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Abstract The Pingchuan iron deposit, located in the
Yanyuan region of Sichuan Province, SW China, has an
ore reserve of 40 Mt with ~ 60 wt% Fe. Its genesis is still
poorly understood. The Pingchuan iron deposit has a par-
agenetic sequence of an early Fe-oxide—Pyrite stage (I) and
a late Fe-oxide—pyrrhotite stage (II). Stage I magnetite
grains are generally fragmented, euhedral-subhedral, large-
sized crystals accompanying with slightly postdated pyrite.
Stage II magnetite grains are mostly unfragmented, anhe-
dral, relatively small-sized grains that co-exist with pyr-
rhotite. Combined with micro-textural features and
previously-obtained geochronological data, we consider
that these two stages of iron mineralization in the Ping-
chuan deposit correspond to the Permian ELIP magmatism
and Cenozoic fault activity event. Both the Stage I and II
magnetites are characterized with overall lower contents of
trace elements (including Cr, Ti, V, and Ni) than the ELIP
magmatic magnetite, which suggests a hydrothermal origin
for them. “Skarn-like” enrichment in Sn, Mn, and Zn in the
Stage I magnetite grains indicate significant material con-
tributions from carbonate wall-rocks due to water—rock
interaction in ore-forming processes. Stage Il magnetite
grains contain higher Mn concentrations than Stage I
magnetite grains, which possibly implies more contribution
from carbonate rocks. In multiple-element diagrams, the
Stage I magnetite shows systematic similarities to Kiruna-
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type magnetite rather than those from other types of
deposits. Combined with geological features and previous
studies on oxygen isotopes, we conclude that hydrothermal
fluids have played a key role in the generation of the
Pingchuan low-Ti iron deposit.

Keywords SW China - Pingchuan iron deposit - Low-Ti
iron deposit - Hydrothermal magnetite

1 Introduction

The ~ 260 Ma Emeishan Large Igneous Province formed
a massive volcanic succession of predominately basaltic
flows and pyroclastics, and minor picrite and trachyte/
rhyolite, with associated numerous ultramafic—mafic to
felsic plutons in southwestern China (Chung and Jahn
1995; Zhang et al. 2006; Shellnutt et al. 2012). Along with
the mantle plume event, several world-class magmatic Fe—
Ti—V deposits, including the Taihe, Baima, Hongge, and
Panzhihua deposits, occurred in the western Yangtze Block
(Song et al. 2005, 2009, 2013; Zhou et al. 2005; Bai et al.
2012a, b; Chen et al. 2014). These deposits have attracted a
lot of interest of many researchers due to their large
quantity of Fe-Ti—V oxide ores with a grade at ~ 33 wt%
Fe (Ma et al. 2003). Other than magmatic, high-Ti iron
deposits, there are also low-Ti iron deposits, represented by
the Pingchuan, Niuchang and Lanzhichang deposits, within
the ELIP. The low-Ti iron deposits are characterized with
relatively higher iron ore grade (> 40 wt% Fe) and smaller
reserves (< 50 Mt iron ores). Their origin is still poorly
understood because little attention has been paid to them.
In this study, we present a microphotographic study and in-
situ LA-ICP-MS trace elements of magnetite grains for the
Pingchuan deposit. This dataset would allow us to explore
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the origin of magnetite from the Pingchuan deposit and
further compare them with magnetite from other types of
deposits, thus shedding light on the genesis of the low-Ti
iron deposit.

2 Geological background and sampling

The Yangtze Block is separated from the North China
Block to the north, the Cathaysia Block to the south, the
Songpan—Ganzi fold belt to the northwest and the Simao
Block to the southwest. The study area is located in the
western Yangtze Block. The western part of the block
consists of a Paleo—Mesoproterozoic basement, represented
by the Dahongshan, Hekou, Kunyang, and Huili Groups.
These groups are mainly comprised of low-grade
metasedimentary rock with felsic and mafic metavolcanic
interlayers. Numerous mid-Neoproterozoic igneous rocks,
dominated by felsic intrusive and extrusive rocks with
subordinate ultramafic—mafic lavas and dikes, also crop out
in the region (Li et al. 2003, 2006; Zhou et al. 2006). The
basement is overlain by Sinian (850-610 Ma) to Permian
strata of clastic, carbonate and meta-volcanic rocks with a
total sequence more than 9 km (SBGMR 1991).

The Pingchuan region in Sichuan Province has a well-
preserved sedimentary sequence from Early Carboniferous
to Early Permian. The Carboniferous strata include the
early argillaceous limestones of Weining Formation and
the late sandstones and limestones of Mapping Formation.
The Early Permian rocks are characterized by the Shuhe,
Yangxin (Maokou) and Pingchuan Formations, mainly
consisting of limestones with minor siltstone and shale,
from bottom up. Late Permian Emeishan volcanic succes-
sion overlies these rocks. As shown in Figs. 1 and 2,
abundant ELIP-associated ~ 260 Ma mafic and ultramafic
intrusions also intrude into these strata. The
260.0-260.3 Ma Dabanshan gabbro (Wang et al. 2012;
Zeng et al. 2013; Liu et al. 2015b) crop out in the northeast
of the Pingchuan iron deposit (Fig. 2a). Plenty of picritic
dykes show intimate spatial association with the Pingchuan
deposit (Figs. 2b, 3a). These picritic porphyry dykes were
thought to be emplaced at ~ 248 Ma (Zeng et al. 2013) on
the bias of limited analytic data. Liu et al. (2015b) reported
apatite U-Pb age of 245 4 26 Ma for the Pingchuan iron
deposit.

