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A B S T R A C T

The Luohe Fe deposit is the largest magnetite-apatite (MA)-type deposit in the Middle-Lower Yangtze River
Valley Metallogenic Belt (MLYB) (around 1 Gt Fe ore resource). The main orebody is hosted by volcanic rocks,
and widespread titanite mineralization is developed in the footwall of the shallow ore bodies, and in the hanging
wall of the deep ore bodies. Trace element chemistry of the well-crystallized hydrothermal titanite from both
deep and shallow ore bodies indicates coupled substitution of (Al, Fe)3++ (F, OH)− for Ti4++O2−, and the
addition of elements such as Zr, Nb and REEs. Titanite Zr-thermometry yielded a mineralization temperature of
ca. 700 °C, suggesting that the Luohe magnetite-apatite deposit was formed at a higher temperature than typical
Fe skarn deposits in the metallogenic belt. The high ore-forming temperature may have been a key factor in Ti
migration. The distinct LREE enrichment, the relatively high total REE concentrations, and the marked negative
Eu anomalies all suggest that the Luohe titanite may have crystallized before apatite and epidote in a high-
temperature hydrothermal environment. Variation in the negative Eu anomalies suggests the ore fluid oxygen
fugacity increased from deep to shallow levels. Our study suggests that the Th/U ratio is not an efficient igneous
vs. hydrothermal titanite discriminator for high-temperature titanite. LA-ICP-MS titanite U-Pb dating of the
shallow and deep orebodies yielded ages of 130.0 ± 0.9Ma and 129.1 ± 0.8Ma to 129.7 ± 0.8Ma, consistent
.with the age of the deep-seated diorite in the area. We propose that the shallow- and deep-level orebodies at
Luohe were deposited from the same mineralizing system and mineralization was closely related to the deep-
seated diorite.

1. Introduction

Titanite (CaTiSiO5) is a common accessory mineral in magmatic and
metamorphic rocks and in hydrothermal ore deposits. Titanite contains
relatively high rare earth element (REE) and high field strength element
(HFSE) concentrations (Tiepolo et al., 2002; Gao et al., 2012; Deng
et al., 2015), and titanite of different origins displays different trace
element geochemical characteristics (Gao et al., 2012; Che et al., 2013;
Ismail et al., 2014; Cao et al., 2015; Xu et al., 2015) that can provide
insights into its formation temperature, pressure and oxygen fugacity
(fO2) (Hayden et al., 2008; Mazdab, 2009; Che et al., 2013; Ismail et al.,
2014; Xu et al., 2015).

Titanite commonly contains high U, Th, and low common lead
concentrations, so it can be precisely dated (Aleinikoff et al., 2002;

Storey et al., 2006, 2007). Titanite is more susceptible to high tem-
perature hydrothermal alteration than zircon, making titanite suitable
for recording complex magmatic, metamorphic and hydrothermal
processes (Scott and St-Onge, 1995; Chiaradia et al., 2009). Titanite U-
Pb ages obtained in each thermal stage are likely to represent crystal-
lization (instead of merely thermal resetting) events (Corfu and
Grunsky, 1988; Aleinikoff et al., 2002). These advantages have given
titanite U-Pb geochronology increasing popularity in dating magmatic
and hydrothermal events (e.g., Aleinikoff et al., 2002; Storey et al.,
2007; Chiaradia et al., 2009; Smith et al., 2009; Li et al., 2010; Sun
et al., 2010; Kohn and Corrie, 2011; Zhu et al., 2014; Fallourd et al.,
2014; Sepahi et al., 2014; Bonamici et al., 2015; Chelle-Michou et al.,
2015; Deng et al., 2015; Fu et al., 2016). Recent research on hydro-
thermal titanite has mainly focused on skarn-type deposits, whereas
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magnetite-apatite (MA)-type deposits have rarely been reported.
The MLYB is an important polymetallic mineral province in Eastern

China. Previous geochronology studies in the area have focused on
zircon U-Pb dating of the related intrusions and Ar-Ar dating of hy-
drothermal phlogopite to determine the age of MA-type deposits; U-rich
minerals in the deposits, such as titanite, have previously attracted little
attention. This dating strategy has the problems that the intrusion age
need not be the age of mineralization, and the closure temperature of
phlogopite for Ar-Ar dating is relatively low (400–480 °C, Dodson,
1973; Giletti and Tullis, 1977), so that it does not accurately reflect the
age of the magnetite-apatite deposit, which formed at high tempera-
ture. Titanite has a high closure temperature (650–700 °C, Pidgeon
et al., 1996), so it is an ideal mineral for dating magnetite-apatite type
deposits.

Luohe is the largest MA deposit in the MLYB. Qin et al. (2010) re-
ported a zircon U-Pb age of volcanic rocks in the Luohe deposit
(133Ma), but the ore-forming age has not previously been determined
with precision. In this paper we report detailed geology of Luohe de-
posit, and new geochronological and mineral chemical data for titanite
from the deep and shallow orebodies. We compare titanite geochemical

characteristics from Luohe to titanite in other deposits in the MLYB,
discuss the spatial-temporal distribution of the MA deposits in the Lu-
Zong basin, and provide new insights into the ore genesis of the MA
deposits like Luohe of the region.

2. Geological background

The Mesozoic Lu-Zong volcanic basin is one of the most important
mineral districts in the middle MLYB (Chang et al., 1991; Zhai et al.,
1992; Tang et al., 1998; Fan et al., 2008; Zhou et al., 2007, 2008a,b,
2010a,b, 2011a,b; Dong et al., 2010; Yuan et al., 2008). The MLYB belt
hosts around 200 Fe, Cu and Au deposits (Pan and Dong, 1999; Mao
et al., 2006; Zhou et al., 2008a,b, 2012). Shoshonitic volcanic rock and
igneous intrusions are widespread in the basin, along with many Fe
(-Cu-Pb-Zn-U) deposits (Liu et al., 2002; Xie et al., 2009). The host li-
thostratigraphy comprises the Middle Jurassic Luoling Formation ter-
rigenous clastic sedimentary rocks, which are overlain unconformably
by volcanic rocks comprising (from old to young) the Longmenyuan,
Zhuanqiao, Shuangmiao and Fushan formations. They are exposed in a
synclinal structure and are separated by unconformities. Each volcanic

Fig. 1. Geologic sketch map of the Lu-Zong volcanic basin (after Zhou et al., 2010a,b).
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cycle commenced with eruptive facies, followed by increasing lava
flows and ended with volcano-sedimentary facies. The volcanic erup-
tions are interpreted to have evolved from fissure-central vent style to
typical central vent style (Ren et al., 1991; Zhou et al., 2008a,b). In-
trusions are closely related to the regional volcanism, and occurred
during late-stage volcanism, or intermittent volcanic quiescence.
Around 34 exposed igneous intrusions have been documented, and
include four types: namely, (1) buried diorite (in the northern Lu-Zong
basin), including the Longqiao and Makou plutons; (2) monzonite (in
the northern Lu-Zong basin), including the Bajiatan, Xiewani and
Luoling plutons; (3) syenite, including the Tudishan and Fenghuang-
shan plutons; (4) A-type granite, including the Chengshan, Huashan
and Huangmeijian plutons (Fan et al., 2008; Zhou et al., 2010a,b).
Major mineral deposits in the Lu-Zong basin include Fe (e.g., Luohe,
Longqiao and Nihe), Pb-Zn-Ag (Yueshan), small hydrothermal Cu-Au
deposits (e.g., Jingbian-Shimen'an, Tiantoushan and Bamaoshan), alu-
nite deposit (Fanshan) and Fe-oxide-Cu-Au-(U) deposits/occurrences
(e.g., Yangqiao and Wuqiao). Total Fe ore resources are estimated to be
1.5 Gt, hosted primarily in the Zhuanqiao formation (except Longqiao
skarn deposit which is hosted in the Triassic calcareous siltstone). Al-
bite alteration is widespread, and the magnetite orebodies contain
clinopyroxene and apatite.

