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The Bayan Obo Fe-REE-Nb deposit in northern China is the world's largest light REE deposit, and also contains
considerable amounts of iron and niobiummetals. Although there are numerous studies on the REE mineraliza-
tion, the origin of the Fe mineralization is not well known. Laser ablation (LA) ICP-MS is used to obtain trace
elements of Fe oxides in order to better understand the process involved in the formation of magnetite and
hematite associated with the formation of the giant REE deposit. There are banded, disseminated and massive
Fe ores with variable amounts of magnetite and hematite at Bayan Obo. Magnetite and hematite from the
same ores show similar REE patterns and have similarMg, Ti, V, Mn, Co, Ni, Zn, Ga, Sn, and Ba contents, indicating
a similar origin. Magnetite grains from the banded ores have Al + Mn and Ti + V contents similar to those of
banded iron formations (BIF), whereas those from the disseminated and massive ores have Al + Mn and Ti +
V contents similar to those of skarn deposits and other types of magmatic-hydrothermal deposits. Magnetite
grains from the banded oreswith amajor ganguemineral of barite have the highest REE contents and show slight
moderate REE enrichment, whereas those from other types of ores show light REE enrichment, indicating two
stages of REE mineralization associated with Fe mineralization. The Bayan Obo deposit had multiple sources
for Fe and REEs. It is likely that sedimentary carbonates provided original REEs and were metasomatized by
REE-rich hydrothermal fluids to form the giant REE deposit.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Bayan Obo Fe-REE-Nb deposit in Inner Mongolia of North China
is the world's largest light REE deposit, and also contains considerable
amounts of iron and niobium metals (Bai et al., 1996; Chao et al.,
1997; Kynicky et al., 2012). The deposit was originally discovered as a
major magnetite and hematite orebody (Bai, 2012). Numerous studies
of REE mineralogy, mineralization age, geochemistry of carbonatite,
and ore-forming fluids are available, but the genesis of the deposit has
been a matter of debate (Bai et al., 1996; Fan et al., 2014; IGCAS
(Institute of Geochemistry, Chinese Academy of Sciences), 1988;
Smith and Wu, 2013; Smith et al., 2015; Zhang et al., 2003). Most of
the previous studies focused on the origin of REEs, but the origin of Fe
mineralization remains controversial. Fe oxides, magnetite and hema-
tite, are widespread in the deposit, and thus the geochemistry of these
Fe oxides would provide direct constraints on the source(s) of Fe, and
by inference, other ore materials.
tinental Dynamics, Department
l.: +86 13037898407.
Magnetite is common in igneous, metamorphic, and sedimentary
rocks and can occur as ore minerals in many types of deposits (Dupuis
and Beaudoin, 2011). Magnetite contains numerous trace elements,
such as Al, Ti, Mg, Mn, Zn, Cr, V, Ni, Co and Ga, and can form in a variety
of physico-chemical environments. Chemical composition of magnetite
thus can be used to fingerprint the types of mineral deposits and to dis-
tinguish different ore forming processes (Beaudoin and Dupuis, 2009;
Carew, 2004; Chen et al., 2015-in this issue; Dare et al., 2012; Dupuis
and Beaudoin, 2011; Hu et al., 2013; Huang et al., 2013, 2014, 2015-in
this issue; Müller et al., 2003; Nadoll et al., 2012, 2014; Rusk et al.,
2009; Singoyi et al., 2006).

Previous studies of Fe oxides in Bayan Obo have dealt with the para-
genesis and chemical compositions of magnetite (IGCAS (Institute of
Geochemistry, Chinese Academy of Sciences), 1988; Wei and Shangguan,
1983; Zeng et al., 1981). IGCAS (Institute of Geochemistry, Chinese
Academy of Sciences) (1988) identified three generations of magnetite
with different mineral assemblages, structures, textures and formation
temperatures. Laser spectral analyses showed that different generations
of magnetite contain variable amounts of trace elements (IGCAS
(Institute of Geochemistry, Chinese Academy of Sciences), 1988; Zeng
et al., 1981). However, limited elements were determined due to the
poor detection limits of the laser spectral analyses. Therefore, the chemical
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http://dx.doi.org/10.1016/j.oregeorev.2014.09.010
mailto:qilianghku@hotmail.com
http://dx.doi.org/10.1016/j.oregeorev.2014.09.010
http://www.sciencedirect.com/science/journal/01691368
www.elsevier.com/locate/oregeorev


885X.-W. Huang et al. / Ore Geology Reviews 65 (2015) 884–899
composition of Fe oxides has not been fully understood and the origin of
the Fe oxides remains unconstrained.

In this paper, we describe ore petrography with emphasis on the
magnetite-bearing ores of the Bayan Obo deposit. Using in situ laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS),
we obtain trace elemental compositions of the magnetite and hematite
from various ore types of the Bayan Obo deposit. The new dataset pro-
vides a better understanding of the compositions of ore-forming fluids
and processes responsible for Fe and possible REE mineralization. We
also compare the compositions ofmagnetite from the BayanObodeposit
with other types of mineral deposits.

2. Geological setting

2.1. Regional geology

The Bayan Obo deposit is located in the northern margin of the
North China Craton (NCC). To the north of the NCC is the Central
Asian Orogenic Belt (CAOB) (Yang et al., 2011) (Fig. 1a). The crystalline
basement in this area is represented by theArchean Se'ertengshan com-
plex composed of migmatite, gneiss, granulite, quartz schist, and am-
phibolite with ages ranging from 2.6 to 1.9 Ga (Fan et al., 2010). The
basement is unconformably overlain by the Mesoproterozoic Bayan
Obo Group, which consists of coarse- to medium-grained clastic and
carbonate rocks, and fine-grained slates (Bai et al., 1996). Cambrian–
Fig. 1. (a) The tectonic location of the Bayan Obo deposit in the North China Craton (modified fr
2009). (c) Distribution of different types of Fe ores of the Main Orebody and East Orebodies (S
Ordovician sedimentary rocks are locally distributed to the south and
east of the Bayan Obo area. Carboniferous and Permian continental
coal-bearing clastic sedimentary sequences are distributed further to
the south. Igneous rocks in the area include Proterozoic carbonatite
dykes (Fan et al., 2014; Le Bas et al., 1992, 1997; Tao et al., 1998;
Wang et al., 2010; Yang et al., 2011), and Permian gabbroic and granitic
plutons (Drew et al., 1990; Fan et al., 2009; IGCAS (Institute of
Geochemistry, Chinese Academy of Sciences), 1988; Ling et al., 2014;
Qiu et al., 2003, 2008, 2011; Zhang et al., 2003).

2.2. Deposit geology

The Bayan Obo deposit has estimated reserves up to 1500 Mt of Fe
ore (35 wt.% Fe), 48 Mt REE (6 wt.% RE2O3) and 1 Mt Nb (0.13 wt.%
Nb) (Wu, 2008). Detailed descriptions of the deposit geology are avail-
able in Bai et al. (1996), IGCAS (Institute of Geochemistry, Chinese
Academy of Sciences) (1988), Smith and Wu (2013), Smith et al.
(2015), and Zhang et al. (1995, 2003) and the geology is only briefly
summarized here. The hosting Proterozoic Bayan Obo Group is divided
into 18 horizons, including lower nine horizons, numbered from H1 to
H9, in the Bayan Obo area (Drew et al., 1990). The lower part of the
Bayan Obo Group (H1) is composed of basal conglomerate and is
overlain by a sequence of quartzite, carbonaceous slate, sandstone,
limestone and siltstone (H2–H7). Orebodies are mainly hosted in dolo-
mite marble (H8) and locally in slate and biotite schist (H9) (Fig. 1b).
om Yang et al., 2011). (b) Simplified geological map of the Bayan Obo deposit (Yang et al.,
un et al., 2013).
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Those include the Main Orebody, East Orebody, and several small-scale
orebodies in the west (Fig. 1b). The Main Orebody is the largest one in
the BayanObo. The largerMainOrebody and East Orebody are distribut-
ed in the dolomite marble (H8) and are close to the boundary of K-rich
slate (H9). These western orebodies are mainly hosted in H8 dolomite
marble (Fig. 1b).

There are threemajor mineralization types, including REE, Fe-oxide,
and Nb mineralization. Our work focuses on the Fe-oxide mineraliza-
tion. The Fe-oxide mineralization is characterized by the ore minerals
ofmagnetite and hematite and associated gangueminerals such asfluo-
rite, aegirine, riebeckite, biotite, dolomite, apatite, barite, pyrite, mona-
zite, and other REE minerals. According to mineral assemblage, the Fe
ores are divided into dolomite, fluorite, riebeckite, biotite, and aegirine
types (Fig. 1c) (Wei and Shangguan, 1983; Zeng et al., 1981), which
show disseminated, banded, and massive structures. The paragenetic
sequence of the Fe-oxide mineralization is very complex (Chao et al.,
1997; Zeng et al., 1981). Zeng et al. (1981) identified three generations
of magnetite based on mineral assemblages, structures, and textures.
Chao et al. (1997) considered the formation of hematite was earlier or
later than magnetite.
3. Petrography of Fe ores

Six Fe ore samples, including banded, disseminated and massive
ores, are selected for this study (Fig. 2). Detailed petrographic observa-
tions of these samples were made prior to LA-ICP-MS analyses.