The Pingchuan iron deposit has an estimated reserve of
40 Mt iron ores at ~ 60 wt% Fe. Orebodies are generally
in stratiform, lentoid, irregular and vein shapes. Iron ores,
despite massive, brecciated, disseminated and stockwork
types, mainly contain magnetite with minor siderite and
pyrite and variable gangue minerals like dolomite, calcite,
apatite, and chlorite. Samples in this study are generally
massive ores with high grade and were collected from the

Fig. 1 a Schematic map showing the tectonic framework of China.p
b Schematic geologic map showing the distribution of the magmatic
Fe-Ti-V oxide ores of the Emeishan Large Igneous Province in SW
China (modified after Song et al. 2009). Red square is shown Fig. 2a

most important orebody I, which mainly develops in the
contact zone between the picritic dykes and Yangxin
(Maokou) limestones. Other orebodies such as orebody II,
IIT and IV were either small in scale or has been mined out.
Brecciated limestone and carbonate minerals-rich veins
could be observed (Fig. 3b—d).

Under a microscope, magnetite grains are divided into
two stages (Fig. 4). Stage I magnetite grains are euhedral—
subhedral crystals with large size mostly > 200 pm in
diameter (Fig. 4a, b). Some grains even exhibit oscillatory
zones, where tiny inclusions linearly occur along with
lattice plane (Fig. 4b). Stage I magnetite grains are gen-
erally fragmented and surrounded by postdated sulfides
(Fig. 4a—d), which are mostly anhedral pyrite grains.
Locally, martitization occur along the fractures in massive
magnetite (Fig. 4c). Whereas Stage Il magnetite grains are
characterized with relatively small-sized anhedral grains
(mostly < 200 pm). They usually contain abundant tiny
gangue mineral inclusions, which distribute randomly
within magnetite grains (Fig. 4e—f). Interestingly, Stage II
magnetites have experienced little fragmentation and
martitization. Sulfides (mostly pyrrhotite grains) occur
along with or within these magnetite grains (Fig. 4e—f).

Microscopic observations suggest that the large-sized
Stage I magnetite grains formed prior to pyrite and
hematite, whereas the anhedral Stage II magnetite grains
are almost synchronous with pyrrhotite. Stage I magnetite
grains were significantly overprinted by fragmentation
events, which have not affected Stage II magnetite grains,
suggesting that Stage I magnetite formed earlier than Stage
IT magnetite. Therefore, the Pingchuan deposit has a par-
agenetic sequence of an early Fe-oxide (Stage I magnetite)
and subsequent sulfide stage (pyrite), and a following late
Fe-oxide (Stage II magnetite) and almost simultaneous
sulfide stage (pyrrhotite).

3 Analytical method

Major element compositions of ore samples for the Ping-
chuan deposit were determined using X-ray fluorescence
spectrometers (XRF) at ALS Chemex Co Ltd, Guangzhou.
The analytical precision is generally better than 5%.
Magnetite grains in seven thin slices were chosen for
LA-ICP-MS trace element determination. Analyses were
conducted using a Coherent GeoLasPro 193-nm Laser
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Fig. 2 a Geologic map of the
Pingchuan iron deposit and

b cross section of A-A’
exploration line (modified after
Panxi Geological Team 1982)
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Ablation system coupled with an Agilent 7700x ICP-MS
at the SKLODG, IGCAS. Operating conditions and pro-
cedures are similar to those described in Gao et al. (2013).
During the ablation, a repetition rate of 5 Hz and a laser
spot size of 44 um were adopted. Helium worked as the
carrier gas and subsequently was mixed with argon gas in a
T-connector prior to mass spectrometric analysis. Each
analysis comprises 20s background on a gas blank and 60s
analysis on unknown or standard materials. Several refer-
ence materials including BC-28, BCR-2G, GOR-128, GSE-
1G and NIST 610 were analyzed to calibrate trace element

contents with >’Fe as the internal standard. Every eight
unknown analyses were separated by GSE-1G with another
standard to monitor time-dependent drift of sensitivity and
mass discrimination. Offline data reduction was performed
using ICPMSDataCal program (Liu et al. 2008) with Fe*t/
2Fe values of 0.33 (Liu et al. 2015b).
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Fig. 3 a An overview of the Pingchuan open pit, showing field relationships of Fe orebodies, limestones and picritic dykes. b—d Representative
brecciate rocks and carbonate veins in the mining district
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Fig. 4 Microphotographic pictures of a large-sized, b oscillatory zones, c—d fragmented Stage I magnetite and e—f unfragmented, Po-bearing
Stage Il magnetite. Abbreviations: Hm hematite, Mag magnetite, Po pyrrhotite, Py Pyrite

4 Results and CaO (4.74-15.3 wt%) contents. Other oxides, such as
TiO, and P,0s, are very low in the Pingchuan deposit. LOI

Major elements of ore samples from the Pingchuan deposit ~ values are high in these samples, agreeable with the pres-

are listed in Table 1. Ore samples are generally charac-  ence of gangue carbonate minerals.

terized with high contents of Fe,O3 (55.6-87.1 wt%; Trace elements of magnetite grains determined by LA—