Luohe, the largest magnetite-apatite deposit in the MLYB, is located
in the western Lu-Zong basin (Fig. 1). Discovered in the 1970 s at
400–700m depth, the deposit contains west-dipping stratiform and
lensoidal orebodies. Deep-level (1350–1800m deep) stratiform or-
ebodies (ca. 1260m long, 840m wide, 76m thick on average) were
discovered in 2013. The shallow- and deep-level orebodies contain a
resource of ca. 1 Gt of iron ore with an average grade of 35 wt% Fe (Gao
et al., 2013). Two titanite-bearing alteration zones occur at Luohe,
containing large amounts of well-crystallized titanite, which provides a
proxy for determining the magnetite-apatite mineralization age and ore
fluid evolution.

The Luohe mining district is mainly covered by Quaternary

sediments with local outcrops of the Cretaceous Shuangmiao and
Zhuanqiao formations consisting of trachytic lavas and volcaniclastic
rocks (Fig. 2). Deep drill-holes have intersected Middle Triassic (T2d)
Dongma’anshan Formation of limestone-gypsum interbeds at
2000–2200m. Laminated sedimentary rocks of the Dongma’anshan
Formation make up the basement of the Lu-Zong basin, with the
gypsum being partially converted to anhydrite. The structural geology
at Luohe is simple, with gently dipping strata cut by some steeply
dipping faults, which slightly drag the strata. Two sets of horizontal
conjugate fractures are closely related to the alteration and miner-
alization, with vein stockwork orebodies mainly filling-in or replacing
the wall rocks along these fractures (Huang, 1989). No large intrusions
have been found at Luohe; there are minor post-mineralization trachyte
porphyry and microcrystalline syenite dykes (Fig. 2). The steeply dip-
ping fine-grained syenite intruded the Zhuanqiao Formation, and the
trachyte porphyry intruded the Triassic Dongma’anshan Formation.
Geochemical analysis of the Na-altered and fresh trachy-andesite in-
dicates that the Na-alteration was unlikely to leach sufficient Fe from
the trachy-andesite, and that the ore fluids were probably derived from
deep dioritic intrusions (Liu, 2015).

Alteration minerals at Luohe include diopside, phlogopite, anhy-
drite, epidote, fluorapatite and titanite. Based on their crosscutting and
replacement relationships the Luohe alteration/mineralization can be
divided into the following stages: Stage I, alkali feldspar; Stage II,
diopside-anhydrite-magnetite; Stage III, hematite-carbonate; Stage IV,
anhydrite-pyrite; Stage V, quartz-sulfide; and Stahe VI, carbonate-an-
hydrite vein (Liu et al., 2016). The titanite samples in this study are
from Stage II (the major Fe mineralization stage), and were collected
from the footwall of the shallow orebody (ca. 900–1100m depth) and
the hanging wall of the deep orebody (ca. 1500–1600m depth) (Fig. 2).

Fig. 2. Geological section of No. 2 prospecting line in Luohe iron deposit.
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Fig. 3. Photographs (A–E) and BSE images (F–H) of the Luohe titanite: (A) Deep-level euhedral titanite in magnetite; (B) Deep-level titanite aggregate with magnetite, apatite and
chloritized diopside; (C) Euhedral titanite in diopside-anhydrite vein (Zk2-1-1500); (D) Euhedral titanite in diopside-anhydrite vein (Zk2-1-1547); (E) Shallow-level euhedral yellow
titanite with chlorite (Zk2-1-1092); (F) Altered titanite consisting of fine-grained rutile, quartz and calcite (Zk2-1-1092, BSE image); (G) Deep-level fresh euhedral titanite with anhydrite
(Zk2-1-1500, BSE image); (H) Shallow-level relatively fresh titanite (Zk2-1-1092, BSE image). Abbreviations: Anh – Anhydrite; Ap – Apatite; Cal – Calcite; Chl – Chlorite; Di – Diopside; Ep
– Epidote; Mag – Magnetite; Py – Pyrite; Q – Quartz; Rt – Rutile; Ttn – Titanite.
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3. Sampling and methods

3.1. Sampling

Three titanite samples were chosen for radiometric dating (sampling
locations are shown in Fig. 2): Two of them (zk2-1-1500 and zk2-1-
1547) were from diopside-anhydrite altered rocks in the hanging wall
of the deep orebody. The titanite is euhedral (ca. 1–3mm irregular
rhombohedra) and brownish-yellow with adamantine luster. The tita-
nite in samples zk2-1-1500 and zk2-1-1547 is relatively fresh, and

occurs in clusters with magnetite (locally as euhedral inclusions),
diopside, epidote, apatite, and anhydrite (Fig. 3A –D). Sample zk2-1-
1092 was from a chlorite-altered diopside-anhydrite-magnetite ore vein
in the footwall of the shallow orebody. The euhedral-subhedral coarse-
grained titanite (ca. 5–10mm) is earthy-yellow and rhombohedral
(Fig. 3E). The titanite coexists with diopside, anhydrite, chlorite and
albite. Back-scattered electron (BSE) imaging reveals the presence of
alteration minerals (e.g., rutile, calcite and quartz Fig. 3F) along frac-
tures in the titanite, whereas fresh titanite (chosen for U-Pb dating in
this study) is compositionally more homogenous (Fig. 3G, H).

Table 1
Electron microprobe analysis results (wt%) of the Luohe titanite.

Sample No. SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 Cl F Total

zk2-1-1092
1 30.11 35.23 1.26 1.96 0.03 0 27.95 0.01 0 0.07 0 0 0.83 97.06
2 30.28 35.11 1.5 2.09 0.01 0.02 28.15 0.02 0.01 0.04 0 0 0.86 97.71
3 30.08 35.82 1.09 1.63 0.01 0.01 27.91 0.01 0 0.03 0 0 0.58 96.94
4 30.33 35.47 1.35 2.06 0.01 0 27.83 0.01 0 0.03 0.01 0 0.77 97.54
5 30.07 35.68 1.19 1.77 0 0.02 27.77 0 0 0.05 0.01 0.01 0.69 96.96
6 30.16 35.22 1.26 2.06 0.04 0.01 27.78 0.04 0 0.06 0 0 0.77 97
7 30.48 35.16 1.67 2.2 0.03 0.03 28.29 0.02 0 0.03 0 0 0.86 98.41
8 30.16 36.42 1.07 1.53 0.01 0.01 27.74 0 0.01 0.05 0.08 0 0.58 97.41
9 30.65 35.79 1.46 2.07 0 0.01 28.08 0.01 0 0.02 0.01 0.01 0.79 98.51
10 30.52 35.4 1.35 1.82 0.02 0 27.85 0 0.01 0.05 0.01 0.01 0.79 97.46
11 30.58 35.81 1.41 2.07 0.02 0 28.06 0 0 0.05 0.02 0 0.78 98.47
12 30.27 34.96 1.21 1.82 0.01 0.01 27.55 0.03 0 0.06 0.02 0 0.74 96.34
13 30.01 35.47 1.28 1.92 0.03 0.02 27.8 0.01 0 0.06 0.01 0 0.83 97.09
14 30.18 35.38 1.38 1.83 0.01 0 27.72 0.06 0 0.05 0.01 0 0.77 97.07