Banded ore samples, B-1, 92-O-99, M-2 and 92-O-137, show differ-
ent mineral assemblages. The banded aegirine ore (B-1) consists of
magnetite, aegirine, biotite, barite and minor apatite and REE minerals
Fig. 2. Photos of Fe-REE ores from the Bayan Obo deposit. (a) Banded ore composed ofmagnetite
ore comprisingmagnetite, fluorite, and calcite. (d) Disseminated ore consisting of dolomite and
aegirine; Fl, fluorite; Cal, calcite; Qz, quartz; Dol, dolomite; REE, REE minerals.
(Figs. 2a and 3a). Magnetite was commonly replaced by hematite
along themargin (Fig. 4a). The banded barite ore (92-O-99) hasmagne-
tite and barite bands (Fig. 2b) and consists of magnetite, barite, apatite,
and minor phlogopite and REE minerals (Fig. 3b). Magnetite grains are
anhedral to subhedral and are commonly less than 100 μm in diameter
(Fig. 4b). The banded fluorite ores (M-2 and 92-O-137) show banded
structure (Fig. 2c) and are mainly composed of magnetite and fluorite
with minor apatite, dolomite, calcite, aegirine, riebeckite and REE min-
erals (Fig. 3c–e). REEminerals occur aswide bands that crosscutmagne-
tite grains (Fig. 3c), indicating later formation of REE minerals. Micron-
sized REEmineral inclusions are abundant in magnetite grains (Fig. 3d)
andwere avoided during the analyses. Magnetite grains are anhedral or
euhedral (Fig. 4c) and are locally replaced by hematite (Fig. 4d).

The disseminated ore (208-4-1) comprises magnetite and dolomite
with minor biotite, barite, oligonite, humite, ilmenite, and REEminerals
(Figs. 2d and 3f). Barite occurs as small veins crosscutting magnetite
grains, indicating later formation of barite. Magnetite occurs as mineral
aggregates (Fig. 4e).

Themassive ore (B-2) shows amassive structure (Fig. 2e) composed
of magnetite, quartz, aegirine, riebeckite, and minor ilmenite, barite,
albite, and REE minerals (Fig. 3g and h). Magnetite was commonly
replaced by hematite along the margin (Fig. 4f).
4. Analytical results

Fe oxides, magnetite and hematite, from different types of Fe ores
were analyzed for trace elements at the State Key Laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, using a Coherent GeoLasPro 193 nm Laser Ablation system
, aegirine and REEminerals. (b) Banded ore composed of barite andmagnetite. (c) Banded
magnetite. (e)Massive ore composed ofmagnetite andminor quartz.Mag,magnetite; Aeg,

image of Fig.�2


Fig. 3. Back-scattered electron (BSE) micrographs of ores from the Bayan Obo deposit. (a) Subhedral magnetite associated with apatite, biotite, and REE minerals. Some REE minerals
infilling the fracture ofmagnetite grains indicate their later formation. (b)Magnetite associatedwith apatite, phlogopite, and REEminerals. (c) Anhedral to subhedralmagnetite associated
with fluorite, calcite, and REEminerals. (d) Magnetite associatedwith apatite, calcite, riebeckite, and REEminerals. (e) Magnetite associatedwith apatite, fluorite, dolomite, and REEmin-
erals and replaced by hematite. (f) Magnetite associatedwith ilmenite, biotite, and dolomite. Magnetite grains were crosscut by small barite veins, indicating the later formation of barite.
(g)Magnetite associatedwith aegirine, quartz, biotite, barite, and albite. (h) The fracture ofmagnetite infilled by REEminerals indicates earlier formation ofmagnetite. Dol, dolomite;Mag,
magnetite; Brt, barite; Ab, albite; Aeg, aegirine; Ap, apatite; Phl, phlogopite; Bt, biotite; Fl,fluorite; Qz, quartz; Cal, calcite; Dol, dolomite; Rbk, riebeckite; Ilm, ilmenite; Hem, hematite. REE,
REE minerals.
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Fig. 4. Photomicrographs of Fe ores (under reflected light). (a) Magnetite from the banded ore occurs as anhedral crystal and was commonly replaced by hematite. (b) Magnetite grains
from the banded ore occur as subhedral crystals that are smaller than 100 μm indiameter. (c)Magnetite replaced by hematite along the fracture ofmagnetite. (d) Euhedralmagnetite from
the banded ore replaced by hematite. (e) Disseminated ore composed of magnetite aggregates. (f) Magnetite aggregates replaced by hematite along the margin. Mag, magnetite; Hem,
hematite.
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coupled with an Agilent 7700x ICP-MS. Analytical methods are available
in Gao et al. (2013), Huang et al. (2013), and Liu et al. (2015-in this issue).

A total of 51 elements, including 14 rare earth elements, were ana-
lyzed for magnetite and hematite. Sodium, Si, P, K, Ca, Cu, Ge, Rb, Zr,
Ag, Cd, In, Lu, Hf, W, Th, and U are either close to or below the de-
tection limit or showing considerable variation in contents and are
not used in this study. The mean contents and standard deviation
of the selected major and trace elements of Fe oxides from differ-
ent types of ores are listed in Table 1. All the results are given in
Appendix 1.

Magnetite grains from the Bayan Obo contain variable concentra-
tions of trace elements. They have ~30–1000 ppm Mg, ~2–100 ppm
Al, ~300–10000 ppm Mn, ~40–400 ppm V, 5–1000 ppm Ti, and ~5–
100 ppm Cr (Table 1). Inter-element relationships for magnetite grains
from all types of ores are examined in binary plots (Fig. 5). Magnesium
shows a positive correlationwith Al for banded fluorite and disseminat-
ed ores (Fig. 5a). There are no obvious correlations betweenV vs. Ti, and
V vs. Cr (Fig. 5b and c) due to relatively constant V contents for magne-
tite from all types of ores. In the plots of Mn vs. Co andMn vs. total REE,
magnetite grains from three types of ores define three separated fields
due to different Mn and REE contents (Fig. 5d and e). Lead shows a
weakly positive correlation with Zn for magnetite grains from the
disseminated ore (Fig. 5f). Magnetite from the banded fluorite ore
(92-O-137) has the highest Zn contents, whereas that from the banded
aegirine ore has the lowest Zn contents (Fig. 5f). Those from the banded
barite ore have the highest Nb and Y contents (Fig. 5g). Niobium shows
a weakly positive correlation with Y for magnetite grains from the
banded and disseminated ores (Fig. 5g). Lead shows an obviously posi-
tive correlation with Bi for magnetite grains from the banded ores
(Fig. 5h).

image of Fig.�4


Table 1
Summary of LA-ICP-MS results for trace elements (in ppm) in iron oxides from the Bayan Obo Fe-REE-Nb deposit.

Sample no. D.L. M-2 B-1 92-O-137 92-O-99 208-4-1 B-2

Ore type Banded type Banded type Banded type Banded type Disseminated type Massive type

Fe oxides Mag Mag Mag Hem Mag Mag Hem Mag

ave (n = 21) stdev ave (n = 14) stdev ave (n = 9) stdev ave (n = 9) stdev ave (n = 12) stdev ave (n = 11) stdev ave (n = 7) stdev ave (n = 14) stdev