Fe = 38.9-61.0 wt%) and moderate MgO (2.68-7.82 wt%)  ICP-MS are presented in “Appendix”. Stage I magnetite
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grains have substantial Si (678-7561 ppm), Mg (4.66—
7158 ppm), Mn (9.19-322 ppm), Ca (4.55-3136 ppm), V
(118-522 ppm), Zn (13.8-134 ppm), Al (12.0-129 ppm), Sn
(10.7-38.2 ppm) and Co (0.30-38.5 ppm), which are much
above detection limits. Ti (< 67.5 ppm), Cr (< 5.83 ppm), Ni
(< 2.85 ppm), Ga (< 1.05 ppm), Sc (< 0.31 ppm) and other
elements in these grains are either close to, or below detec-
tion limits. Stage I magnetite grains contain variable ranges
of Si (624-3378 ppm), Mg (68.9-6998 ppm), Ca (2.50—
1874 ppm), V (94.6-363 ppm), Zn (17.2-440 ppm), Al
(19.3-257 ppm), Sn (8.32-69.7 ppm), Co (1.83-47.7 ppm),
Ti (< 19.9 ppm), Cr (< 1.66 ppm), Ni (< 6.21 ppm), and Sc
(< 0.12 ppm) similar to those of Stage I magnetite grains.
However, most Stage II magnetite grains have slightly higher
Mn (16.3-871 ppm) and lower Ga (< 0.59 ppm) than those of
Stage I magnetite grains.

5 Discussion
5.1 Origin of magnetite

In the Pingchuan deposit, apatite grains accompanied with
Stage I magnetite yields a U-Pb age of 245 4+ 26 Ma and a
fission-track age of 51.8 £ 4.9 Ma (Liu et al. 2015b),
representing mineralization age and late thermal event,
respectively. The former is overlapped with the ~ 260 Ma
ELIP basalts and gabbros (e.g., Ali et al. 2005; Zhong et al.
2011; Wang et al. 2012; Zeng et al. 2013; Liu et al. 2015b)
within error. Whereas, the latter event has experienced
slow cooling at 70-24 Ma and fast cooling after 24 Ma
(Liu et al. 2015b), coeval with ~ 67 Ma metamorphism
record in picritic dikes (Zeng et al. 2013). This event is
possibly linked to the thrust of the Cenozoic Jinqing fault
(Ge 1984; Zhong et al. 2004) as suggested by Liu et al.
(2015b). Combined with the contrasting fragmentation and
inclusion-distribution features, we consider that the early
Fe oxide (-sulfide) Stage is closely associated with the
ELIP magmatic event and the late Fe oxide (—sulfide) Stage
is intimately connected with Cenozoic fault activity. This
interpretation is further supported by a decrease of sulfi-
dation state from pyrite to pyrrhotite (Einaudi et al. 2003),
which is identical to a drop of temperature and/or sulfur
fugacity in the ore-forming system from magmatic-related
to fault-related environments.

In Figs. 5 and 6, the Stage I and Stage II magnetite
grains of the Pingchuan magnetite share very similar
chemical compositions except for higher Mn contents in
Stage II magnetites. Because high Mn is a significant
feature for carbonate rocks, fault activities in carbonate
rocks would lead to fluids enriched in Mn. Combined with
geochronological data and micro-textural features, we
suggest that the Stage Il magnetites are recrystallized from
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Fig. 5 a Chemical discrimination diagram for magnetite from
magmatic and hydrothermal environments after Nadoll et al.
(2014). b Chemical discrimination diagram for magnetite from
different type deposits after Dupuis and Beaudoin (2011) modified by
Nadoll et al. (2014). Data of Emeishan magmatic magnetite come
from Liu et al. (2015a)

Stage I magnetite grains under the influence of fault-in-
duced Mn-rich fluids. While the chemistry of the Stage I
magnetites are genetically related to the Emeishan mag-
matism and would provide convincingly constraints on the
origin of the Pingchuan deposit.

5.2 Genesis of the Pingchuan iron deposit

Elements such as Cr, Ti, V, and Ni usually show high
contents in a magmatic system but low contents in a
hydrothermal system, so they could be applied to dis-
criminate magnetite formed in these systems (Dare et al.
2014; Knipping et al. 2015a; Nadoll et al. 2015; Wang
et al. 2018). As shown in Figs. 5 and 6, both the Stage I and
Stage II magnetite grains of the Pingchuan magnetite are
with low concentrations of Ti, V, Ni, Cr, and Al + Mn,
which are much lower than those in the regional coeval
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Emeishan magmatic magnetite grains. Actually, they are
plotted into the field close to hydrothermal magnetite area
designed by Nadoll et al. (2015).