zk2-1-1500
1 29.87 34.8 1.46 2.05 0.02 0.03 27.06 0.02 0.01 0.13 0.01 0.01 0.66 95.81
2 30.12 35.03 1.47 1.9 0.01 0.01 27.6 0.01 0 0.06 0.02 0 0.82 96.65
3 29.66 35.1 1.41 1.58 0.01 0.01 27.11 0 0.01 0.07 0 0.01 0.59 95.25
4 29.93 33.98 1.99 2.02 0 0.02 27.5 0 0.01 0.02 0.01 0 0.9 95.99
5 30.18 35.05 1.48 1.85 0.03 0.02 27.52 0.01 0 0.05 0.01 0 0.84 96.69
6 29.98 34.57 1.96 1.95 0.01 0 27.58 0.01 0.02 0.07 0 0 1.01 96.67
7 30 34.78 1.88 1.71 0.02 0.02 27.73 0.01 0.01 0.02 0.02 0 1.04 96.79
8 29.7 35.13 1.34 1.91 0.01 0 27.37 0 0.01 0.11 0 0 0.75 95.99
9 29.84 34.44 1.74 1.94 0.02 0.02 27.71 0.01 0 0.05 0.03 0 0.95 96.35
10 29.83 35.21 1.53 1.67 0.02 0.02 27.32 0.02 0.01 0.1 0 0 0.7 96.12
11 30.08 34.81 1.58 1.92 0.01 0 27.51 0.02 0 0.05 0 0 0.79 96.39
12 29.93 34.86 1.35 1.96 0 0 27.26 0.01 0.01 0.09 0.01 0 0.63 95.83
13 29.69 35.69 1.34 1.89 0 0.01 27.32 0.02 0.01 0.12 0.01 0 0.65 96.47
14 30.19 36.03 1.3 1.85 0.02 0 27.72 0.01 0.01 0.08 0.01 0 0.67 97.59
15 29.87 35.88 1.32 2.03 0.02 0.01 27.44 0.01 0 0.15 0.03 0 0.7 97.08
16 30.31 36.03 1.36 1.8 0.03 0.01 27.94 0 0.01 0.06 0 0 0.74 97.96
17 29.71 35.26 1.32 2.11 0.01 0.01 27.13 0.01 0.01 0.16 0 0 0.57 96.08
18 30.14 35.75 1.14 1.63 0 0.01 27.7 0.02 0 0.04 0 0 0.66 96.79
19 30 35.34 1.74 1.74 0.03 0.01 27.24 0.02 0.01 0.17 0 0 0.66 96.68
20 30.14 35.97 1.09 1.54 0.03 0.01 27.62 0.05 0 0.05 0.01 0 0.56 96.83
21 30.08 35.16 1.21 1.88 0.01 0.01 27.33 0.02 0 0.08 0 0.01 0.58 96.14
22 30.25 35.78 1.13 1.54 0.02 0.01 27.6 0.04 0.01 0.04 0 0 0.58 96.73
23 30.12 34.72 1.74 2.12 0 0.01 27.83 0 0 0.05 0.02 0 1.01 97.17
24 30.13 34.98 1.59 2.16 0.01 0.01 27.88 0.03 0.01 0.03 0.01 0 0.74 97.27

zk2-1-1547
1 29.88 36.76 1.52 1.38 0.01 0.01 27.84 0.06 0 0.04 0 0 0.55 97.81
2 30.55 35.95 1.47 1.74 0 0.04 28.49 0.05 0 0.05 0 0 0.85 98.83
3 30.25 37.14 0.94 1.43 0.03 0.01 28.02 0.01 0 0.04 0 0 0.52 98.17
4 30.37 36.26 1.19 1.49 0.03 0.01 27.86 0.02 0.01 0.05 0.01 0 0.67 97.65
5 30.3 36.58 1.21 1.33 0.02 0.01 27.93 0 0.01 0.05 0.02 0 0.62 97.77
6 30.07 35.44 1.58 1.8 0 0.01 27.51 0.01 0.01 0.1 0.01 0.01 0.83 97.03
7 29.96 35.17 1.42 1.83 0.02 0.01 27.45 0.02 0 0.06 0.01 0 0.66 96.34
8 30.65 35.46 1.36 1.64 0.01 0 27.7 0.01 0 0.04 0.05 0 0.7 97.29
9 30.04 36.41 1.17 1.54 0 0 27.79 0.01 0 0.03 0.02 0.01 0.67 97.41
10 30.09 35.92 1.68 1.86 0 0.02 28.3 0.04 0.01 0.04 0 0 0.81 98.42
11 30.2 34.85 2.1 1.92 0.01 0.01 28.26 0.01 0 0.05 0.01 0 0.96 97.96
12 30.55 35.83 1.74 1.73 0.02 0 28.05 0.04 0.01 0.03 0.01 0 0.9 98.46
13 30.06 35.33 1.88 2 0.03 0.01 27.83 0.02 0 0.09 0 0 0.75 97.67
14 29.69 35.19 2 1.83 0.01 0.01 28.03 0.02 0 0.07 0.02 0 1.06 97.42
15 30.03 34.7 1.97 2.04 0.01 0.02 27.71 0.05 0 0.1 0.01 0 0.88 97.15
16 30.34 34.24 2.1 2.13 0.01 0.02 27.95 0.02 0 0.03 0.01 0 0.9 97.35
17 30.06 34.79 1.76 2.12 0.03 0.01 27.74 0.03 0.01 0.14 0.01 0 0.66 97.05
18 30.22 34.91 1.62 2.12 0.02 0.01 27.85 0.01 0.01 0.06 0.01 0 0.77 97.24
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3.2. Analytical methods

Electron probe microanalysis (EPMA) and in situ laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS) were con-
ducted at the University of Tasmania. Analytical conditions for the
EPMA include: Voltage: 15 kV; Current: 20 nA; Beam size: 2 µm.
Analytical accuracies for most elements were about 0.1%.

The LA-ICP-MS analysis was performed on an Agilent 7900 quad-
rupole ICP-MS coupled with a 193 nm Coherent Ar-F excimer laser and
an ASI Resolution S155 ablation cell. The downhole fractionation, in-
strumental drift and mass bias correction factors for Pb/U ratios on

titanite were calculated using an in-house primary standard (100606
titanite) and secondary standard titanite (19686 titanite), which were
analyzed at the beginning of the session and after every 12 unknown
titanite determinations (roughly every 1/2 h). The correction factor for
the 207Pb/206Pb ratio was calculated using two NIST610 analyses with
the values recommended by Baker et al. (2004).

Each analysis on the titanite began with a 30 s blank gas measure-
ment followed by a further 30 s of analysis time when the laser was
switched on. Titanite was sampled with a 29 µm laser spot using the
laser at 5 Hz and a fluence of approximately 2 J/cm2. A flow of He
carrier gas at a rate of 0.35 L/min carried particles ablated by the laser

Table 2
Trace element analysis result (×10−6) of the Luohe titanite by LA–ICP–MS.