Mg 2.63 137 89 168 86 59.1 27.4 44.6 18.6 102.1 28.4 1430 274 90.4 17.2 81.5 16.6
Al 4.69 20.4 6.0 39.4 27.2 47.5 24.1 18.0 5.3 92.6 16.1 11.6 6.6 14.1 3.4 16.7 4.9
Sc 1.18 1.67 0.69 5.27 2.6 11.9 10.7 4.09 3.86 10.3 4.2 3.40 1.55 1.97 0.30 1.84 0.40
Ti 0.972 367 168 221 33 20.4 12.2 19.1 10.2 57.3 28.1 552 121 93.8 30.9 80.9 18.7
V 0.306 110 10 53.0 4.2 118 8 115 6 364 15 92.8 3.8 375 28 357 21
Cr 2.84 24.4 11.5 19.0 15.9 41.7 12.7 20.8 14.9 109 24 11.1 4.4 61.7 48.8 81.3 56.3
Mn 7.67 604 64 1268 67 413 82 357 36 942 131 8569 552 2128 77 2213 59
Co 0.135 4.86 1.25 5.67 1.20 20.0 2.8 19.4 2.3 70.0 3.3 23.6 2.8 11.9 1.2 11.8 1.7
Ni 8.35 51.3 14.1 41.7 22.0 172 18 165 24 177 20 38.4 20.4 69.8 33.7 66.9 37.0
Zn 4.42 267 25 99.4 19.4 1633 105 1601 99 225 27 304 35 248 47 219 29
Ga 0.055 3.36 0.95 2.02 0.70 2.65 0.94 2.69 1.07 1.05 0.59 0.81 0.27 5.76 0.86 4.51 1.17
Sr b0.001 1.10 1.07 2.59 2.95 2.70 3.55 1.14 1.76 10.5 4.7 0.924 1.833 0.473 0.150 0.150 0.087
Y b0.001 0.522 0.402 0.973 1.084 1.23 0.88 0.898 0.749 11.3 4.7 0.237 0.152 0.583 0.799 0.496 0.393
Nb 0.03 26.5 49.8 3.34 2.37 15.5 15.2 15.8 20.5 415 67 19.4 15.0 54.1 64.4 1.36 1.95
Mo b0.001 1.53 1.36 1.79 1.48 9.58 8.8 1.91 2.13 8.82 2.69 0.426 0.140 0.597 0.322 0.385 0.223
Sn 0.872 6.57 2.51 1.09 0.14 1.99 0.5 1.25 0.11 3.36 1.23 55.2 4.4 1.79 0.86 1.42 0.54
Ba b0.001 11.4 6.9 10.8 5.1 4.11 4.17 1.90 1.31 41.9 25.6 2.18 1.49 1.89 1.79 4.40 7.36
Pb 0.037 6.13 6.21 4.31 5.14 16.8 18.5 2.87 2.86 134 28 1.50 1.87 3.91 4.62 0.415 0.291
Bi 0.012 0.500 0.400 0.628 0.831 5.87 6.37 0.610 0.460 3.65 1.26 0.068 0.023 0.137 0.072 0.036 0.018
La 0.008 1.96 1.18 2.84 3.25 0.359 0.352 0.549 0.734 4.23 1.83 0.044 0.028 0.260 0.291 0.330 0.795
Ce 0.012 9.79 6.35 13.6 16.3 2.19 2.14 1.99 3.02 9.75 2.01 0.178 0.173 0.766 0.831 0.678 1.56
Pr 0.002 1.46 0.936 2.27 2.52 0.410 0.360 0.254 0.264 2.06 0.737 0.091 0.038 0.158 0.168 0.099 0.171
Nd b0.001 4.82 3.15 9.62 10.4 1.34 1.50 1.03 1.01 11.7 4.16 0.394 0.301 0.591 0.682 0.500 0.951
Sm 0.011 0.585 0.322 1.03 0.876 0.346 0.182 0.335 0.305 4.13 0.925 0.192 0.140 0.413 0.213 0.203 0.160
Eu 0.002 0.122 0.085 0.192 0.183 0.064 0.066 0.032 0.036 1.49 0.373 0.036 0.030 0.043 0.057 0.027 0.031
Gd 0.010 0.183 0.113 0.444 0.423 0.336 0.313 0.130 0.062 3.92 0.950 0.104 0.026 0.249 0.289 0.105 0.044
Tb 0.002 0.026 0.018 0.090 0.142 0.051 0.021 0.039 0.033 0.753 0.212 0.013 0.009 0.102 0.103 0.021 0.007
Dy 0.009 0.143 0.097 0.263 0.267 0.299 0.288 0.303 0.388 4.92 1.45 0.097 0.055 0.263 0.201 0.197 0.139
Ho b0.001 0.037 0.037 0.055 0.048 0.093 0.100 0.090 0.065 0.793 0.300 0.013 0.006 0.056 0.049 0.038 0.028
Er 0.004 0.099 0.086 0.139 0.150 0.347 0.369 0.240 0.239 1.93 0.711 0.065 0.052 0.125 0.000 0.092 0.086
Tm 0.003 0.015 0.007 0.024 0.019 0.022 0.021 0.034 0.018 0.203 0.083 0.015 0.008 0.031 0.013 0.031 0.008
Yb b0.001 0.062 0.061 0.087 0.090 0.169 0.123 0.151 0.102 1.06 0.563 0.061 0.024 0.093 0.067 0.095 0.071
Lu 0.002 0.013 0.014 0.018 0.011 0.026 0.016 0.017 0.011 0.105 0.080 0.011 0.004 0.012 0.000 0.036 0.034
∑REE 19.3 30.6 6.05 5.20 47.1 1.31 3.16 2.45
(La/Yb)N 21.3 22.0 1.44 2.46 2.70 0.49 1.89 2.35
(Gd/Yb)N 2.39 4.14 1.61 0.70 3.01 1.38 2.17 0.90
(La/Sm)N 2.10 1.73 0.65 1.03 0.65 0.14 0.40 1.02

Abbreviation: D.L. = detection limit, ave = average, stdev = standard deviation, Mag = magnetite, Hem = hematite.
Detection limit (D.L.) = 3 × σbackground

i × CRM
i /cpsRMi , where σbackground

i is the standard deviation of multiple determinations of element i in the background, CRMi and cpsRM
i are concentration and peak intensity of element i in the reference material,

respectively.
REE contents of chondrite for normalization are from Taylor and McLennan (1985).
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Fig. 5. Bi-plots of selected trace elements of magnetite from different types of Fe ores from the Bayan Obo deposit.
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In general, trace element contents of magnetite from different types
of Fe ores vary less than two orders of magnitude (Fig. 6a). Magnetite
grains from the banded barite ore (92-O-99) and the disseminated ore
(208-4-1) have trace element patterns different from other types of Fe
ores. Magnetite grains from the banded barite ore have the highest Al,
Sc, V, Cr, Co, Sr, Y, Nb,Mo, Ba, Pb, and Bi, whereas those from the dissem-
inated ore contain the highest Mg, Ti, Mn, and Mo (Fig. 6a). Hematite
and magnetite from the same ore sample have similar Mg, Ti, V, Mn,
Co, Ni, Zn, Ga, Sn, and Ba (Fig. 6b).

Total REE contents of magnetite grains from all types of ores
range from 1.31 to 47.1 ppm, whereas those of hematite range
from 3.16 to 5.20 ppm (Table 1). Magnetite grains from the banded
ores with different mineral assemblages have different REE patterns
(Fig. 7a). Magnetite grains from the banded barite ore have the

image of Fig.�5


Fig. 6. Bulk continental crust normalized trace element patterns of (a)magnetite from different types of ores, and (b)magnetite and hematite from the same ores. Trace element contents
of bulk continental crust are from Rudnick and Gao (2003).
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highest total REE content of 47.1 ppmwith light-REE andmiddle-REE
enrichment ((La/Yb)N = 2.70, (Gd/Yb)N = 3.01), whereas those from
other banded ores have total REE contents ranging from 6.05 to
30.6 ppm and are rich in light REEs with (La/Yb)N values of ~1.4–22
(Table 1 and Fig. 7a). The massive and disseminated ores have lower
total REE contents ranging from 1.31 to 2.45 ppm, which show no or
weakly light-REE enrichment with (La/Yb)N values ranging from 0.49
to 2.35 (Table 1 and Fig. 7a). Hematite has similar total REE contents
and REE patterns to the associatedmagnetite from the same ore sample
(Fig. 7b).

5. Discussion

Previous studies have demonstrated that there are at least three
generations of magnetite (IGCAS (Institute of Geochemistry, Chinese
Academy of Sciences), 1988; Wei and Shangguan, 1983; Zeng et al.,
1981). Magnetite of the first generation was thought to be sedimentary
in origin and was closely associated with dolomite, quartz, biotite,
alkaline amphibole, bastnaesite, and monazite. Magnetite of the second
generationwas considered to have formed bymetamorphism from sed-
imentary magnetite overprinted by hydrothermal processes. Magnetite
in the third generationwas considered to bemagmatic-hydrothermal in
origin and formed by the contact metasomatism between dolomite and
Late Paleozoic granitic rocks. Magnetite of this generation was associat-
ed with magnesium skarn minerals and has characterized exsolution
textures. Magnetite from this study formed in two generations which
correspond to the first and second generation as described in IGCAS
(Institute of Geochemistry, Chinese Academy of Sciences) (1988).
Skarnmagnetite is not considered in this study. Trace elemental compo-
sitions of Fe oxides provides further evidence of the origins of different
generations ofmagnetite and thus have significant implications formul-
tiple origins of the Fe mineralization at Bayan Obo.

5.1. Sedimentary magnetite

Banded ores have magnetite bands and aegirine/fluorite/barite/REE
mineral bands, as typical sedimentary structures (Fig. 2a–c). Oolitic
stromatolites were also previously reported in these banded ores
(IGCAS (Institute of Geochemistry, Chinese Academy of Sciences),
1988). In the field, the banded ores are commonly intercalated with
quartzite. These ores may represent a sedimentary package resembling
banded iron formation (BIF).