Multiple trace elements in magnetite grains were also
suggested to be able to identify ore-forming environments
and ore deposit types (Dupuis and Beaudoin 2011; Dare
et al. 2014; Nadoll et al. 2014; Broughm et al. 2017). In
Fig. 6, the Stage I magnetites of the Pingchuan deposit
exhibit spiked multiple-element patterns with depletions in
Al, Ga, Ti, Ni, and Cr, and enrichments in Sn, Mn, and Zn—
Co—V. These patterns are distinct from those of the mag-
matic magnetite, which have relatively smooth right-in-
clined patterns with overall high contents of trace elements
(Fig. 6a). This comparison precludes purely magmatic-
system environments, such as extremely high-temperature,
for the Stage I magnetites. Moreover, they are also dif-
ferent from the M-shaped patterns with peaks in Sn—Ga and
Ni—V—Co (-Zn) and troughs in Si, Mg and Cr for magnetite
from magmatic-hydrothermal porphyry and IOCG (iron-
oxide copper and gold) deposits (Fig. 6b, c). The Stage I
magnetite grains contain much lower Ni, Ga, Ti, and Al
than porphyry and IOCG magnetite. These observations are
arguing that magmatic—hydrothermal environments alone
could not account for the compositions of the Stage I
magnetites. In addition, the Stage I magnetites can be
distinguished from BIF magnetite, which shows a relative
flat pattern and high Ni-Cr—Ga (Fig. 6d). Interestingly, the
Stage I magnetite grains also display enrichments in Sn,
Mn, and Zn—Co relative to neighboring elements similar to,

Si Al Sc Sn GaMnMgTi ZnCo V Ni Cr

although in low level, those of skarn deposits (Fig. 6e).
This indicates significant skarn-like wall rock contribution
during the generation of the Stage I mineralization. In more
details, they show collectively similarities to Kiruna-type
magnetite in El Laco except for pronounced lower Ni
concentrations (Fig. 6f). Generally, Stage I magnetites
have exhibited more affinities with magnetite from Kiruna-
type and skarn deposit than other types of deposits.
Previous studies have proposed both magmatic and
hydrothermal models for the generation of low-Ti iron
deposit within ELIP (Yang 1983; Yao and Yan 1991;
Wang et al. 2014; Liu et al. 2015b). Yao and Yan (1991)
reported amygdaloidal structures in massive ores of the
Niuchang deposit, which located to the south of the Ping-
chuan deposit. Recently, Liu et al. (2015b) interpreted that
these deposits resulted from low-Ti Fe-rich melts separated
from low-Ti basaltic magmas based on a Fe,O5;* drop of
4.51% from gabbro to gabbronorite. However, alteration
style, and ore and mineral geochemistry tend to support a
hydrothermal origin for the Pingchuan deposit (Yang 1983;
Wang et al. 2014). As aforementioned, the Pingchuan
deposit exhibits comparable magnetite multiple-element
pattern with the Kiruna-type iron deposits in El Laco,
which also bear low-Ti features. There are also similar
long-living debates over the genesis of Kiruna-type
deposits (mainly iron-rich hydrothermal fluids and mag-
matic iron-rich melts) (see more details in Knipping et al.
(2015b). However, a novel model established recently by
Knipping et al. (2015a, b) seems to be able to coordinate
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the contrasting co-occurrence of purely magmatic and
hydrothermal observations. They proposed that magmatic
magnetite-bubble suspension separated from magmatic
magmas deposit massive magnetite in regional faults. This
model actually signifies the role of hydrothermal fluids,
consistent with the overall trace-element features of mag-
netite for Kiruna-type deposits.

In the Pingchuan deposit, Stage I magnetites have
hydrothermal origins, arguing against purely magmatic
iron-rich melts model. The following lines of evidence also
support them to a hydrothermal model for the Pingchuan
deposit. (1) Orebodies preferentially occur in the contact
zone between limestones and picritic dykes. This is in
contrast with the purely magmatic iron-rich melts model,
which should expect more spatially association with the
regional gabbros (Fig. 2). (2) Ore samples in the Pingchuan
deposit contain low P,Os contents (< 1.58%; Table 1)
which are crucial for the separation of an iron-rich oxide
melts from a Si-rich silicate melt (Hou et al. 2018), arguing
against a parental Fe—P-rich melts for the Pingchuan
deposit. (3) Gangue minerals are dominated by carbonate
minerals (Table 1), identical to the lithology of host rocks.
(4) Along with orebodies, extensive alterations (e.g., mar-
marization) of host rocks have been observed (Fig. 3a).
More skarn minerals, such as diopside, actinolite, and
epidote, have been documented in the ore district (Wang
et al. 2014). (5) Abundant gangue mineral inclusions, e.g.,
carbonate minerals, occur in Stage I magnetites (Fig. 4),
which is common in the hydrothermal system. (6) Some
Stage I magnetite grains in the Pingchuan deposit exhibit
oscillatory zones, similar to the typical structure for skarn-
type high-temperature magnetite (Zhao and Zhou 2015).
(7) The 8'®0 values of magnetite (although we do not
know which stage they belong to) in this deposit are con-
sistent with magmatic-water origin rather than pure mantle-
derived magma origin (Wang et al. 2014). Therefore,
hydrothermal fluids are crucial for the generation of the
Pingchuan deposit.

The enrichment in Sn—-Mn—Zn are typical features of
skarn magnetite (Fig. 6e). Along with the emplacement of
picritic dykes, primary ore-forming fluids reacted with
limestones, depositing the Sn—Mn—Zn-rich Stage I mag-
netite grains with accessory apatite. During the Cenozoic

@ Springer

fault activities, previously formed minerals suffered from
fragmentation and inclusion-rich Stage II magnetite grains
were generated. These fluids contain abundant carbonate
components and lead to more elevated Mn—Al in Stage II
magnetite grains relative to previous magnetite grains. This
possibly indicates that the fluids have more contributions
from carbonate wall rocks, might consistent with the
presence of hydrothermal carbonate veins in breccia rocks
in the ore district. Although the magmatic magnetite-bub-
ble suspension model (Knipping et al. 2015a, b) could not
be precluded, we still infer that the Pingchuan deposit is
hydrothermal in origin on the bias of available data. The
early ore-forming fluids were possibly magmatic-hy-
drothermal in origin, whereas the late fluids might be
induced from fault activity. However, it still requires more
studies on the nature of ore-forming fluids to explain
chemical divergences, such Al-Ti—Ni—Cr, between the
Pingchuan and typical skarn magnetite.