Sample No. La Ce Pr Nd Sm Eu Gd Dy Er Yb Zr Nb ΣREE LREE/HREE δEu δCe

zk2-1-1092-1 1360 3519 433 1661 328 56 275 223 120 92 3199 1360 8067 10.4 0.57 1.16
zk2-1-1092-2 993 2613 320 1262 256 44 211 181 101 81 5833 865 6062 9.6 0.58 1.16
zk2-1-1092-3 746 2014 256 1036 214 38 190 166 93 72 1621 644 4825 8.3 0.58 1.16
zk2-1-1092-4 911 2497 320 1265 265 43 220 191 102 80 3647 863 5894 8.9 0.54 1.17
zk2-1-1092-5 764 2104 267 1072 222 40 190 167 91 72 2144 677 4989 8.6 0.60 1.18
zk2-1-1092-6 708 1915 249 990 211 38 183 162 92 75 1659 609 4623 8.0 0.59 1.16
zk2-1-1092-7 1219 3195 394 1534 303 51 246 203 108 81 8650 1359 7334 10.5 0.57 1.16
zk2-1-1092-8 883 2471 318 1298 274 42 228 197 105 83 6082 924 5899 8.6 0.51 1.18
zk2-1-1092-9 1314 3656 466 1808 356 57 286 231 121 91 5003 1312 8386 10.5 0.55 1.20
zk2-1-1092-10 758 2063 265 1070 225 39 189 165 89 72 2969 684 4935 8.6 0.58 1.16
zk2-1-1092-11 1325 3805 503 1992 397 63 318 255 135 100 5463 1256 8893 10.0 0.54 1.20
zk2-1-1092-12 700 1894 245 963 206 36 182 163 89 74 1473 539 4552 8.0 0.57 1.16
zk2-1-1092-13 1110 3055 387 1516 308 50 245 199 103 80 5213 978 7053 10.2 0.56 1.19
zk2-1-1092-14 1327 3352 417 1607 319 53 256 218 116 91 4728 1361 7756 10.4 0.57 1.13
zk2-1-1092-15 1119 3061 392 1527 314 47 247 203 106 79 5278 949 7095 10.2 0.52 1.18
zk2-1-1092-16 950 2616 333 1313 267 43 218 184 100 76 3480 836 6100 9.6 0.54 1.18
zk2-1-1092-17 862 2298 288 1139 234 39 194 164 90 69 2252 632 5377 9.4 0.56 1.16
zk2-1-1092-18 1017 2799 353 1394 282 48 233 191 100 75 4785 850 6492 9.8 0.57 1.18
zk2-1-1092-19 1026 2637 332 1290 260 44 216 182 99 77 4312 823 6163 9.7 0.57 1.14
zk2-1-1092-20 795 2175 274 1106 223 39 192 160 87 66 1651 550 5117 9.1 0.58 1.17
zk2-1-1092-21 838 2216 281 1131 236 40 194 171 90 72 3077 646 5269 9.0 0.57 1.14
zk2-1-1092-22 771 2112 271 1081 227 39 194 165 90 68 3597 686 5018 8.7 0.57 1.17
zk2-1-1092-23 1039 2921 379 1499 308 50 258 212 113 86 4505 1027 6865 9.3 0.54 1.19
zk2-1-1092-24 1083 3037 396 1581 319 51 259 212 112 86 3518 1012 7136 9.7 0.54 1.18
zk2-1-1092-25 1161 3054 380 1484 297 50 232 195 104 83 5946 1218 7040 10.5 0.58 1.16
zk2-1-1092-26 943 2597 332 1341 281 45 231 195 103 79 5893 1069 6148 9.1 0.54 1.17
zk2-1-1092-27 1020 2819 361 1454 302 49 240 210 110 82 4446 967 6646 9.4 0.55 1.17
zk2-1-1092-28 682 1876 238 966 207 36 185 160 89 73 1904 587 4512 7.9 0.56 1.17
zk2-1-1092-29 1063 2696 334 1293 263 45 220 187 101 80 3250 893 6282 9.7 0.57 1.14
zk2-1-1500-1 951 2786 363 1462 305 49 250 203 108 86 5417 1210 6563 9.1 0.54 1.21
zk2-1-1500-2 909 2777 360 1451 296 53 247 214 127 111 312 425 6545 8.4 0.60 1.25
zk2-1-1500-3 1092 3224 423 1674 333 55 271 227 128 107 918 730 7534 9.3 0.56 1.22
zk2-1-1500-4 1378 3815 485 1900 362 61 290 239 132 110 1299 884 8772 10.4 0.58 1.19
zk2-1-1500-5 1042 3079 394 1556 309 55 244 208 119 100 481 527 7106 9.6 0.61 1.24
zk2-1-1500-6 1116 3280 423 1663 333 56 273 231 134 115 406 698 7624 9.1 0.57 1.23
zk2-1-1500-7 1123 3363 436 1734 343 54 269 222 123 99 1494 677 7766 9.9 0.54 1.24
zk2-1-1500-8 1458 4045 512 1955 372 63 293 233 127 107 1006 805 9165 11.1 0.58 1.20
zk2-1-1500-9 1521 4213 531 2049 389 66 308 248 144 120 1195 1241 9589 10.7 0.58 1.20
zk2-1-1500-10 1356 3811 483 1874 361 60 280 228 126 106 484 726 8685 10.7 0.58 1.21
zk2-1-1500-11 1211 3563 461 1822 360 64 293 247 143 125 720 656 8289 9.3 0.60 1.23
zk2-1-1500-12 1229 3707 484 1906 374 65 297 243 131 113 1586 959 8549 9.9 0.60 1.25
zk2-1-1500-13 1370 3934 502 1959 377 64 292 234 130 109 748 919 8971 10.7 0.59 1.22
zk2-1-1500-14 1182 3415 431 1644 320 54 247 205 115 97 906 789 7710 10.6 0.59 1.24
zk2-1-1500-15 1228 3583 457 1802 353 58 287 236 133 111 2562 942 8248 9.8 0.56 1.23
zk2-1-1547-1 1357 3765 462 1740 307 67 235 179 93 77 428 398 8282 13.2 0.76 1.22
zk2-1-1547-2 1068 2908 352 1311 237 51 177 145 79 68 216 399 6396 12.6 0.76 1.22
zk2-1-1547-3 1748 4462 524 1922 333 69 250 192 108 91 253 597 9699 14.1 0.73 1.18
zk2-1-1547-4 1464 3782 449 1679 294 62 230 178 99 83 361 579 8320 13.1 0.73 1.18
zk2-1-1547-5 1924 5008 600 2204 391 73 292 221 121 97 1889 856 10931 14.0 0.66 1.19
zk2-1-1547-6 1326 3654 451 1687 312 64 228 174 92 72 1005 423 8060 13.2 0.73 1.22
zk2-1-1547-7 1288 3375 400 1468 257 56 194 147 83 68 331 342 7336 13.9 0.77 1.20
zk2-1-1547-8 1026 2698 345 1321 265 51 213 188 103 80 2659 744 6290 9.8 0.66 1.16
zk2-1-1547-9 1279 3345 392 1467 259 57 197 154 84 71 1662 595 7305 13.4 0.77 1.19
zk2-1-1547-10 1456 3783 446 1657 293 61 224 173 96 79 189 425 8268 13.5 0.73 1.19
zk2-1-1547-11 1405 3742 442 1577 266 63 194 140 75 59 589 255 7963 16.0 0.85 1.23
zk2-1-1547-12 1630 4191 487 1787 310 67 236 184 103 90 210 590 9085 13.8 0.76 1.19

Note: δEu= (Eu/Eu*)N=EuN/sqrt(SmN+GdN); δCe= (Ce/Ce*)N=CeN/sqrt(LaN+ PrN); LREE= La+Ce+Pr+Nd+Sm; HREE=Gd+Dy+Er+Yb.

Y. Liu et al. Ore Geology Reviews 92 (2018) 284–296

289



out of the chamber to be mixed with Ar gas and carried to the plasma
torch. Isotopes measured were 43Ca, 49Ti, 56Fe, 90Zr, 93Nb, 139La, 140Ce,
141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 163Dy, 166Er, 172Yb, 202Hg, 204Pb,
206Pb, 207Pb, 208Pb, 232Th and 238U, with each element being measured
every 0.17 s, with longer counting time on the Pb isotopes than the
other isotopes. The data reduction used was based on the method
outlined in detail in Halpin et al. (2014) with an additional modifica-
tion to help correct for the small amount of common Pb present in the
primary standard using the 207Pb correction of Chew et al. (2014).