Magnetite grains from all banded ores plot in the BIF and extended
BIF fields (Fig. 8a), indicating their similar origins. Magnetite grains
from the banded ores, M-2, B-1 and 92-O-99, plot in the center or mar-
gin of the BIF field defined by Dupuis and Beaudoin (2011), on an X–Y
plot, whereas those from the banded ore, 92-O-137, plot in the extend-
ed BIF field defined byNadoll et al. (2014) and Chung et al. (2015-in this
issue) (Fig. 8a). The geochemical affinity of magnetite with BIFs indi-
cates the derivation of magnetite from a sedimentary process. The exis-
tence of hydrothermal minerals in banded ores indicates that the ores
may have experienced hydrothermal process. Sedimentary (metamor-
phic) magnetite in unaltered BIFs rarely contains more than 10 ppm
Co and 50 ppm Ni with Co/Ni ratios ranging from 0.1 to 1, whereas
hydrothermal magnetite in low grade metamorphic hematite–chert
BIFs have average Co and Ni concentrations in excess of 500 and
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Fig. 8. Plots of Al+Mnvs. Ti+V (a) andNi/(Cr+Mn) vs. Ti+V (b) for LA-ICP-MS data of
Fe oxides from the Bayan Obo deposit. Because Ca content of Fe oxides (b100 ppm) is
lower than the detection limit (~500 ppm), Ca content is calculated using zero ppm. Ref-
erencefields are afterDupuis andBeaudoin (2011). Thepentagram represents the average
composition of magnetite grains from the Bayan Obo which was reported by Dupuis and
Beaudoin (2011). BIF, banded iron formation; Skarn, Fe–Cu skarn deposits; IOCG, iron
oxide–copper–gold deposits; Porphyry, porphyry Cu deposits; Kiruna, Kiruna apatite–
magnetite deposits; Fe-Ti, V magmatic Fe–Ti-oxide deposits.

Fig. 7. Chondrite-normalized rare-earth-element patterns of (a) magnetite from different
types of ores, and (b) magnetite and hematite from the same ores. Normalization values
are from Taylor and McLennan (1985).
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350 ppm, respectively, with Co/Ni ratios greater than 1 (Nadoll et al.,
2014). Magnetite grains in the BIF field have less than 100 ppm Co
and 200 ppm Ni with Co/Ni ratios of ~0.1, indicating that the composi-
tions of these magnetite grains were not significantly altered from
hydrothermal modification.

5.2. Metasomatic magnetite and possible fluid composition

Magnetite of this generation is characterized by metasomatic
textures (Fig. 4f) and was typically associated with fluorite, aegirine,
and alkaline amphibole. It is likely that magnetite in the disseminated
and massive ores belongs to this generation corresponding to the sec-
ond generation of IGCAS (Institute of Geochemistry, Chinese Academy
of Sciences) (1988). Magnetite grains of the second generation show
slightly different normalized trace element patterns from those of
the first generation (Fig. 6a), as well as higher Mg and Mn contents
(Fig. 5a, d and e), indicating their different origins. Magnetite grains of
the second generation plot in the skarn and magmatic-hydrothermal
fields (Fig. 8a), also indicating their derivation from different ori-
gins from the banded ores. This conclusion is supported by different
Ni/(Cr + Mn) values of magnetite grains of different generations as
shown in Fig. 8b.

Magnetite grains of the second generation haveMg contents similar
to that of themagmatic-hydrothermal deposits, such as the Cihai Fe de-
posit in NW China (Huang et al., 2013). These grains have significantly
higher Mn (7754–9566 ppm) than those of skarn deposit (Dupuis and
Beaudoin, 2011) and magmatic-hydrothermal deposit (Huang et al.,
2013). These grains are plotted in the field of skarn and magmatic-
hydrothermal fields due to the elevated Mg and Mn contents of
(Fig. 8a) (Dupuis and Beaudoin, 2011; Huang et al., 2013; Zhao and
Zhou, 2015-in this issue). These results are consistent with those of
Dupuis and Beaudoin (2011) such that Fe-oxide minerals from the
Bayan Obo deposit plot in the field of the skarn type deposits, very
close to the field of IOCG deposits (Fig. 8a) and have Ni contents too
low to be plotted in Fig. 8b. The low Ni/(Cr + Mn) values of magnetite
from this study resulted from highMn contents rather than low Ni con-
tents. The geochemical affinity of magnetite from the Bayan Obo with
that from the hydrothermal deposits indicates their hydrothermal
origin.

Magnetite grains from the massive and disseminated ores have
similar trace element contents with slightly different chondrite-
normalized REE patterns (Fig. 7a). Single dolomite grains have
LREE contents ranging from 10 to more than 3000 times chondritic
values and shows the REE patterns and Fe contents changing dra-
matically from MREE-enriched in the center to LREE-enriched near
the rim, which was explained by hydrothermal metasomatism of
carbonate by REE and Fe-enriched fluids (Ling et al., 2013). There-
fore, the slightly different REE patterns between magnetite grains
from the disseminated and massive ores may reflect variable process
of fluid metasomatism.

It has been demonstrated that the composition of metasomatic
magnetite was controlled by fluid compositions, host rock and fluid/
rock interaction (Nadoll et al., 2014). For example, in skarn systems
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Mg and Mn can successively be enriched in hydrothermal fluids by ex-
tensive fluid/rock interactions (e.g. Baker et al., 2004; Einaudi et al.,
1981; Meinert, 1992; Nadoll et al., 2014). Therefore, magnetite contain-
ing elevated Mg and Mn was most likely formed by metasomatism of
the host dolomite by Mn-rich hydrothermal fluids. However, Mn en-
richment by the formation of massive magnetite cannot be excluded,
because this process would lead to strong enrichment of Mn relative
to Fe in the remaining hydrothermal fluid (Ilton and Eugster, 1989;
Zhao and Zhou, 2015-in this issue). Magnetite and hematite grains
from the same ores have similar trace element contents and REE pat-
terns, indicating their derivation from the same ore fluids. This conclu-
sion is consistent with previous studies (Dupuis and Beaudoin, 2011;
Nadoll et al., 2014; Zhang et al., 2011).
Fig. 9. Plot of Mg+ Al +Mn vs. total REE showing the process of Fe and REE mineraliza-
tion. The symbols are the same as Fig. 8.Magnetite grains from the banded ores have lower
Mg + Al + Mn contents and higher REE contents, whereas those from the disseminated
and massive ores have higher Mg + Al + Mn contents and lower REE contents. With
the increasing hydrothermal metasomatism, REE were leached from the REE-rich banded
ores into the ore fluids, resulting in the formation of REE-poormagnetite andREEminerals
in disseminated and massive ores.
5.3. Implications for the REE mineralization

Magnetite and REE minerals of the Bayan Obo deposit were consid-
ered to havemultiple generations and thusmultiple origins (Chao et al.,
1995; Fang and Qiu, 1997; IGCAS (Institute of Geochemistry, Chinese
Academy of Sciences), 1988; Kynicky et al., 2012; Wei and Shangguan,
1983; Zeng et al., 1981). Fe and REEs were suggested to be derived
from terrigenous sediments and deep stratigraphic basinal brine
(Fang et al., 1995; Hou, 1989; Meng, 1982; Meng and Drew, 1992;
Tu, 1998; Xiao et al., 2003; Yang and Drew, 1994). Fe and REEs
were also considered to have formed by hydrothermal replacement
of Proterozoic sedimentary dolomite (Campbell and Henderson,
1997; Cao et al., 1994; Chao et al., 1992, 1997; Drew et al., 1990;
Ling et al., 2013; Smith et al., 2000; Yang et al., 2009). The hydrother-
mal fluids were possibly derived from alkaline–carbonatite intrusive
rocks (Drew et al., 1990), carbonatite (Campbell and Henderson,
1997; Ling et al., 2013; Yang et al., 2009), or both carbonatite and
granite (Cao et al., 1994).

Magnetite grains from the banded ores show similar bulk continen-
tal crust-normalized trace element and chondrite-normalized REE pat-
terns (Figs. 6a and 7a), indicating derivation from the same ore-forming
fluids. Magnetite grains from the banded barite ore show trace element
and REE patterns obviously different from those of other types (Figs. 6a
and 7a), indicating that these magnetite grains may have different ori-
gins. Therefore, there are at least two stages of REEmineralization asso-
ciated with Fe mineralization. The first stage of REE mineralization was
related to a sedimentary process. Magnetite grains of this stage have
high total REE contents and show slightly LREE and MREE enrichment.
REEs at the second stage were formed by a hydrothermal process. Mag-
netite grains of this stage have lower REE contents and are obviously
LREE enriched.