6 Conclusion

Two stages of magnetite grains were identified in the
Pingchuan iron deposit: early fragmented, euhedral-sub-
hedral, large-sized magnetite grains and late unfragmented
anhedral, small-sized magnetite grains. They correspond to
Permian magmatism and Cenozoic thermal event. Both the
early and late magnetite grains show signatures of
hydrothermal magnetite, which supports a hydrothermal
origin for the deposit. Contributions from carbonate wall
rocks are significant in the ore-forming processes.
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LA-ICP-MS trace elemental compositions of magnetite from the Pingchuan deposit in the ELIP

Sample DB1420

Analysis DB1420-1 DB1420-2 DB1420-3 DB1420-4 DB1420-5 DB1420-6 DB1420-7
Description Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1
Na ppm 229 3.75 13.2 8.06 1.53 1.66 2.71
Mg ppm 2330 416 3189 812 2783 7158 5283
Al ppm 22.6 439 73.9 46.3 37.6 26.1 14.3
Si ppm 848 846 900 1377 1525 756 765
P ppm 74.9 11.8 13.1 - 11.0 2.72 19.4
Ca ppm 150 46.3 33.0 143 60.6 50.1 69.9
Ti ppm 2.44 0.72 0.47 0.68 0.97 0.00 0.00
Mn ppm 263 31.7 41.1 26.3 14.6 21.0 9.4
Sc ppm - 0.07 - 0.07 - 0.03 -

\% ppm 122 135 180 157 276 254 195
Cr ppm - 0.12 1.31 - - - -

Co ppm 1.69 0.30 6.73 0.33 3.01 4.36 1.81
Ni ppm 0.15 0.92 0.62 0.44 0.08 0.01 0.04
Cu ppm 0.10 0.01 - 0.06 0.02 - 0.18
Zn ppm 21.5 15.8 80.0 13.8 26.4 57.5 359
Ga ppm 0.92 1.01 0.42 0.85 0.90 0.55 0.82
Ge ppm 0.09 0.24 0.34 0.09 2.44 0.10 0.11
Rb ppm - 0.01 0.03 0.01 0.02 0.01 0.01
Sr ppm 2.35 0.13 1.56 0.30 0.63 0.01 0.38
Y ppm 0.50 0.12 0.08 0.35 0.12 0.22 0.26
Zr ppm 0.11 - 0.04 - 0.05 18.4 0.05
Nb ppm 1.67 2.12 3.31 4.42 3.19 2.00 1.64
Mo ppm 0.03 0.05 - - - - 0.01
Ag ppm - 0.03 - 0.01 - 0.01 -

Cd ppm 0.03 - 0.09 - 1.82 0.05 0.04
In ppm 0.09 0.13 0.20 0.20 0.11 0.33 0.11
Sn ppm 11.1 17.9 10.7 17.1 15.4 13.4 13.4
Ba ppm 17.4 0.37 8.42 1.26 2.93 0.07 2.69
Hf ppm - 0.01 - - - 0.01 -

Ta ppm - 0.01 - - - - -

w ppm 0.01 0.03 - 0.17 0.14 - 0.02
Bi ppm 0.02 - 0.01 - - 0.01 -

Pb ppm 0.22 - 0.09 - - - 0.03
Th ppm - - 0.01 - - - 0.01
U ppm 0.08 0.03 - 0.09 0.03 0.04 0.01
Al + Mn wt% 0.029 0.008 0.012 0.007 0.005 0.005 0.002
Ti+V wt% 0.012 0.014 0.018 0.016 0.028 0.025 0.019
Sample DB1430

Analysis DB1430-1 DB1430-2 DB1430-3 DB1430-4 DB1430-5 DB1430-6 DB1430-7 DB1430-8
Description Stage 1 Stage T Stage 1 Stage 1 Stage 1 Stage 1 Stage T Stage 1
Na ppm 0.00 4.89 5.43 0.07 0.00 12.1 0.00 3.22
Mg ppm 394 975 623 9.16 4.66 459 7.42 35.7
Al ppm 39.5 89.3 412 24.8 13.9 17.1 12.0 12.6
Si ppm 709 3923 2969 1069 1277 2495 678 1653
P ppm 23.0 9.08 11.0 52.1 25.7 25.6 3.07 24.8
Ca ppm 33.6 1527 573 62.6 4.55 652 332 57.7
Ti ppm 2.44 0.12 11.9 0.54 3.22 3.62 1.08 437
Mn ppm 14.5 47.4 384 13.2 9.19 27.4 14.0 12.4
Sc ppm 0.12 - - 0.21 0.07 0.12 - 0.07
v ppm 118 326 309 184 288 195 119 276
Cr ppm 0.43 - 0.15 0.46 5.83 1.75 - 0.95
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continued