4. Results

4.1. Major and trace elements of titanite

The major and trace element analysis results are listed in Tables 1
and 2. The two deep titanite samples are geochemically similar in major
elements: zk2-1-1500 contains SiO2=29.7–30.3 wt%;
TiO2= 33.9–36.0 wt%; CaO=27.1–27.9 wt%; Al2O3=1.09–1.99 wt
%; FeO=1.53–2.16 wt% and F=0.56–1.03 wt%. zk2-1-1547 contains
SiO2= 29.7–30.6 wt%; TiO2=34.2–37.1 wt%; CaO=27.5–28.5 wt%;
Al2O3= 0.94–2.1 wt%; FeO=1.33–2.12 wt% and F=0.52–1.06 wt%.
The shallow-level zk2-1-1092 contains SiO2=30.0–30.6 wt%;
TiO2= 34.9–41.0 wt%; CaO=25.0–28.3 wt%; Al2O3=1.06–1.66 wt
%; FeO (total Fe) = 1.53–2.20 wt% and F= 0.57–0.85 wt%. The
shallow-level titanite contains wider Ca-Ti concentration ranges,
whereas the deep-level titanite contains wider Al and F concentration
ranges. The Si-Fe concentration ranges are essentially the same for both
shallow- and deep-level titanite.

Deep-level titanite contains higher total REE contents
(∑REE=6160–13282 ppm, average 8491 ppm) and high chondrite-
normalized LREE/HREE ratios (8.4–16.0, average 11.4; (La/
Yb)N= 5.9–17.0, average at 10.2) (Fig. 4A), and shows distinct nega-
tive Eu anomalies (δEu=0.53–0.84) and weak positive Ce anomalies
(δCe= 1.11–1.19). Variation of Th (138–1355 ppm, average 520 ppm)
and U (168–2347 ppm, average 676 ppm) concentrations and Th/U
ratios (0.19–4.60) are large (Fig. 4A). Variations of U and ∑REE con-
centrations are to some extent consistent with each other (Fig. 4B).

The shallow-level titanite contains lower ∑REE (4511–8893 ppm,
average 6222 ppm). Its LREE/HREE and (La/Yb)N ratios are 7.9–10.5
(average 9.4) and 6.7–10.8 (average 8.8), respectively, indicating sig-
nificant LREE/HREE fractionation. The mineral also contains distinct
negative Eu anomalies (δEu=0.52–0.60) and weak positive Ce
anomalies (δCe=1.10–1.14). Its Th and U concentrations are
716–1762 ppm (average 1037 ppm) and 147–873 ppm (average
266 ppm), respectively, yielding relatively high and variable Th/U ra-
tios (2.00–6.47) (Fig. 4A). Again, U is positively correlated with total
REE (Fig. 4B).

4.2. Titanite U-Pb ages

Some titanite grains in our samples contain slightly higher common
Pb and varying Pb/U, and choosing an initial Pb isotopic composition to
calculate the age may not be appropriate (Frost et al., 2001). Thus, we
use the 207Pb-correction method to calculate the titanite age (Stern,
1997; Aleinikoff et al., 2002). The uncorrected data are plotted in the
Tera–Wasserburg diagram (Fig. 5), and these analyses yielded a lower
intercept that approximates the titanite age. The y-intercept initial
207Pb/206Pb can be used to obtain the individual 207Pb-corrected
206Pb/238U ages (Stern, 1997; Frost et al., 2001), which can be used to
calculate the weighted average age of titanite. As shown in the Tera-
Wasserburg concordia diagram, shallow-level sample zk2-1-1092
yielded a U-Pb intercept age of 130.0 ± 0.9Ma, and a 207Pb corrected
206Pb/238U weighted average age of 130.0 ± 0.8Ma (n= 29,
MSWD=1.7), consistent with the lower intercept age within analytical
error (Fig. 5A, B).

Deep-level titanite sample zk2-1-1500 yielded a intercept age of
128.8 ± 0.6Ma, and a 207Pb corrected 206Pb/238U weighted average
age of 129.1 ± 0.8Ma (n= 21, MSWD=1.5) (Fig. 5C, D). Sample
zk2-1-1547 yielded a U-Pb intercept age of 129.5 ± 0.5Ma, and a
207Pb corrected 206Pb/238U weighted average age of 129.7 ± 0.8Ma
(n= 21, MSWD=1.3), consistent with the lower intercept age within
analytical error (Fig. 5E, F). The titanite grains have no obvious textural
difference under the microscope (Fig. 6A), but analysis spots within a
single titanite grain can have very different ages. BSE imaging also
shows that the titanite composition is not homogenous (Fig. 6B,
Table 3). The significantly younger U-Pb ages of the titanite were
possibly formed by thermal resetting by younger intrusions, e.g., sye-
nite dikes.

5. Discussion

5.1. Origin of the Luohe titanite

The Luohe titanite is largely euhedral to subhedral, and coexists
with hydrothermal minerals (e.g., magnetite, diopside, anhydrite, epi-
dote and apatite) in crosscutting veins, which indicates its hydro-
thermal origin. BSE imaging reveals no consistent zonation in the ti-
tanite (Fig. 3G, H), which suggests that the titanite was precipitated in
one mineralizing event. Previous titanite geochemical studies (e.g.,
Cempírek et al., 2008; Horie et al., 2008; Olin and Wolff, 2012; Che
et al., 2013; Cao et al., 2015) indicated negative TiO2 vs. (FeO+Al2O3)
and TiO2 vs. F correlations (Fig. 7A, B), which suggests the occurrence
of the replacement reaction [(Al, Fe)3++ (F, OH)−=Ti4++O2−],
which is promoted by high temperature (> 500 °C) and pressure
(Tropper et al., 2002).

LA-ICP-MS titanite trace element data reveal that the Luohe titanite
is enriched in Zr, Nb and REEs, with the (Zr+Nb+ ∑REE)

Fig. 4. (A) Box plot of Luohe titanite trace elements; (B) Binary U vs. ∑REE diagram.
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concentrations of the shallow- and deep-level titanite being 0.66–1.73%
and 0.70–1.76%, respectively. Previous studies suggested that REEs
would replace Ca in titanite crystal lattice, and HFSEs (e.g., Zr and Nb)
would replace Ti (-Al-Fe) (Della Ventura et al., 1999). The positive Zr
vs. Nb correlation for the Luohe titanite suggests their similar role in the
replacement reaction (Fig. 7C). Zr can replace Ti in titanite, and the
extent of replacement correlates positively with temperature (under
similar pressure; Hayden et al., 2008). According to Einaudi et al.

(1981) and Hayden et al. (2008), typical skarn alteration can occur
under 0.1–0.3 GPa, with aTiO2= aSiO2=0.5. Titanite thermobaro-
metric calculation (i.e., Zr-titanite (ppm)= 10.52(± 0.01)–7708(±
101)/T(K)–960(± 10) ∗ P(GPa)/T(K)–log(aTiO2)–log(aSiO2)) yielded
formation temperatures for the Luohe titanite of 620–820 °C (average
730 °C, n= 86). Titanite from the Jinshandian Fe skarn deposit (which
is located in the MLYB) has yielded formation temperatures of ca.
452–793 °C (Zhu et al., 2014). Some of the Jinshandian titanite coexists

Fig. 5. LA-ICP-MS U-Pb diagrams (A, C, E) and weighted average age (B, D, F) for the Luohe titanite.
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with skarn minerals (diopside and garnet), and has formation tem-
perature similar to Luohe, which coexists with magnetite. The asso-
ciation of the Luohe titanite with magnetite and large amounts of
fluorapatite and phlogopite, suggest that the Luohe deposit formed in a
high temperature, F-rich system, favorable for titanium migration.