Due to low partition coefficients of REEs betweenmagnetite and sil-
icate melt, REE contents of magnetite are commonly below the detec-
tion limits. For example, the average partition coefficients of Lu, Gd
and Y in magmatic systems are 0.15, 0.031 and 0.026, respectively
(Dare et al., 2012). Niobium also has a low magnetite–silicate melt
partition coefficient of 0.13 (Dare et al., 2012). Similarly, REEs and Nb
in hydrothermal systems also rarely partition into magnetite. There-
fore, even minor REE and Nb in magnetite also indicates elevated
contents of these elements in the ore-forming fluids. The good correla-
tion between Nb and Y ofmagnetite from the banded and disseminated
ores (Fig. 5g) indicates that Nb mineralization may be synchronous
with a REE mineralization for these ores. Thus, there are at least two
generations of magnetite and two stages of REE mineralization. The
first generation of magnetite was represented by the REE-rich banded
ores, whereas the second generation of magnetite is hosted in mas-
sive and disseminated ores that contain REE minerals and REE-poor
magnetite. As illustrated in Fig. 9, with increased hydrothermal
metasomatism, REEs in banded ores were leached and were transported
by ore fluids, resulting in the formation of REE-poor magnetite and REE
minerals.
The hydrothermal metasomatic origin of REE mineralization was
also supported by a few zoned zircon grains from the Eastern Orebody
(Campbell et al., 2014). These euhedral zircons have potentially mag-
matic cores, with skeletal rims intergrown with bastnäsite, and have
SHRIMP Th-Pb ages of 1325 Ma for zircon cores and 456 Ma for zircon
rims. The U-depleted, but Hf and HREE-enriched, zircon cores are simi-
lar to those of carbonatitic zircons, whereas the zircon rims are also
extremely depleted in U and are intergrown with LREE ore phases and
altered by Na and P bearing fluids (Campbell et al., 2014). The highly
restricted occurrence of these zircons at the Bayan Obo indicates that
they may be produced by a small intrusive body that was subsequently
almost obliterated by fluid and tectonic processes. REEs, particularly
LREE, were further enriched by fluid metasomatism of the sedimentary
carbonate rocks, carbonatite, or already formed Fe ores.

6. Conclusions

Two generations of magnetite from Fe ores of the Bayan Obo de-
posit have different trace element contents and have different ori-
gins. Magnetite of the first generation was sedimentary in origin
and is rich in REEs, whereas that of the second generation was hydro-
thermal in origin and is relatively poor in REEs. The Bayan Obo REE
deposit was most likely formed by further enrichment of REEs from
REE-rich sedimentary carbonate rocks by metasomatism of hydro-
thermal fluids.
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Appendix 1. Full analytical results (in ppm) for laser ablation ICP-MS of Fe oxides from the Bayan Obo deposit, North China

Lab no. Mineral Sample no. Mg Al Sc Ti V Cr Mn Co Ni Zn Ga Sr Y Nb Mo Sn

Detection limit 2.63 4.69 1.18 0.972 0.306 2.84 7.67 0.135 8.35 4.42 0.055 b0.001 b0.001 0.03 b0.001 0.872
13D14A07 Magnetite M-2-01 225 16.7 519 121 27.8 537 5.71 56.9 287 2.53 1.64 0.557 10.1 7.03
13D14A09 Magnetite M-2-03 153 14.4 260 124 26 544 6.88 38.5 250 3.02 1.38 0.384 1.71 0.235 3.94
13D14A10 Magnetite M-2-04 447 26.7 2.86 203 110 20.1 558 6.64 60.5 310 2.01 1.16 0.41 3.21 6.96
13D14A11 Magnetite M-2-05 65.7 22.6 310 124 22.5 628 6.01 52.9 282 1.75 0.3 0.259 3.91 10.6
13D14A12 Magnetite M-2-06 86.9 18.2 1.66 243 111 20.9 587 6.44 30.1 301 3.81 0.37 0.747 16.7 1.03 6.7
13D14A14 Magnetite M-2-07 143 15.7 256 124 23.4 465 7.58 54.1 259 3.39 3.42 0.74 6.45 0.229 3.64
13D14A15 Magnetite M-2-08 124 24.8 1.19 363 107 19.1 655 4.54 42.4 261 2.18 0.34 0.171 5.28 2.39 6.22
13D14A17 Magnetite M-2-10 91 20.2 1.32 341 96.1 22.1 704 4.43 31.5 269 2.9 0.37 0.466 4.44 0.525 5.89
13D14A18 Magnetite M-2-11 61.3 22.3 314 95 18.2 629 4.47 41.2 258 3.98 0.13 0.042 3.6 0.476 4.97
13D14A20 Magnetite M-2-13 95 23.3 525 125 41 731 3.54 47.2 223 3.91 0.26 0.389 8.69 4.55
13D14A21 Magnetite M-2-14 109 14 970 101 21.3 622 3.88 74.1 243 2.82 0.26 0.348 7.39 0.497 8.2
13D14A23 Magnetite M-2-15 251 24 484 108 10.1 597 3.46 55.9 240 3.82 0.44 0.771 4.2 3.99 5.05
13D14A24 Magnetite M-2-16 89.9 30.4 457 105 10.4 603 4.04 55.7 269 3.6 0.5 0.357 4.89 0.204 8.21
13D14A25 Magnetite M-2-17 188 17.3 289 115 27.6 625 4.58 70.5 225 4.66 1.34 0.315 2.72 4.52
13D14A26 Magnetite M-2-18 152 19.3 302 108 16.4 624 4.09 72.9 252 2.78 0.55 0.085 1.38 0.72 3.86
13D14A27 Magnetite M-2-19 168 18.9 433 109 15.5 671 5.16 54.4 259 3.09 1.03 0.258 3.89 5.59
13D14A28 Magnetite M-2-20 34.4 36.6 341 92.8 7.68 670 4.2 27.5 248 5.12 0.25 0.334 3.93 1.17 6.03
13D14A40 Magnetite M-2-31 96.9 22 320 100 45.6 570 3.37 47.2 294 4.84 4.09 0.621 201 2.94 14.1
13D14A41 Magnetite M-2-32 88.8 12.1 235 109 51.6 573 3.96 39.8 297 3.44 1.39 1.896 82.5 1.55 7.75
13D14A42 Magnetite M-2-33 76.2 15.7 1.31 232 104 26 578 3.64 50.2 291 2.29 1.65 0.908 97.6 3.14 9
13D14A44 Magnetite M-2-35 139 13.6 319 119 39.3 511 5.52 74.4 287 4.55 2.19 0.909 82.4 3.8 5.2
13D14B08 Magnetite B-1-02 127 32.2 229 58.5 67.7 1114 5.1 59.1 103 2.81 1.08 0.182 1.71
13D14B10 Magnetite B-1-04 176 65 6.43 182 60.9 14.3 1234 4.14 44.2 117 1.66 0.48 0.122 2.43 1.97 1
13D14B11 Magnetite B-1-05 95.9 35.2 187 58 28.9 1274 3.55 24.6 105 1.74 6.41 0.852 6.03 0.96
13D14B12 Magnetite B-1-06 298 43.1 280 52.1 7.58 1344 6.7 98.7 113 3.28 10.8 3.377 2.64 0.529 1.28
13D14B13 Magnetite B-1-07 186 60 7.09 247 56.5 8.73 1331 6.04 120 2.29 1.85 0.238 7.27 2.02
13D14B14 Magnetite B-1-08 149 26.8 259 47.8 6.58 1328 6.81 17.6 78.3 2.31 1.55 2.913 6.81 0.842
13D14B16 Magnetite B-1-09 90.2 12.4 210 49.0 10.3 1320 7.46 31.5 115 0.67 0.85 0.135 1.36
13D14B17 Magnetite B-1-10 370 119 2.29 186 48.8 18.4 1307 4.97 24 114 2.04 4.32 2.086 5.66 5.11
13D14B18 Magnetite B-1-11 253 30.9 231 52.9 21.7 1311 6.11 42.2 64.7 2.23 2.47 0.873 2.22 2.1 1.04
13D14B19 Magnetite B-1-12 143 36.3 222 55.4 10.7 1277 5.76 34.1 62.4 2.21 0.52 0.164 0.53
13D14B22 Magnetite B-1-15 169 23.3 208 49.2 17.4 1218 6.4 117 2.27 1.36 0.315 0.64 1
13D14B23 Magnetite B-1-16 60.4 18.3 170 52 30.1 1166 3.74 45.8 89 1.41 0.26 0.206 0.81 1.23
13D14B24 Magnetite B-1-17 119 27 216 49.2 8.16 1247 6.45 25.2 94.1 2.43 3.71 1.377 4.16 0.925
13D14B26 Magnetite B-1-19 111 22.5 261 52.3 15.9 1286 6.11 53.7 99.3 0.89 0.55 0.776 4.54 0.83
13D14C07 Magnetite 92-O-137-01 43.9 70.8 11.1 4.9 116 39.1 544 20.4 183 1757 4.47 3.13 0.539 28.1 16.4 2.72
13D14C08 Magnetite 92-O-137-02 38.1 46.6 4.07 27.6 118 50.1 337 19.3 157 1431 1.69 2.44 22.8 3.5
13D14C11 Magnetite 92-O-137-05 41.1 5.5 1.75 30.9 101 54.4 304 16.9 165 1542 2.05 0.15 0.137 1.77
13D14C12 Magnetite 92-O-137-06 77.7 47.7 7.08 25.4 126 52.1 370 20.4 187 1628 2.92 0.56 1.98 2.26
13D14C13 Magnetite 92-O-137-07 99 86.5 35 41.9 128 33.9 525 26.3 159 1666 2.91 2.32 1.772 41 21.6 1.74
13D14C17 Magnetite 92-O-137-10 72.8 65.1 16.6 20.1 124 21.1 454 17 159 1576 2.53 11.8 2.612 16.3 2.7 1.45
13D14C29 Magnetite 92-O-137-21 32.8 32.3 8.79 119 53.3 372 20.9 190 1710 3 1.12 0.22
13D14C31 Magnetite 92-O-137-23 96 32.6 5.18 8.31 115 377 20.5 148 1638 3.04 0.82 1.082 0.14
13D14C33 Magnetite 92-O-137-25 30.2 40.8 14.7 15.3 116 29.2 436 18.1 201 1747 1.23 1.99 1.22 27.2 3.7 1.78
13D14C16 Hematite 92-O-137-09 32.9 14.7 1.68 34.8 117 39.8 317 17.4 183 1457 2.25 0.31 1.32
13D14C20 Hematite 92-O-137-13 18.5 22.2 1.49 21.5 115 39.8 393 17 135 1498 2.86 0.3 1.069 4.74 1.18