Sample DB1430

Analysis DB1430-1 DB1430-2 DB1430-3 DB1430-4 DB1430-5 DB1430-6 DB1430-7 DB1430-8
Description Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1
Co ppm 36.3 375 38.1 374 37.6 38.5 373 36.5
Ni ppm - 0.85 2.85 0.18 1.88 0.39 0.25 0.22
Cu ppm - - - 0.03 - - - 0.19
Zn ppm 85.4 107 94.7 72.9 64.7 76.7 82.2 82.6
Ga ppm 0.39 0.70 0.33 0.59 0.33 0.60 0.51 0.44
Ge ppm 0.36 0.28 - - - 0.29 0.20 -

Rb ppm - 0.02 0.01 - - - 0.01 -

Sr ppm - 0.38 0.09 - - 0.12 0.01 -

Y ppm 0.20 13.46 4.04 0.21 0.20 5.03 0.35 0.21
Zr ppm 0.16 0.02 - 0.10 - - - -

Nb ppm 1.55 46.7 12.6 1.66 5.19 20.7 1.51 3.58
Mo ppm - 0.02 - - - - - 0.08
Ag ppm - - 0.01 0.02 0.01 0.03 0.02 0.02
Cd ppm - 0.05 0.08 0.03 - 0.07 0.02 -

In ppm 0.07 0.16 0.14 0.04 0.05 0.19 0.10 0.09
Sn ppm 14.8 29.7 27.4 12.8 14.5 29.5 17.0 21.8
Ba ppm - 0.08 - - - 0.05 0.02 0.21
Hf ppm - - - - 0.03 - - -

Ta ppm - - - - - - - -

W ppm 0.02 - - - - 0.02 - 0.01
Bi ppm - 0.01 0.01 0.01 - 0.01 - 0.02
Pb ppm - 0.02 - - - 0.04 - 421
Th ppm 0.01 3.40 0.01 0.06 - - 0.02 -

U ppm 0.08 1.54 0.51 0.04 0.02 0.50 0.02 0.15
Al + Mn wt% 0.005 0.014 0.008 0.004 0.002 0.004 0.003 0.002
Ti+V wt% 0.012 0.033 0.032 0.018 0.029 0.020 0.012 0.028
Sample DB1431

Analysis DB1431-1 DB1431-2 DB1431-3 DB1431-4 DB1431-5 DB1431-6 DB1431-7 DB1431-8
Description Stage I Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1
Na ppm 61.4 243 7.22 124 7.79 2.01 3.27 4.37
Mg ppm 1184 62.4 705 744 694 584 491 809
Al ppm 19.7 37.6 92.1 97.4 85.9 68.6 37.3 422
Si ppm 868 1608 3012 3128 3136 2572 2438 3286
P ppm 18.8 324 42.5 - 18.1 344 - 13.2
Ca ppm 130 - 720 750 870 487 406 722
Ti ppm 6.21 - 0.16 0.69 0.00 10.35 5.99 -
Mn ppm 322 11.7 374 41.7 353 35.1 26.3 41.1
Sc ppm 0.13 - 0.11 0.09 0.22 0.17 - 0.20
v ppm 199 335 370 370 375 346 292 288
Cr ppm - 0.02 0.86 0.58 0.18 1.01 - 0.38
Co ppm 133 7.61 8.32 9.68 8.60 8.01 7.33 7.08
Ni ppm 0.66 0.14 0.89 0.54 0.92 0.36 0.42 0.03
Cu ppm 1.01 - 0.07 0.06 - 0.14 0.05 -

Zn ppm 73.7 79.1 81.0 85.1 87.0 85.1 75.3 97.4
Ga ppm 0.29 0.21 0.36 0.42 0.39 0.36 0.36 0.39
Ge ppm - 0.02 0.01 0.37 0.37 - - 0.18
Rb ppm 0.02 0.01 - 0.02 0.07 0.01 - -

Sr ppm 0.41 0.01 0.17 0.21 0.22 0.12 0.11 0.17
Y ppm 0.63 0.22 7.00 7.95 8.04 3.08 2.37 4.09
Zr ppm - 0.02 0.04 0.05 0.14 - - -

Nb ppm 2.76 3.07 31.8 33.9 50.8 78.8 36.7 165
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continued

Sample DB1431

Analysis DB1431-1 DB1431-2 DB1431-3 DB1431-4 DB1431-5 DB1431-6 DB1431-7 DB1431-8
Description Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1
Mo ppm - 0.03 - - 13.5 0.02 - 0.02
Ag ppm 0.03 0.01 - - - - - 0.03
Cd ppm - 0.04 0.06 - - - 0.08 -

In ppm 0.10 0.10 0.12 0.13 0.13 0.15 0.11 0.21
Sn ppm 21.1 17.0 25.7 25.6 25.3 26.4 28.8 34.5
Ba ppm 1.45 - - 0.12 0.09 - 1.78 0.08
Hf ppm 0.01 - - 0.01 - - 0.01 0.03
Ta ppm - - - - - - - -

w ppm - 0.01 - 0.02 0.03 - 0.01 0.02
Bi ppm - 0.01 0.01 - 0.01 0.01 0.01 0.02
Pb ppm - - - - 0.07 - - 0.02
Th ppm 0.01 0.01 0.03 - 0.05 0.03 0.01 0.01
U ppm 0.03 0.03 0.50 0.51 0.77 0.25 0.23 0.35
Al + Mn wt% 0.034 0.005 0.013 0.014 0.012 0.010 0.006 0.008
Ti+V wt% 0.021 - 0.037 0.037 0.038 0.036 0.030 -
Sample DB1432 DB1402

