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Abstract

This research focuses on the oxygen isotope study of the Chandmani Uul IOCG
and the Date-Nagai W-skarn deposits in order to discuss origins of ore-forming
fluids.

The Chandmani Uul deposit is located in Dornogovi province, southeastern
Mongolia. Iron oxide ores are hosted in the andesitic rocks of the Shar Zeeg
Formation of Neoproterozoic to Lower-Cambrian age. Middle- to Upper-Cambrian
bodies of granitic rocks have intruded into the host rocks in the western and
southern regions of the deposit. The wall rocks around the iron oxide ore bodies
were hydrothermally altered to form potassic, epidote, and sericite—chlorite
alteration zones, and calcite and quartz veinlets are ubiquitous in the late stage.
Since granitic rocks also underwent potassic alteration, the activity of the granitic
rocks must have a genetic relation to the ore deposit. The ore mineral assemblage
is dominated by iron oxides such as mushketovite, euhedral magnetite with
concentric and/or oscillatory zoning textures, and cauliflower magnetite. Lesser
amounts of chalcopyrite and pyrite accompany the iron oxides. Among all these
products, mushketovite is dominant and is distributed throughout the deposit.
Meanwhile, euhedral magnetite appears in limited amounts at relatively shallow
levels in the deposit. By contrast cauliflower magnetite appears locally in the deeper
parts of the deposit, and is associated with green-colored garnet and calcite. Sulfide
minerals are ubiquitously associated with these iron oxides.

The oxygen isotope (5'80) values of all types of magnetite, quartz, and epidote

were found to be -5.9 — -2.8%o, 10.5 — 14.9%o0, and 3.6 — 6.6%o, respectively. The



5180 values of quartz—magnetite pairs suggest an equilibrium isotopic temperature
near 300°C. The calculated values of 80 for the water responsible for magnetite
ranged from 2 to 10%o. All the data obtained in this study suggest that the iron oxide
deposit at the Chandmani Uul is a typical iron oxide—copper—gold deposit, and that
this deposit was formed at an intermediate depth with potassic and sericite—chlorite
alteration zones under the oxidized conditions of a hematite-stable environment.

The 880 range estimated implies that the ore-forming fluid was supplied by a
crystallizing granodioritic magma exsolving fluids at depth with a significant
contribution of meteoric water.

The skarn-type tungsten deposit of the Date-Nagai mine is genetically related
to the granodiorite batholith of the lidateyama body. Skarn develops along the
contact between pelitic hornfels and marble that remains as a small roof pendant
body directly above the granodiorite batholith.

Zonal arrangement of minerals is observed in skarn. The zonation consists of
wollastonite, garnet, garnet-epidote and vesuvianite-garnet zones, from marble to
hornfels. Sheelite is accompanied in garnet, garnet-epidote and vesuvianite-garnet
zones. The oxygen isotope values of skarn minerals were obtained such as §'80 =
4.6-7.7%o for garnet, 6.1-7.0%o for vesuvianite, 0.2-3.7%o for scheelite, 6.0-10.7%o
for quartz and 8.7%o for muscovite, respectively. Temperature of skarn-formation
was calculated from oxygen isotopic values of sheelite-quartz pairs to be 288°C.

Calculated oxygen isotope values of fluid responsible for skarn minerals are
6.1-9.5%0 for garnet, 1.2-4.8%o for sheelite, -1.3-3.6%o for quartz and 4.5%o for

muscovite, respectively. Garnet precipitated from the fluids of different 330 values

from sheelite, quartz and muscovite. These 80 values suggest that origin of fluid



responsible for garnet was magmatic water, while the evidence of the presence of a
meteoric component in the fluids responsible for middle to later stage minerals was

confirmed.

Key words: Oxygen isotope; Hydrothermal deposit; IOCG; W-Skarn; Chandmani

Uul; Date-Nagai; Southeastern Mongolia; Northeastern Japan
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Chapter 1. Introduction

The oxygen isotope is commonly used in ore deposit studies; when combined
with field relationships, petrographic and fluid inclusion studies, they provide
information on: temperature of mineral deposition, source of ore-forming fluids,
and process and degree of fluid-rock reactions.

There are three stable oxygen isotopes, such as °0 (99.76%), 'O (0.04%) and
180 (0.20%). The isotope ratio 80 /0 is normally determined in oxygen isotope
studies. 5'80 values are calculated as,

5180= [(Rsample/ Rstandard)-1]x 1000 (%o), where R refers 180/ 160.

Vienna-SMOW isotopic standards in use for oxygen isotope measurements.
The fractionation factor is a function of temperature:

1000Ina=A x 105T2 +B (T in Kelvin), where A and B are constants.

The origin of ore-forming fluids is explored by O isotopic compositions of ore-
forming fluids. There are magmatic, meteoric, oceanic, and metamorphic waters in
nature, and values of oxygen isotope components of water are described in Fig. 1.1
(Khashgerel, 2010).