894
X
.-W

.H
uang

etal./O
re

G
eology

Review
s
65

(2015)
884

–899



13D14C24 Hematite 92-O-137-17 68 16.9 7.12 9.21 128 27.8 364 20.6 157 1551 2.52 1.43 2.438 9.51 4.37
13D14C26 Hematite 92-O-137-18 59.9 26.3 1.71 117 6.51 284 21 168 1716 3.42 0.54 0.25 2.65
13D14C27 Hematite 92-O-137-19 68.2 19.2 12.5 6.56 118 12 380 20.9 212 1507 1.84 1.07 0.556 51.8 1.44
13D14C28 Hematite 92-O-137-20 28.4 21.3 1.97 16.3 112 16.2 359 20.4 148 1631 2.27 0.15 0.411 41.7 1.18
13D14C30 Hematite 92-O-137-22 41.5 13.4 4.97 117 4.69 357 17.1 157 1577 1.5 5.17 1.068 0.19 0.637
13D14C32 Hematite 92-O-137-24 39 2.43 32 103 19.8 390 24.6 152 1748 2.67 0 2.48 1.11
13D14C34 Hematite 92-O-137-26 45 10.2 2.9 13.4 105 370 15.2 177 1722 4.92 0.47 0.492 29.1 0.711 1.25
13D14D07 Magnetite 92-O-99-01 91.3 94.1 9.44 46.3 354 111 930 67.2 199 254 1.15 10.9 9.58 470 11.3 1.84
13D14D08 Magnetite 92-O-99-02 154 126.2 19.6 126 349 145 835 63.8 180 211 0.31 10 24.2 487 13.5 5.44
13D14D09 Magnetite 92-O-99-03 97 75.7 7.32 75 372 167 834 75.4 184 236 8.55 9.66 455 8.06 4.92
13D14D11 Magnetite 92-O-99-05 125 121.7 17.5 60.5 354 92.8 768 71.2 175 207 1.01 23 17.1 436 7.27 3.49
13D14D12 Magnetite 92-O-99-06 74 88.2 4.62 50.4 348 86.9 773 70.1 178 212 0.97 8.56 10 379 8.82 1.64
13D14D13 Magnetite 92-O-99-07 81.6 83.6 11.1 76.5 363 121 1269 73.1 179 186 2.52 17.2 12.9 437 12.3 2.43
13D14D14 Magnetite 92-O-99-08 82.2 76.7 11.7 44.8 367 101 980 72.1 148 227 1.43 12.6 9.93 444 10.1 3.86
13D14D16 Magnetite 92-O-99-09 69.5 95.9 8.48 24.6 375 116 1000 66.4 187 193 1.4 7.16 9.76 303 6.76 1.55
13D14D17 Magnetite 92-O-99-10 143 90 10.7 62.9 350 86.2 975 69 128 229 0.34 7.02 10.7 311 4.59 3.36
13D14D19 Magnetite 92-O-99-12 80.6 79 7.23 8.77 358 105 968 68.5 194 220 1.06 8.42 8.52 318 6.32 3.57
13D14D22 Magnetite 92-O-99-15 80.5 101.5 8.2 43.1 359 87.8 911 68.7 175 208 0.69 8.96 11.1 507 11.5 3.80
13D14D23 Magnetite 92-O-99-16 130 92.6 10.7 66.2 396 94.6 975 75 197 270 1.08 7.59 8.8 428 6.80 4.52
13D14D24 Magnetite 92-O-99-17 119 78.3 6.86 59.2 389 97.6 1033 69.8 174 270 0.64 6.8 5.02 418 7.30 3.24
13D14E08 Magnetite 208-4-1-02 1161 3.1 459 90.2 8.37 7754 27.6 270 1.13 0.31 0.189 5.18 49.3
13D14E09 Magnetite 208-4-1-03 970 5.91 472 87.6 4.89 8146 26.3 268 0.31 8.45 56.4
13D14E10 Magnetite 208-4-1-04 1313 3.49 574 89.9 12.5 8655 25.8 258 0.08 15.8 57.7
13D14E11 Magnetite 208-4-1-05 1647 17.1 692 93.6 13.8 8954 20.1 324 1.15 0.36 0.537 47.2 59.7
13D14E12 Magnetite 208-4-1-06 1703 6.88 5.23 734 94.1 17.7 9335 25.2 346 0.57 0.64 0.296 45.4 49.4
13D14E13 Magnetite 208-4-1-07 1412 20.5 577 92.1 14.1 8316 24.7 21.2 355 0.67 0.29 0.198 31.9 0.51 61
13D14E14 Magnetite 208-4-1-08 1528 16.3 702 98 16.3 9566 21.7 38.4 333 0.86 0.1 11.3 0.503 55.1
13D14E16 Magnetite 208-4-1-09 1350 12.8 462 91.7 6.42 8695 19.1 67.1 282 1.1 5.44 0.101 13.4 0.264 58.6
13D14E17 Magnetite 208-4-1-10 1253 10.6 2.23 571 92 9.77 8416 23.5 277 0.74 0.097 8.01 53.8
13D14E18 Magnetite 208-4-1-11 1427 21.4 2 472 101 12.3 7985 24.9 26.9 335 0.86 0.1 0.391 14.9 48.6
13D14E19 Magnetite 208-4-1-12 1965 9.07 4.13 353 90.3 5.59 8432 20.3 300 0.66 0.15 0.248 12.2 57.8
13D14F07 Magnetite B-2-01 99.5 12.5 103 322 33.6 2229 11.2 65.3 264 6.01 1.92
13D14F08 Magnetite B-2-02 105 19.7 106 334 31.4 2227 11 102 228 2.71 0.134 0.89 1.25
13D14F10 Magnetite B-2-04 73.1 15.7 1.7 67.6 339 50.5 2218 10.2 16.7 208 4.74 0.254 1.33 0.227
13D14F12 Magnetite B-2-06 79.8 13.9 2.28 47.5 358 168.7 2258 10.5 118 210 2.92 0.13
13D14F14 Magnetite B-2-08 76.4 18.6 62.5 354 70.6 2264 9.7 48.8 191 3.65 0.2 0.942 6.63 1.06
13D14F17 Magnetite B-2-10 72.9 14 2.39 66 382 34.4 2275 12.7 69.4 205 3.75 1.029 0.13 0.95
13D14F18 Magnetite B-2-11 77.9 14.6 1.34 75.8 370 117 2301 12.2 25 237 5.45 0.187 1.56 1.24
13D14F19 Magnetite B-2-12 52.7 13.7 99 373 47.8 2185 12.5 46.8 208 6.4 0.429 1.44
13D14F22 Magnetite B-2-15 74.2 7.15 1.41 105 324 144 2227 10.1 118 204 4.61 0.92
13D14F23 Magnetite B-2-16 81.2 21.1 1.7 99.1 367 99.1 2144 12.3 179 5.01 0.2 0.542 0.95
13D14F26 Magnetite B-2-18 105 24.1 2.36 65.7 374 16.7 2117 12.8 29.9 228 3.5 0.05
13D14F29 Magnetite B-2-21 108 18.3 1.74 85.4 371 25 2132 10.2 31.4 179 5.11 0.06 1.66
13D14F32 Magnetite B-2-24 69.8 14.4 1.61 73.8 385 116 2144 15.6 111 256 5.69 0.2 1.6
13D14F39 Magnetite B-2-31 66.1 25.5 76.2 342 183 2256 14.1 87.5 265 3.53 1.2 2.6
13D14F21 Hematite B-2-14 71 18.2 1.79 156 357 17.4 2048 11 117 221 5.66 0.62 0.179 166 0.964 1.04
13D14F27 Hematite B-2-19 83 10.1 78.7 429 23.3 2092 12.7 67.3 222 5.36
13D14F28 Hematite B-2-20 89.3 16.8 89.8 370 25 2157 10.9 52.8 216 5.96 4
13D14F30 Hematite B-2-22 94.9 11.3 1.65 63.3 396 89.5 2144 11.5 89.4 249 6.6 1.26 1.24
13D14F31 Hematite B-2-23 75.4 10.6 78.9 372 140 2027 10.8 27.5 212 5.39 0.32 0.066 65.7 0.365
13D14F37 Hematite B-2-29 123 16.9 2.3 80 354 33 2244 12.6 99.5 272 6.97 8.15 1.93
13D14F38 Hematite B-2-30 96.3 14.7 2.15 110 349 104 2182 14.1 34.8 342 4.39 0.48 1.503 79.5 0.462 2.94