Analysis DB1432-1 DBI432-2 DBI1432-3 DB1432-4 DBI1432-5 DBI1432-6 DB1432-7 DB1432-8 DBI1402-1 DB1402-2  DB1402-3
Description Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage II Stage 11 Stage 11
Na ppm 36.7 18.1 16.9 16.1 4.97 4.26 10.4 10.7 5.92 - 0.22
Mg ppm 1428 1751 1210 1137 756 819 493 1002 2421 6251 1841
Al ppm 88.4 118 98.5 129 31.3 20.7 27.8 445 19.6 22.7 34.5
Si ppm 6317 7561 5426 5310 3009 2999 2759 4277 981 1146 768
P ppm 75.4 61.5 74.4 39.2 - - 6.87 11.0 21.6 49.4 46.5
Ca ppm 2376 3136 2141 1692 201 67.9 599 1620 81.3 2.50 46.2
Ti ppm - 17.6 30.3 67.5 32.0 7.40 15.1 4.47 19.9 0.61 0.96
Mn ppm 60.5 67.6 57.9 59.3 33.8 29.2 253 37.1 149 871 192
Sc ppm 0.01 0.03 0.31 0.28 0.06 0.14 - 0.02 - - -

v ppm 475 522 365 371 355 118 389 373 184 235 141
Cr ppm 1.71 - 0.71 0.16 - 1.02 0.80 0.66 - 1.11 0.62
Co ppm 23.0 224 22.7 21.8 21.5 21.7 20.6 20.8 25.9 471 24.0
Ni ppm 0.86 0.26 1.20 0.52 0.85 0.38 0.81 1.02 6.21 0.44 0.70
Cu ppm 0.06 0.02 0.14 0.35 0.01 0.02 0.10 - 0.08 0.01 -

Zn ppm 112 121 134 116 97.3 107 79.5 95.4 137 184 110
Ga ppm 0.89 1.05 0.98 0.72 0.26 0.46 0.38 1.01 0.12 0.11 0.04
Ge ppm - 0.53 0.10 0.48 0.04 0.23 0.07 - - - -
Rb ppm 0.01 0.90 0.02 - 0.01 0.01 - - - - 0.01
Sr ppm 1.30 1.43 0.79 0.47 0.05 - 0.09 0.39 0.11 0.01

Y ppm 21.6 29.4 19.1 12.2 1.42 0.58 4.33 13.6 0.15 0.05 0.10
Zr ppm 0.08 0.21 0.29 0.17 - - 0.03 5.65 1.40 0.06 -
Nb ppm 162 215 128 213 10.4 6.41 16.8 56.3 3.07 3.44 1.31
Mo ppm - - - 0.10 1.04 - - 0.02 0.13 0.15 0.20
Ag ppm 0.01 0.01 0.01 0.01 0.05 0.01 0.01 - 0.01 0.01 0.01
Cd ppm - - 0.13 0.05 - 0.15 0.05 - 0.14 0.07 -

In ppm 0.20 0.22 0.17 0.17 0.15 0.17 0.10 0.13 0.19 0.22 0.07
Sn ppm 349 38.2 25.4 28.3 29.8 36.0 25.2 28.7 20.9 14.5 8.32
Ba ppm 0.32 0.26 0.08 0.06 - - 0.08 0.10 0.15 0.09 -
Hf ppm - - 0.02 0.07 - - - - 0.05 - 0.01
Ta ppm 0.03 0.04 0.01 0.01 - - - - 0.01 0.02 -

w ppm 0.02 - - - - 0.03 - - 0.15 0.01 -

Bi ppm - - - 0.01 0.01 0.01 0.01 - 0.07 0.01 -
Pb ppm - - - 0.05 0.02 - 0.05 - 0.05 0.05 -
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Sample DB1432 DB1402

Analysis DB1432-1 DB1432-2 DB1432-3 DB1432-4 DBI1432-5 DBI1432-6 DBI1432-7 DBI432-8 DBI1402-1 DBI1402-2 DB1402-3
Description Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 1 Stage 11 Stage 11 Stage 11
Th ppm  0.04 0.12 0.25 0.14 - - 0.02 0.06 - - -

U ppm  3.83 5.75 1.64 1.16 0.12 0.04 0.32 1.06 0.43 0.03 0.01

Al +Mn wt% 0.015 0.019 0.016 0.019 0.007 0.005 0.005 0.008 0.017 0.089 0.023
Ti+V wt% - 0.054 0.040 0.044 0.039 0.013 0.040 0.038 0.020 0.024 0.014
Sample DB1426

Analysis DB1426-1 DB1426-2 DB1426-3 DB1426-4 DB1426-5 DB1426-6 DB1426-7 DB1426-8
Description Stage 11 Stage 11 Stage 11 Stage 1I Stage 11 Stage 1I Stage 11 Stage 11
Na Ppm 5.10 1.48 27.9 2.66 1.21 0.00 297 9.47
Mg ppm 5722 1392 2496 209 2161 68.9 3652 1223
Al ppm 100 49.1 22.0 53.9 80.0 28.7 19.3 257

Si ppm 1598 1022 624 1063 1241 676 1511 3341

P ppm 0.00 132 28.6 5.27 33.9 13.7 29.4 39.7
Ca ppm 261 0.00 103 74.7 51.0 78.8 198 437