Titanite Th/U ratios can be used as genetic indicators. In general,
hydrothermal titanite contains lower Th/U (mostly < 1), whereas that
of magmatic titanite is higher (Aleinikoff et al., 2002; Gao et al., 2012;
Che et al., 2013; Deng et al., 2015). The Luohe titanite contains a wide
Th/U range (zk2-1-1092=2.0–6.5, average 4.4; zk2-1-
1500=0.6–4.6, average 1.4; zk2-1-1547= 0.2–4.2, average 0.7). Re-
latively high Th/U ratios were reported from the hydrothermal titanite
in both the Tonglushan Cu-Au-Fe skarn deposit (SE Hubei province)
(1.45–3.22; Li et al., 2010) and Jinshandian Fe skarn deposit
(1.94–17.20; Zhu et al., 2014), and the Th/U ratios correlate positively
with Zr concentrations (Fig. 7D). As mentioned before, titanite Zr
concentrations increase with temperature, and the Th/U ratios also
increase with temperature. Therefore, hydrothermal titanite crystal-
lized at high temperature would also have Th/U > 1, suggesting that
Th/U ratios could not clearly discriminate between titanite formed
under high temperature magmatic/hydrothermal conditions, whether
from skarn- or magnetite-apatite type deposits.

Titanite trace elements are indicative of its origin. Titanite from Fe
(-Cu) skarn deposits could be formed at different stages of the hydro-
thermal alteration, and would display distinct mineral and geochemical
characteristics (Li et al., 2010; Zhu et al., 2014). The Luohe hydro-
thermal titanite probably began to crystallize in the diopside-anhydrite
alteration stage, and coexists with diopside, magnetite and apatite. The
three Luohe titanite samples have similar REE compositions, including
right-dipping REE patterns, and high ∑REE and distinct negative Eu
anomalies. These features are also shared by the hydrothermal titanite
(skarn stage) from the Jinshandian Fe skarn deposit (Fig. 8A, Zhu et al.,
2014), suggesting that the two deposits may have a similar environment
of formation and fluid source.

As for the other deposits in this area (e.g., Ruanjiawan and
Tonglushan) (Li et al., 2010; Deng et al., 2015), hydrothermal titanite
from the Ruanjiawan W-Mo-Cu skarn deposit contains lower ∑REE and
shows LREE depletions. The depletion of LREEs in the altered titanite
can be interpreted to result from the formation of LREE-enriched epi-
dote during the hydrothermal alteration (Deng et al., 2015). The Ton-
glushan hydrothermal epidote-hosted titanite and calcite-hosted tita-
nite have very different REE patterns (Li et al., 2010, Fig. 8B), which
also indicate that the formation of LREE-enriched minerals (e.g., apatite
and epidote) with decreasing temperature can deplete LREE in the re-
sidual fluids. The Luohe hydrothermal titanite REE patterns are similar
to those of typical magmatic titanite (Fig. 8A, B), indicating that the
titanite may have formed earlier than the LREE-rich minerals, and that
the titanite REE compositions are not significantly changed by later

fluid alteration. Europium anomalies of titanite are mainly influenced
by oxygen fugacity (fO2): Oxidation of Eu2+ into Eu3+ would inhibit its
replacement for Ca2+ in the titanite crystal lattice, creating the distinct
negative Eu anomalies (Horie et al., 2008). In this study, samples zk2-1-
1092 and zk2-1-1500 show distinct negative Eu anomalies, whereas
that of zk2-1-1547 is much less distinctive (Fig. 8C), which shows in-
creasing fO2 during fluid ascent and/or migration from deep to shallow.

5.2. Age of the Luohe Fe deposit

No obvious core-rim texture was found in the Luohe titanite by ei-
ther microscopic petrography or BSE imaging (except patchy textures in
very few titanite grains), suggesting a single-phase hydrothermal crys-
tallization. The coexistence of titanite with magnetite (Fig. 3A, B)
suggests that the titanite U-Pb age reflects also the Fe mineralization
age. In this study, the shallow-level Luohe hydrothermal titanite
yielded a 207Pb-corrected 206Pb/238U weighted average age of
130.0 ± 0.8Ma, whilst the two deep-level Luohe hydrothermal titanite
samples yielded weighted average ages of 129.1 ± 0.8Ma–129.7 ±
0.8Ma. This indicates that the two deep-level titanite samples have
similar ages (within analytical error). The consistent ages (ca. 130Ma;
within analytical error) and REE distribution patterns of the three
Luohe titanite samples suggest that the ore fluids in the shallow- and
deep-level orebodies may have had the same magmatic-hydrothermal
source and belong to the same hydrothermal system. Combined with
ore geological features, we propose that the shallow- and deep-level
orebodies at Luohe were deposited from the same mineralizing system.

There are over 30 intrusions (ca. 0.1–50 km2 each) in the Lu-Zong
mineral district. Previous geochronological studies on these intrusions
(Fan et al., 2008, 2014a,b; Zhou et al., 2007, 2010a,b; Zhang, 2011;
Qiu, 2014) have placed these intrusions into three major phases: (1)
134–132Ma buried diorite that is closely related to the Fe mineraliza-
tion; (2) 134–130Ma monzonite and syenite in northern Lu-Zong; (3)
129–123Ma quartz syenite and A-type granite in southern Lu-Zong. The
age of the Luohe magnetite mineralization (ca. 130Ma) is consistent
with either the first or second intrusive phases, yet field investigation
found that the second-phase syenite crosscuts the orebodies, suggesting
that the Luohe ore-forming magmas may have been diorite of the first
intrusive phase.

6. Conclusions

(1) Formation temperatures of the Luohe titanite from the shallow- and
deep-level orebodies were calculated to be similar (ca. 700 °C); this
is believed to be the magnetite deposition temperature, and is
higher than mineralization temperature of typical Fe skarn deposits.

(2) The Luohe hydrothermal titanite shows LREE-enrichment (which is
typical of igneous titanite), and its crystallization was probably

Fig. 6. (A) Photomicrograph of a deep-level titanite grain; (B) BSE image showing individual titanite grains have complex structure and different parts yield different ages.
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Table 3
LA-ICP MS U–Th–Pb isotope data for titanite grains.

Analysis
number

Concentration (ppm) Th/U Measured isotopic ratios 206Pb/238U (Ma) 207Pb-Corrected ages (Ma)

Th U Pb 238U/206Pb 206Pb/238U 1σ 208Pb/232Th 1σ 207Pb/206Pb 1σ Age 1σ 206Pb/238U 1σ