(continued on next page)
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Lab no. Mineral Sample no. Ba Pb Bi La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Detection limit b0.001 0.037 0.012 0.008 0.012 0.002 b0.001 0.011 0.002 0.010 0.002 0.009 b0.001 0.004 0.003 b0.001 0.002
13D14A07 Magnetite M-2-01 19.6 2.98 0.748 4.275 24.020 3.251 11.102 1.220 0.144 0.365 0.035 0.057 0.007 0.006 0.134
13D14A09 Magnetite M-2-03 2.37 1.66 0.195 0.644 1.889 0.299 1.607 0.030 0.048 0.032 0.046 0.050
13D14A10 Magnetite M-2-04 3.07 0.77 0.154 0.197 0.743 0.061 0.733 0.294 0.028 0.075 0.006 0.016 0.024 0.011
13D14A11 Magnetite M-2-05 3.04 0.56 0.134 0.653 1.569 0.362 0.899 0.258 0.023 0.048 0.006 0.092 0.051
13D14A12 Magnetite M-2-06 8.88 7.17 0.996 2.795 10.535 1.743 5.181 0.503 0.149 0.209 0.007 0.028 0.007 0.049 0.006 0.024
13D14A14 Magnetite M-2-07 4.93 0.92 0.051 1.444 7.498 1.433 5.757 0.792 0.182 0.230 0.074 0.224 0.054 0.087 0.005
13D14A15 Magnetite M-2-08 21.4 5.45 0.443 1.408 7.729 1.206 3.791 0.517 0.105 0.095 0.013 0.154 0.023 0.011 0.005
13D14A17 Magnetite M-2-10 6.74 8.33 1.48 1.273 6.139 0.834 2.702 0.398 0.065 0.021 0.166 0.047 0.049 0.006
13D14A18 Magnetite M-2-11 1.81 3.13 0.874 0.142 0.829 0.093 0.276 0.052 0.010 0.024
13D14A20 Magnetite M-2-13 11.4 6.03 0.439 1.806 10.441 1.546 3.973 1.018 0.101 0.287 0.032 0.110 0.050 0.045 0.017 0.049 0.005
13D14A21 Magnetite M-2-14 14.8 4.95 0.29 2.334 11.318 1.510 4.899 0.596 0.116 0.048 0.032 0.277 0.013 0.023 0.022 0.025 0.011
13D14A23 Magnetite M-2-15 17.3 5 0.32 2.543 11.665 1.554 5.542 0.642 0.139 0.122 0.016 0.127 0.005 0.062 0.009
13D14A24 Magnetite M-2-16 6.32 3.28 0.488 1.559 8.969 1.196 3.786 0.134 0.099 0.275 0.010 0.083 0.036 0.037 0.018 0.020
13D14A25 Magnetite M-2-17 25.5 2.16 0.178 3.220 18.963 2.650 7.882 0.881 0.148 0.433 0.052 0.138 0.011 0.041
13D14A26 Magnetite M-2-18 8.73 1.71 0.104 1.135 7.841 1.044 2.869 0.315 0.035 0.093 0.050 0.120 0.005
13D14A27 Magnetite M-2-19 14.1 1.98 0.176 2.138 10.377 1.531 4.736 0.479 0.079 0.141 0.006 0.101 0.012 0.024
13D14A28 Magnetite M-2-20 6.25 4.26 1.078 0.690 2.858 0.375 1.364 0.257 0.053 0.091 0.012 0.049 0.021
13D14A40 Magnetite M-2-31 15.5 24.8 1.04 3.406 13.467 3.031 10.638 0.920 0.295 0.220 0.022 0.234 0.056 0.282 0.018 0.028
13D14A41 Magnetite M-2-32 17.6 15.4 0.358 3.369 15.065 2.248 7.591 0.644 0.259 0.225 0.038 0.368 0.132 0.215 0.013 0.235 0.050
13D14A42 Magnetite M-2-33 16.7 16.5 0.783 2.763 15.211 2.208 7.979 0.767 0.237 0.257 0.014 0.056 0.047 0.171 0.012 0.006
13D14A44 Magnetite M-2-35 13.5 11.7 0.213 3.262 18.478 2.402 7.999 1.015 0.260 0.104 0.028 0.282 0.101 0.222 0.029 0.027
13D14B08 Magnetite B-1-02 12.3 4.52 0.738 0.390 2.751 0.380 2.634 0.252 0.053 0.176 0.037 0.125 0.012 0.042 0.025
13D14B10 Magnetite B-1-04 11.6 5.41 0.817 0.218 0.897 0.144 0.504 0.022 0.021 0.056 0.055
13D14B11 Magnetite B-1-05 13.1 2.57 0.104 2.045 12.776 1.986 11.617 1.126 0.256 0.357 0.022 0.204 0.029 0.024 0.045 0.029
13D14B12 Magnetite B-1-06 12.5 4.06 0.533 10.591 58.159 8.818 36.011 2.885 0.588 1.306 0.117 0.722 0.078 0.484 0.044 0.335 0.030
13D14B13 Magnetite B-1-07 16.1 21.6 3.391 2.909 10.934 1.690 5.722 0.133 0.129 0.057 0.064 0.130 0.080 0.109
13D14B14 Magnetite B-1-08 5.39 1.38 0.613 2.199 11.219 2.702 9.542 1.619 0.283 0.380 0.160 0.706 0.187 0.441 0.012 0.054 0.024
13D14B16 Magnetite B-1-09 12.4 3.99 0.576 0.755 0.966 0.624 2.815 0.761 0.057 0.054 0.008 0.092 0.023 0.026
13D14B17 Magnetite B-1-10 19.7 3.96 0.615 3.035 20.397 3.431 14.532 1.656 0.333 0.385 0.557 0.439 0.055 0.091 0.072
13D14B18 Magnetite B-1-11 12.4 3.37 0.15 5.186 19.879 3.435 12.799 1.293 0.281 0.751 0.044 0.180 0.073 0.174 0.013 0.059
13D14B19 Magnetite B-1-12 4.66 2.18 0.241 0.299 1.587 0.393 2.070 0.290 0.017 0.021 0.028 0.014 0.070 0.111
13D14B22 Magnetite B-1-15 10.5 1.42 0.14 0.074 0.754 0.071 0.539 0.000 0.031 0.034 0.082 0.020 0.068 0.080
13D14B23 Magnetite B-1-16 0.54 2.39 0.32 1.363 3.406 0.529 3.556 0.176 0.027 0.152 0.028 0.029 0.071 0.012
13D14B24 Magnetite B-1-17 14.4 2.45 0.442 8.825 35.696 5.974 26.353 2.085 0.475 1.082 0.122 0.728 0.049 0.143 0.057 0.006
13D14B26 Magnetite B-1-19 5.45 0.98 0.115 1.837 10.453 1.644 6.047 1.114 0.135 0.184 0.026 0.156 0.038 0.064 0.006
13D14C07 Magnetite 92-O-137-01 5.07 43.5 16.6 0.542 4.021 0.409 1.642 0.029 0.068 0.093 0.034 0.042 0.010 0.139 0.020
13D14C08 Magnetite 92-O-137-02 2.93 10.4 4.7 0.251 1.201 0.073 0.329 0.069 0.009 0.016
13D14C11 Magnetite 92-O-137-05 0.72 0.32 0.018 0.198 0.027 0.145 0.012 0.141 0.124 0.009 0.041
13D14C12 Magnetite 92-O-137-06 0.7 10.6 1.68 0.105 0.850 0.881 0.417 0.318 0.018 0.029 0.118 0.033 0.017
13D14C13 Magnetite 92-O-137-07 3.74 51.4 13.6 1.166 6.321 0.706 3.766 0.490 0.073 0.164 0.083 0.244 0.106 0.435 0.063 0.144 0.031
13D14C17 Magnetite 92-O-137-10 1.66 17.9 3.48 0.482 4.071 0.982 3.994 0.476 0.216 0.876 0.046 0.715 0.277 0.932 0.021 0.373 0.051
13D14C29 Magnetite 92-O-137-21 3.58 1.07 0.293 0.236 0.328 0.290 0.628 0.015 0.153 0.032 0.022
13D14C31 Magnetite 92-O-137-23 13.8 1.88 0.468 0.073 0.621 0.120 0.366 0.033 0.084
13D14C33 Magnetite 92-O-137-25 1.43 13.7 11.7 0.360 2.068 0.200 0.800 0.100 0.109 0.345 0.048 0.712 0.110 0.292 0.011 0.149 0.011
13D14C16 Hematite 92-O-137-09 0.27 0.23 0.262 0.041 0.037 0.245 0.005 0.011
13D14C20 Hematite 92-O-137-13 1.36 0.288 0.187 0.658 0.207 0.518 0.084 0.054 0.071 0.062 0.092 0.165 0.120 0.037 0.167
13D14C24 Hematite 92-O-137-17 3.58 9.28 1.594 0.128 0.910 0.219 0.832 0.472 0.118 0.093 1.011 0.151 0.493 0.052 0.237
13D14C26 Hematite 92-O-137-18 0.29 1.47 0.271 2.046 9.291 0.756 3.007 0.702 0.031 0.062 0.022
13D14C27 Hematite 92-O-137-19 1.22 4.13 1.051 0.093 0.324 0.111 0.297 0.029 0.010 0.086 0.093 0.058 0.028 0.042 0.009
13D14C28 Hematite 92-O-137-20 2.87 3.13 0.754 0.313 0.794 0.095 0.586 0.083 0.009 0.143 0.010 0.507 0.010 0.589 0.055 0.290 0.018
13D14C30 Hematite 92-O-137-22 2.64 1.32 0.522 0.322 1.337 0.050 0.882 0.030 0.132 0.028 0.078 0.019 0.029 0.038 0.033
13D14C32 Hematite 92-O-137-24 0.84 0.212 0.220 0.309 0.030 0.402 0.010 0.078
13D14C34 Hematite 92-O-137-26 2.46 4.07 0.58 1.590 4.283 0.565 2.491 0.005 0.225 0.044 0.106 0.149 0.010 0.129 0.009
13D14D07 Magnetite 92-O-99-01 34.7 156 2.80 4.340 12.368 1.987 13.469 4.992 1.477 3.367 0.952 3.930 0.705 1.476 0.207 2.441 0.341
13D14D08 Magnetite 92-O-99-02 102 190 4.80 6.849 10.909 2.892 16.531 5.512 2.309 5.674 1.150 7.993 1.360 3.844 0.383 1.721 0.173