Ti ppm 0.20 0.16 1.95 - 0.18 0.14 - 0.42
Mn ppm 759 39.8 219 16.3 55.6 16.6 105 72.7

Sc ppm - - - - - 0.08 0.09 0.06

A% ppm 93.6 238 112 174 305 115 157 363

Cr ppm - 0.91 - 0.35 0.05 1.66 - -

Co ppm 28.1 12.5 17.8 12.0 14.0 12.4 13.7 11.5

Ni ppm 0.02 1.16 0.44 0.37 0.72 0.13 0.45 0.98

Cu ppm - - - - 0.08 0.04 - 0.13

Zn ppm 440 51.6 143 229 529 27.5 155 17.2
Ga ppm 0.15 0.24 0.25 0.28 0.19 0.35 0.11 0.59
Ge ppm 0.06 0.24 - - 0.23 0.08 0.26 0.21
Rb ppm 0.38 0.01 0.01 - - 0.01 0.01 -

Sr ppm 0.03 0.01 1.93 0.09 - 0.01 0.34 0.11

Y ppm 0.26 0.16 0.20 0.13 0.15 0.14 1.16 3.21

Zr ppm 0.04 0.04 0.03 - - - 0.06 -

Nb ppm 42.7 3.39 3.62 2.15 5.19 2.03 433 8.77
Mo ppm 0.03 - 0.01 0.02 0.05 0.05 - -

Ag ppm 0.01 0.01 - 0.01 - 0.02 0.03 -

Cd ppm 0.15 0.07 0.02 - 0.08 0.13 0.07 0.22

In ppm 0.59 0.05 0.11 0.17 0.10 0.06 0.27 0.23

Sn ppm 69.7 12.2 12.6 10.5 18.0 10.7 20.5 20.3
Ba ppm 0.05 0.77 18.7 0.35 - - - 0.39
Hf ppm - - 0.01 - - 0.01 - -

Ta ppm 0.02 - - - 0.03 - - -

w ppm 0.01 0.01 0.02 0.04 - - 0.01 0.01

Bi ppm - - 0.01 0.02 - 0.01 0.03 -

Pb ppm 0.02 0.04 0.07 0.55 - 0.01 0.01 -

Th ppm - 0.05 - - - - - -

18] ppm 0.25 0.04 0.25 0.03 0.05 0.04 0.14 0.28

Al + Mn wt% 0.086 0.009 0.024 0.007 0.014 0.005 0.012 0.033
Ti+V wt% 0.009 0.024 0.011 - 0.031 0.012 - 0.036
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Sample DB1427 D.L.
Analysis DB1427-1 DB1427-2 DB1427-3 DB1427-4 DB1427-5

Description Stage 11 Stage 11 Stage 1I Stage 11 Stage 11

Na Ppm 82.7 261 28.5 83.7 27.7 2.30
Mg ppm 5165 896 6998 5208 998 1.19
Al ppm 212 252 179 83.2 165 1.18
Si ppm 2557 1155 3378 1899 864 269

P ppm 38.7 235 35.6 51.3 329 51.2
Ca ppm 506 581 1874 555 31.1 89.2
Ti ppm 3.58 6.52 1.10 1.28 5.28 0.747
Mn ppm 269 151 530 521 146 1.205
Sc ppm - 0.02 0.12 0.07 0.08 0.270
\' ppm 160 232 191 265 168 0.141
Cr ppm 1.21 0.96 091 0.44 0.14 2.468
Co ppm 7.51 1.83 15.6 30.3 4.16 0.031
Ni ppm - 1.61 0.53 0.02 0.21 0.537
Cu ppm 0.46 - 0.07 0.09 - 0.347
Zn ppm 85.9 108 90.2 163 39.3 0.348
Ga ppm 0.28 0.44 0.47 0.17 0.32 0.036
Ge ppm 0.22 0.50 0.26 0.06 - 0.440
Rb ppm 0.05 0.06 - 0.07 0.02 0.033
Sr ppm 1.27 6.94 2.39 3.75 1.38 0.003
Y ppm 1.73 0.45 6.76 1.66 0.14 0.003
Zr ppm 0.14 0.08 0.39 - 0.20 0.061
Nb ppm 6.55 8.94 28.8 18.5 4.46 0.002
Mo ppm 0.03 0.36 - 0.07 0.09 0.008
Ag ppm 0.02 - - - 0.025
Cd ppm - 0.18 - 0.11 0.04 0.066
In ppm 0.34 0.21 0.35 0.28 0.11 0.016
Sn ppm 27.8 18.5 26.9 21.7 19.1 0.588
Ba ppm 545 15.23 0.75 7.24 2.82 0.032
Hf ppm 0.01 - - - - 0.012
Ta ppm 0.08 0.01 0.01 - 0.01 0.003
w ppm 0.02 0.06 - 0.07 0.01 0.015
Bi ppm 0.01 0.04 - 0.01 - 0.008
Pb ppm 0.15 1.58 - 0.22 - 0.053
Th ppm 0.04 - - - - 0.009
U ppm 0.59 0.58 1.65 0.36 0.47 0.007
Al + Mn wt% 0.048 0.040 0.071 0.060 0.031

Ti+V wt% 0.016 0.024 0.019 0.027 0.017
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