Shallow ZK2-1-1092-1 1762 873 27.7 2.02 49.75 0.0201 0.0088 0.0065 0.014 0.0549 0.0124 128.05 1.13 127.03 1.12
ZK2-1-1092-2 1040 242 11.1 4.3 49.02 0.0204 0.0145 0.0067 0.0172 0.0683 0.03 130.39 1.90 127.19 1.87
ZK2-1-1092-3 797 190 8.7 4.2 49.02 0.0204 0.0129 0.0067 0.0156 0.0675 0.0274 130.43 1.68 127.37 1.66
ZK2-1-1092-4 929 209 9.8 4.45 49.26 0.0203 0.0144 0.0067 0.0157 0.0611 0.0269 129.78 1.87 127.75 1.85
ZK2-1-1092-5 759 187 8.3 4.07 48.54 0.0206 0.0151 0.0065 0.0161 0.0676 0.0263 131.22 1.98 128.11 1.94
ZK2-1-1092-6 781 221 9.3 3.52 48.78 0.0205 0.0136 0.0068 0.016 0.0624 0.0261 130.83 1.77 128.58 1.75
ZK2-1-1092-7 1287 449 16.5 2.86 49.02 0.0204 0.0116 0.0066 0.0151 0.0569 0.0236 130.35 1.52 129 1.51
ZK2-1-1092-8 1325 205 12.2 6.47 48.31 0.0207 0.0139 0.0067 0.0145 0.0673 0.0262 132.14 1.84 129.08 1.81
ZK2-1-1092-9 1353 228 12.7 5.95 49.02 0.0204 0.0124 0.0066 0.0151 0.0559 0.0304 130.31 1.62 129.12 1.62
ZK2-1-1092-10 760 176 8.4 4.33 48.31 0.0207 0.0144 0.0068 0.0157 0.065 0.0346 132.24 1.90 129.55 1.89
ZK2-1-1092-11 1071 225 10.9 4.76 48.78 0.0205 0.0138 0.0065 0.0153 0.0565 0.0315 131.05 1.81 129.76 1.8
ZK2-1-1092-12 758 219 8.5 3.47 48.08 0.0208 0.0224 0.0065 0.0215 0.0656 0.044 132.92 2.98 130.11 2.94
ZK2-1-1092-13 1104 200 10.6 5.51 48.08 0.0208 0.013 0.0064 0.015 0.0634 0.0244 132.56 1.72 130.13 1.7
ZK2-1-1092-14 1703 850 27.5 2 48.54 0.0206 0.0094 0.0067 0.0144 0.0555 0.0145 131.29 1.24 130.17 1.22
ZK2-1-1092-15 1081 206 10.6 5.25 47.39 0.0211 0.0159 0.0067 0.0177 0.0736 0.042 134.37 2.14 130.19 2.12
ZK2-1-1092-16 984 206 10.3 4.78 47.62 0.0210 0.0125 0.0068 0.015 0.0663 0.0285 133.80 1.68 130.87 1.66
ZK2-1-1092-17 830 189 9.0 4.38 47.62 0.0210 0.0138 0.0066 0.0155 0.0659 0.0255 133.75 1.85 130.88 1.82
ZK2-1-1092-18 943 183 9.6 5.16 47.39 0.0211 0.0143 0.0067 0.0154 0.0693 0.0295 134.59 1.92 131.13 1.89
ZK2-1-1092-19 1044 231 11.2 4.52 47.39 0.0211 0.0128 0.0067 0.0156 0.0662 0.028 134.66 1.72 131.73 1.7
ZK2-1-1092-20 716 147 7.6 4.88 46.95 0.0213 0.0157 0.0068 0.0155 0.0733 0.0341 135.99 2.14 131.81 2.1
ZK2-1-1092-21 823 176 8.8 4.67 47.17 0.0212 0.0142 0.0068 0.0162 0.0664 0.0292 134.97 1.92 131.99 1.89
ZK2-1-1092-22 737 169 8.2 4.36 47.39 0.0211 0.0144 0.0069 0.0162 0.065 0.0314 134.84 1.94 132.1 1.92
ZK2-1-1092-23 1111 182 10.7 6.11 46.95 0.0213 0.0135 0.0068 0.0147 0.066 0.0287 135.55 1.83 132.63 1.81
ZK2-1-1092-24 924 182 9.4 5.06 46.95 0.0213 0.0139 0.0066 0.0156 0.0632 0.0317 135.67 1.88 133.22 1.87
ZK2-1-1092-25 1341 446 16.6 3.01 47.17 0.0212 0.0126 0.0068 0.0172 0.0594 0.0288 135.16 1.70 133.36 1.69
ZK2-1-1092-26 1109 328 13.9 3.38 46.51 0.0215 0.0118 0.0068 0.0146 0.0593 0.024 137.02 1.61 135.22 1.60
ZK2-1-1092-27 1038 176 9.7 5.90 49.03 0.0204 0.0156 0.0067 0.0152 0.0706 0.0282 130.17 2.04 126.59 1.99
ZK2-1-1092-28 1117 195 11.0 5.73 48.56 0.0206 0.0219 0.0065 0.0228 0.0776 0.0600 131.39 2.88 126.65 2.86
ZK2-1-1092-29 777 236 9.2 3.29 49.71 0.0201 0.0159 0.0065 0.0186 0.0574 0.0327 128.38 2.04 126.97 2.03

Deep ZK2-1-1500-1 829 180 8.6 4.6 49.26 0.0203 0.0163 0.0066 0.017 0.0656 0.0334 129.36 2.11 126.62 2.08
ZK2-1-1500-2 364 428 10.6 0.85 49.75 0.0201 0.0116 0.0069 0.0192 0.055 0.0223 128.19 1.49 127.16 1.48
ZK2-1-1500-3 518 278 8.6 1.87 49.75 0.0201 0.0111 0.0066 0.018 0.0551 0.025 128.21 1.43 127.17 1.42
ZK2-1-1500-4 585 674 16.4 0.87 49.75 0.0201 0.0126 0.0066 0.0227 0.0516 0.031 128.00 1.61 127.53 1.61
ZK2-1-1500-5 307 253 6.9 1.22 49.50 0.0202 0.0124 0.0072 0.0197 0.0562 0.0286 128.80 1.60 127.58 1.6
ZK2-1-1500-6 458 502 12.3 0.91 49.75 0.0201 0.0108 0.0066 0.0196 0.0506 0.0227 128.01 1.38 127.7 1.38
ZK2-1-1500-7 552 215 7.7 2.57 49.02 0.0204 0.0146 0.0066 0.0182 0.0637 0.0295 130.21 1.91 127.76 1.88
ZK2-1-1500-8 485 487 12.5 1 49.75 0.0201 0.0111 0.0065 0.0217 0.0515 0.0271 128.26 1.42 127.79 1.43
ZK2-1-1500-9 837 1362 31.1 0.61 50.00 0.0200 0.0123 0.0066 0.0227 0.0491 0.0223 127.95 1.58 127.87 1.57
ZK2-1-1500-10 494 359 10.0 1.37 49.50 0.0202 0.0105 0.0066 0.0177 0.0529 0.0245 128.65 1.35 127.96 1.35
ZK2-1-1500-11 409 409 10.6 1 49.50 0.0202 0.012 0.007 0.0197 0.0522 0.0234 128.81 1.55 128.24 1.54
ZK2-1-1500-12 570 326 19.8 1.75 42.37 0.0236 0.026 0.0104 0.0353 0.1624 0.0476 150.29 3.90 129.05 3.64
ZK2-1-1500-13 625 568 15.4 1.1 48.54 0.0206 0.0096 0.0072 0.0165 0.0593 0.0165 131.67 1.27 129.91 1.25
ZK2-1-1500-14 492 344 10.8 1.43 48.54 0.0206 0.0204 0.0064 0.0312 0.0536 0.0425 131.33 2.68 130.52 2.67
ZK2-1-1500-15 734 467 14.1 1.57 48.31 0.0207 0.0112 0.0068 0.0167 0.0513 0.0223 131.78 1.48 131.35 1.47
ZK2-1-1500-16 626 202 10.2 3.1 47.62 0.0210 0.0097 0.0086 0.0202 0.0762 0.016 134.14 1.30 129.54 1.26
ZK2-1-1500-17 626 267 13.7 2.35 48.54 0.0206 0.0162 0.0079 0.0372 0.0584 0.0424 131.28 2.12 129.68 2.12
ZK2-1-1500-18 1032 694 8.2 1.49 48.78 0.0205 0.0126 0.0058 0.0168 0.0542 0.026 130.90 1.65 129.99 1.64
ZK2-1-1500-19 535 795 20.2 0.67 48.31 0.0207 0.0132 0.0064 0.0322 0.0523 0.0289 131.85 1.74 131.25 1.74
ZK2-1-1500-20 787 805 32.0 0.98 48.31 0.0207 0.0091 0.006 0.02 0.0512 0.0161 131.97 1.20 131.55 1.2
ZK2-1-1500-21 324 420 11.0 0.77 47.62 0.0210 0.0111 0.0063 0.0228 0.0508 0.022 133.89 1.49 133.55 1.48
ZK2-1-1547-1 255 262 7.6 0.97 49.75 0.0201 0.0135 0.0068 0.0234 0.053 0.0298 128.24 1.73 127.54 1.73
ZK2-1-1547-2 213 266 12.7 0.8 48.78 0.0205 0.014 0.0073 0.0274 0.0678 0.0312 130.93 1.83 127.79 1.81
ZK2-1-1547-3 450 2347 10.9 0.19 49.02 0.0204 0.0077 0.0101 0.019 0.0625 0.0114 130.33 1.01 128.07 0.99
ZK2-1-1547-4 94 139 22.0 0.68 48.54 0.0206 0.0149 0.0085 0.0308 0.0682 0.0377 131.40 1.96 128.2 1.94
ZK2-1-1547-5 382 1221 31.0 0.31 49.75 0.0201 0.0084 0.0067 0.019 0.0503 0.0125 128.56 1.07 128.28 1.07
ZK2-1-1547-6 459 1097 7.1 0.42 49.50 0.0202 0.0095 0.0069 0.0201 0.0536 0.014 129.12 1.22 128.31 1.22
ZK2-1-1547-7 244 257 21.9 0.95 46.95 0.0213 0.0155 0.0087 0.0246 0.0929 0.029 136.18 2.11 128.67 2.03
ZK2-1-1547-8 243 566 22.1 0.43 49.26 0.0203 0.0132 0.0066 0.0343 0.0519 0.0303 129.27 1.71 128.74 1.71
ZK2-1-1547-9 740 397 6.6 1.87 43.86 0.0228 0.0159 0.0147 0.0227 0.1349 0.0311 145.11 2.31 129.55 2.2
ZK2-1-1547-10 277 1342 6.6 0.21 48.54 0.0206 0.0086 0.0091 0.0196 0.0597 0.0119 131.37 1.13 129.56 1.11
ZK2-1-1547-11 30 99 6.6 0.3 48.54 0.0206 0.0183 0.0087 0.0524 0.0573 0.0418 131.51 2.41 130.09 2.4
ZK2-1-1547-12 331 905 51.2 0.37 48.78 0.0205 0.0134 0.0065 0.0273 0.0508 0.0294 130.83 1.76 130.49 1.76
ZK2-1-1547-13 138 312 3.6 0.44 48.54 0.0206 0.015 0.0072 0.0303 0.0526 0.0325 131.67 1.97 131.03 1.97
ZK2-1-1547-14 26 72 26.4 0.35 47.85 0.0209 0.0226 0.0077 0.0531 0.0629 0.0448 133.65 3.02 131.29 2.98
ZK2-1-1547-15 361 990 24.6 0.36 45.25 0.0221 0.0089 0.0138 0.0192 0.0971 0.0128 141.09 1.26 132.59 1.2
ZK2-1-1547-16 711 168 7.4 4.23 47.62 0.0210 0.0097 0.0086 0.0202 0.0762 0.016 134.14 1.30 129.54 1.26
ZK2-1-1547-17 367 546 12.1 0.67 48.54 0.0206 0.0162 0.0079 0.0372 0.0584 0.0424 131.28 2.12 129.68 2.12
ZK2-1-1547-18 281 407 18.2 0.69 48.78 0.0205 0.0126 0.0058 0.0168 0.0542 0.026 130.90 1.65 129.99 1.64
ZK2-1-1547-19 331 1036 29.3 0.32 48.31 0.0207 0.0132 0.0064 0.0322 0.0523 0.0289 131.85 1.74 131.25 1.74
ZK2-1-1547-20 492 1432 2.3 0.34 48.31 0.0207 0.0091 0.006 0.02 0.0512 0.0161 131.97 1.20 131.55 1.2
ZK2-1-1547-21 378 251 19.6 1.51 47.62 0.0210 0.0111 0.0063 0.0228 0.0508 0.022 133.89 1.49 133.55 1.48

