensive crystallization of columbite.

Mica in the albite granite is commonly interstitial to albite laths and
euhedral coarse-grained columbite (Fig. 5b). In a few cases, fine-
grained, needle-like columbite is enclosedwithinmica (Fig. 5c). This in-
dicates that the mica crystallized later than columbite, which is why
mica in the granite has so much lower values of Nb, Ta, and Sn than
mica in the UST layers (Fig. 8a–d). In addition, mica in the granite
shows irregular zoning patterns in the BSE images (Fig. 4a,b); the bright
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domains of F-rich zinnwaldite have high Li and Rb, but low Sn,W andBa
relative to the dark domains of F-poor muscovite (Fig. 9). This suggests
that the F-rich zinnwaldite crystallized from highly evolved magma (Li
et al., 2015). In contrast, the F-poor muscovite with high Al, Mn, Ba, Sn,
and W concentrations may have crystallized from later hydrothermal
fluids, which is consistent with the local abundance of muscovite in
the apical parts of peraluminous granitic plutons (e.g., Breiter et al.,
2019). The complex zoning patterns of mica in the granite indicate
that the primary zinnwaldite was partially modified by later W, Sn, Ba,
Mn and Al-rich hydrothermal fluids. Hydrothermal overprinting is
also recorded in the REE patterns of the zircon (Fig. 11). TheW-rich hy-
drothermal fluids may have migrated along faults to form the
wolframite-quartz veins in the wall rocks (Fig. 2a). Mica in the greisen
veins has a composition similar to that of muscovite in the granite
(Figs. 7 and 8), suggesting that both were formed by hydrothermal
processes.
9.4. Crystallization of the tantalite in the magmatic-hydrothermal transi-
tional stage

Euhedral columbite grains (Fig. 5a) in the albite granite are mag-
matic in origin and crystallized due to the oversaturation of Nb and Ta
in the peraluminous, graniticmagmas (Linnen andCuney, 2005). Tanta-
lum concentrations in coarse-grained columbite crystals increase
slightly from the center outwards (Fig. 5e,f), which is consistent with
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a systematic decrease of Nb/Ta caused by the crystallization of colum-
bite from silicate magma (Linnen et al., 2014).

Patches of tantalite may rim columbite grains or penetrate the
grains along micro-cracks (Fig. 5e,i), indicating that the tantalite
postdates the columbite. The patchy tantalite exhibits irregular dis-
equilibrium boundaries with the euhedral columbite which still
shows oscillatory zoning (Fig. 5g). In addition, the patchy tantalite
contains much higher Ta concentrations than the euhedral columbite
(Fig. 10a), and there is a compositional gap between the two. This
suggests that the tantalite patches/rims were formed by replacement
of columbite by a hydrosilicate melt in the magmatic-hydrothermal
transitional stage (Wu et al., 2018). The hydrosilicate melt was
enriched in Ta, F and Sn (Zhu et al., 2015) and other high field
strength elements (HFSE, e.g. Zr) (Van Lichtervelde et al., 2007) as
shown by the intergrowths of tantalite with cassiterite, zircon, and
monazite (Figs. 5e,h,i and 6c,d,f). In some cases, the tantalite is
enclosed within fluorite that is interstitial to albite (Fig. 5h). The F-
rich hydrosilicate melt would have selectively concentrated REE,
leading to the observed tetrad REE patterns (Fig. 13a) (Jahn et al.,
2001; Veksler et al., 2005; Zhao et al., 1992; Zhao et al., 2002),
which is consistent with the presence of abundant monazite and
xenotime grains within the fluorite (Fig. 5g–i). Therefore, the tanta-
lite patches/rims around columbite likely formed by dissolution of
the columbite and precipitation from a Ta- and F-rich hydrosilicate
melt in the magmatic-hydrothermal transitional stage.

10. Conclusions

The early Cretaceous Zhaojinggou Ta\\Nb deposit is hosted in a
peraluminous granite body that formed coincident with the peak
stage of lithospheric thinning and destructionof theNorth China Craton,
which could be a potential targeted exploration area for Ta mineraliza-
tion in China. The columbite in the Zhaojinggou deposit crystallized
from a highly evolved peraluminous granitic magma. The Ta enrich-
ment in the columbite is attributed to replacement of the columbite
by Ta- and F-rich hydrosilicate melt in the magmatic-hydrothermal
transitional stage. Tungsten-rich hydrothermal fluids may have mi-
grated into the country rocks where they formed wolframite-quartz
veins around the granite body.
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