Appendix 1 (continued)
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13D14D09 Magnetite 92-O-99-03 24.2 127 3.13 7.411 8.117 3.137 16.460 4.751 1.698 4.256 0.837 4.995 0.648 1.912 0.176 0.748 0.046
13D14D11 Magnetite 92-O-99-05 62.3 147 3.99 4.507 9.893 2.541 17.335 4.378 1.933 6.082 0.982 7.031 1.358 2.774 0.302 1.452 0.087
13D14D12 Magnetite 92-O-99-06 16.6 128 3.13 2.117 6.264 1.000 5.740 3.239 1.177 3.658 0.632 4.379 0.809 1.989 0.174 0.594 0.110
13D14D13 Magnetite 92-O-99-07 74.5 171 2.42 2.645 13.368 1.670 12.759 3.997 1.628 4.020 0.900 6.245 1.010 2.154 0.225 1.099 0.086
13D14D14 Magnetite 92-O-99-08 28 143 3.81 2.297 11.012 1.711 10.183 4.504 1.364 3.603 0.759 5.559 0.766 2.162 0.252 0.999 0.101
13D14D16 Magnetite 92-O-99-09 23.7 121 3.44 2.683 8.499 1.374 7.297 3.624 1.105 3.271 0.527 3.639 0.502 1.622 0.130 0.603 0.092
13D14D17 Magnetite 92-O-99-10 61.8 103 1.98 4.615 10.148 2.156 9.603 2.872 1.295 3.658 0.692 4.556 0.582 1.576 0.110 1.247 0.041
13D14D19 Magnetite 92-O-99-12 24.4 105 2.84 2.454 6.846 1.416 6.901 3.477 1.221 3.207 0.609 4.395 0.643 1.465 0.138 0.695 0.089
13D14D22 Magnetite 92-O-99-15 21.2 142 3.2 6.581 10.176 3.434 17.253 5.721 1.848 4.054 0.822 4.493 0.875 1.452 0.243 1.034 0.106
13D14D23 Magnetite 92-O-99-16 34.1 96.9 5.58 3.504 9.167 1.601 9.183 3.272 1.211 3.162 0.483 4.044 0.693 1.393 0.220 0.776 0.045
13D14D24 Magnetite 92-O-99-17 36.8 107 6.36 4.996 9.929 1.859 9.641 3.300 1.085 2.981 0.447 2.679 0.355 1.273 0.073 0.335 0.044
13D14E08 Magnetite 208-4-1-02 2.79 0.33 0.047 0.096 0.051 0.138 0.155 0.009 0.013 0.006 0.078
13D14E09 Magnetite 208-4-1-03 0.52 0.35 0.097 0.048 0.103 0.046 0.013 0.029 0.013
13D14E10 Magnetite 208-4-1-04 1.78 0.36 0.029 0.095 0.042 0.012
13D14E11 Magnetite 208-4-1-05 5.77 3.64 0.075 0.096 0.477 0.156 0.741 0.356 0.078 0.107 0.091 0.007 0.070 0.060 0.007
13D14E12 Magnetite 208-4-1-06 1.58 5.66 0.058 0.030 0.442 0.128 0.811 0.324 0.083 0.118 0.166 0.008 0.050
13D14E13 Magnetite 208-4-1-07 2.37 3.48 0.068 0.015 0.279 0.064 0.747 0.047 0.118 0.008 0.033 0.008 0.050 0.033 0.007
13D14E14 Magnetite 208-4-1-08 1.93 0.25 0.066 0.026 0.083 0.063 0.005 0.064 0.014
13D14E16 Magnetite 208-4-1-09 1.67 0.18 0.056 0.031 0.054 0.174 0.016 0.016 0.025 0.029 0.099 0.014
13D14E17 Magnetite 208-4-1-10 1.14 0.49 0.026 0.008 0.023
13D14E18 Magnetite 208-4-1-11 0.77 1.17 0.098 0.045 0.078 0.093 0.281 0.026 0.058 0.096 0.191 0.063
13D14E19 Magnetite 208-4-1-12 3.69 0.64 0.252 0.063 0.458 0.064 0.025 0.117 0.024 0.049 0.014
13D14F07 Magnetite B-2-01 0.033 0.058 0.139 0.010 0.108 0.012 0.015
13D14F08 Magnetite B-2-02 0.36 0.031 0.014 0.060 0.060 0.054 0.022 0.030 0.014 0.019
13D14F10 Magnetite B-2-04 0.17 0.21 0.02 0.049 0.227 0.038 0.103 0.021 0.144 0.034 0.022
13D14F12 Magnetite B-2-06 0.17 0.19 0.04 0.011 0.014
13D14F14 Magnetite B-2-08 20.4 1.01 0.04 0.066 0.134 0.009 0.049 0.033 0.102 0.028 0.346 0.034 0.162 0.031 0.136 0.018
13D14F17 Magnetite B-2-10 0.48 0.46 0.028 0.213 0.170 0.183 0.106 0.016 0.013 0.097 0.089 0.040 0.102 0.034
13D14F18 Magnetite B-2-11 2.48 1 0.044 0.073 0.300 0.020 0.325 0.090 0.015 0.128 0.031 0.026 0.211
13D14F19 Magnetite B-2-12 0.22 0.021 2.296 4.826 0.464 2.645 0.419 0.081 0.162 0.022 0.336 0.037 0.228 0.032 0.029 0.006
13D14F22 Magnetite B-2-15 0.09 0.031 0.006 0.029 0.084
13D14F23 Magnetite B-2-16 13.5 0.51 0.046 0.067 0.010 0.004
13D14F26 Magnetite B-2-18 0.74 0.23 0.084
13D14F29 Magnetite B-2-21 0.42 0.012 0.015 0.016 0.028 0.064
13D14F32 Magnetite B-2-24 0.25 0.47 0.076 0.232 0.013 0.144 0.004
13D14F39 Magnetite B-2-31 1.42 0.23 0.044 0.136 0.005 0.036
13D14F21 Hematite B-2-14 2.36 11.5 0.223 0.527 1.970 0.245 1.495 0.239 0.072 0.053 0.029 0.121 0.051 0.143
13D14F27 Hematite B-2-19 0.28 0.123 0.112 0.005 0.113 0.041
13D14F28 Hematite B-2-20 0.69 0.093 0.035 0.046 0.024 0.200 0.008 0.009 0.016
13D14F30 Hematite B-2-22 0.19 0.98 0.122 0.074 0.150 0.020 0.030
13D14F31 Hematite B-2-23 0.79 2.2 0.03 0.040 0.555 0.194 0.228 0.349 0.007 0.175
13D14F37 Hematite B-2-29 2.11 0.237 0.229 0.026 0.071 0.020 0.039
13D14F38 Hematite B-2-30 4.2 9.59 0.134 0.626 1.647 0.436 1.440 0.651 0.148 0.582 0.175 0.494 0.106 0.125 0.035 0.158 0.012
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