(continued on next page)
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before or synchronous with the LREE-rich apatite and epidote.
(3) Th/U ratios cannot effectively discriminate igneous vs. hydro-

thermal origin for high-temperature titanite.
(4) Luohe ore formation was dated at 130Ma, coeval with widespread

buried diorite intrusions in the basin, suggests that the Fe ore-
forming fluids may have been derived from the diorite.
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Table 3 (continued)

Analysis
number

Concentration (ppm) Th/U Measured isotopic ratios 206Pb/238U (Ma) 207Pb-Corrected ages (Ma)

Th U Pb 238U/206Pb 206Pb/238U 1σ 208Pb/232Th 1σ 207Pb/206Pb 1σ Age 1σ 206Pb/238U 1σ

Younger
sp-
ots

ZK2-1-1500 626 202 21.0 3.1 52.36 0.0191 0.0166 0.0065 0.0209 0.0605 0.0028 122.13 2.03 120.29 2.03
ZK2-1-1500 626 267 22.2 2.35 51.28 0.0195 0.0128 0.0067 0.0185 0.0546 0.0016 124.32 1.60 123.36 1.59
ZK2-1-1500 1032 694 7.6 1.49 51.02 0.0196 0.0101 0.0065 0.015 0.0534 0.0009 124.82 1.27 124.05 1.25
ZK2-1-1547 195 485 10.4 0.4 52.91 0.0189 0.0161 0.0072 0.0369 0.0521 0.0344 120.69 1.94 120.13 1.94
ZK2-1-1547 405 426 10.4 0.95 52.08 0.0192 0.0114 0.0061 0.0225 0.0528 0.0255 122.48 1.40 121.81 1.4
ZK2-1-1547 439 1255 28.0 0.35 51.55 0.0194 0.0106 0.008 0.0232 0.061 0.0186 124.06 1.32 122.12 1.3
ZK2-1-1547 525 1164 33.8 0.45 49.50 0.0202 0.0112 0.0101 0.0302 0.0856 0.0282 129.14 1.45 123.17 1.43

Primary
Sta-
nd-
ard

19686-Titanite 0.1926 0.0123 0.0596 0.0227 0.0792 0.0189 1133.55 13.61
19686-Titanite 0.1933 0.0111 0.0567 0.0243 0.0796 0.0182 1137.05 12.26
19686-Titanite 0.1940 0.0108 0.0596 0.0217 0.0791 0.0171 1141.40 12.00
19686-Titanite 0.1940 0.0102 0.0600 0.0214 0.0781 0.0162 1142.80 11.30
19686-Titanite 0.1948 0.0107 0.0612 0.0217 0.0779 0.0143 1147.49 11.96
19686-Titanite 0.1950 0.0100 0.0587 0.0213 0.0785 0.0152 1147.83 11.19
19686-Titanite 0.1955 0.0103 0.0602 0.0218 0.0797 0.0169 1149.35 11.57
19686-Titanite 0.1956 0.0110 0.0583 0.0226 0.0798 0.0154 1149.53 12.29
19686-Titanite 0.1957 0.0108 0.0587 0.0199 0.0770 0.0160 1153.84 12.06
19686-Titanite 0.1964 0.0103 0.0582 0.0209 0.0793 0.0153 1154.53 11.53
19686-Titanite 0.1962 0.0105 0.0613 0.0211 0.0775 0.0127 1156.08 11.76

Second-
ary
Sta-
nd-
ard

100606 0.0732 0.0155 0.0252 0.0184 0.1069 0.0299 427.48 6.75
100606 0.0741 0.0141 0.0253 0.0190 0.1131 0.0280 429.01 6.22
100606 0.0744 0.0181 0.0264 0.0178 0.1153 0.0272 429.42 7.81
100606 0.0734 0.0125 0.0241 0.0158 0.1026 0.0230 431.03 5.44
100606 0.0751 0.0154 0.0259 0.0178 0.1145 0.0214 433.87 6.70
100606 0.0782 0.0176 0.0269 0.0206 0.1376 0.0315 438.28 8.00
100606 0.0764 0.0205 0.0261 0.0193 0.1065 0.0340 446.01 9.20
100606 0.0774 0.0140 0.0256 0.0168 0.1088 0.0257 450.28 6.40
100606 0.0762 0.0105 0.0246 0.0135 0.0927 0.0165 452.70 4.73

Fig. 7. (A) Al2O3 vs. TiO2; (B) F vs. vs. TiO2; (C) Zr vs. Nb; (D) Th/U vs. Zr for the Luohe titanite.
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