I am investigated oxygen isotope analyses on the mineral and rock samples
from Chandmani Uul IOCG deposit, on the garnet, scheelite, quartz and muscovite

samples from Date-Nagai tungsten-skarn type deposit, respectively.
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Fig.1.1 Natural oxygen isotope reservoirs (Ksashgerel., 2010).



Chapter 2: Geological, Mineralogical, and Oxygen Isotope Studies
of the Chandmani Uul Iron Oxide—-Copper—Gold (I0OCG) Deposit

in Dornogobi Province, Southeastern Mongolia

1. Introduction

Magnetite (Fe**Fe®*,04) and Hematite (Fe*,03) are the most common and
abundant oxide in magmatic and metamorphic rocks and is commonly associated
with sulphides and gold. Such magnetite or hematite as the major constitutes
deposits, classified as iron oxide-copper-gold (IOCG) deposits.

IOCG deposits are newly categorized deposit by Hitzman et al. (1992). IOCG
deposits are the world’s important source of Fe, and are major sources of Cu and
Au. IOCG deposit is divided into magnetite IOCG and hematite IOCG subtypes by
major iron oxide minerals.

Generally, there are three main alteration zones are recognized on the IOCG
deposits. These are: 1) Sodium-Calcium or Sodium alteration, which is
characterized by albite (scapolite), £ actinolite, magnetite, 2) Potassic alteration,
which is introduced by K-feldspar (biotite), magnetite, chlorite, quartz, actinolite,
and 3) Sericitic-Chloritic alteration, which is characterized by hematite, sericite,
chlorite, carbonate, quartz.

Ukhnaa & Baasan (2016) classified Mongolian iron deposits into 11 provinces
(Fig. 2.1) by their geographical location. Several iron-producing metallogenic
provinces are known in Mongolia, such as the Tesiin Gol province in western
Mongolia, Khentii province in central Mongolia, and Kherlen and Dundgobi

provinces in southeastern Mongolia. The iron deposits in these provinces have been



categorized as sedimentary (BIF), metamorphosed sedimentary, and skarn types
(Dejidmaa et al., 1996; Ukhnaa & Baasan, 2016). The Chandmani Uul deposit is
located in Dundgobi province, about 680 km southeast of Ulaanbaatar and about
210 km from the border with China. The ore reserves of this deposit have been
estimated to include 25 Mt of Fe, 1,000 t of Cu, and 3 t of Au (Charlie & Rohan,
2000). Field geological surveys and exploration around this deposit were conducted
between 1990 and 2006 by governmental and corporate geologist groups (Charlie
& Rohan, 2006), and previous researchers have suggested that this deposit is skarn
type in origin (Dejidmaa et al., 1996; Ukhnaa & Baasan, 2016). However, there are
no carbonate strata in the host rocks of the iron ore, and minerals that typically

appear in skarn deposits, such as wollastonite, clinopyroxene, and garnet, are not

present.
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Fig. 2.1 Location of iron deposits in Mongolia from Metallogenic Map of Mongolia (modified from

Dejidmaa et al., 1996; Ukhnaa & Baasan., 2016).



Iron oxide—copper—gold (IOCG) deposits have become a major exploration
target and focus for research since their proposal of new idea by Hitzman et al.
(1992), and the mineralization style of the Chandmani Uul deposit is similar to
those of IOCG deposits. Thus, the geological, mineralogical, and geochemical
features of the Chandmani Uul deposit were clarified in this study and compared
with those of IOCG deposits worldwide. This is the first report of IOCG-style

mineralization in Mongolia and northeastern China to our knowledge.

2. Outline of geology and the ore deposit

2.1. Geological background

Most part of Mongolian geological territory lies within the Central Asian
Orogenic Belt (CAOB), one of the largest provinces of Phanerozoic continental
growth on Earth. The CAOB is sandwiched between the Precambrian Siberian
craton to the north and the Tarim and North China cratons to the south (Fig. 2.2a).
The orogen of the CAOB lasted from 600 to 250 Ma (Wilhem et al., 2012), and the
CAOB formed by the accretion of Cambrian, Ordovician, and Devonian—
Carboniferous arcs, back arcs, accretionary wedges, and Grenville microcontinents
(Badarch et al., 2002; Windley et al., 2007; Rojas-Agramonte et al., 2011). The
geological territory of Mongolia is subdivided into northern and southern domains,
which correspond to Caledonian and Hercynian orogens, respectively. These
domains are separated by the so-called Main Mongolian Lineament (MML,;

Amantov et al., 1970).



The Chandmani Uul deposit is located in the eastern segment of the Siberian
craton and at the southern rim of the Idermeg terrane, which is bordered by the
MML to the Gobi Altai terrane (Fig. 2.2b). The Idermeg terrane consists primarily
of quartzite, conglomerate, sandstone, volcanic pyroclastic rocks, and limestone of
Neoproterozoic to Cambrian age (Byamba et al., 1990). The Gobi Altai terrane is a
long and narrow belt, located along the northern margin of the southern domain. It
consists of greenschist facies metamorphosed sedimentary rocks, sandstone,
siltstone, conglomerate, and limestone of Cambrian to Devonian age. The study
area is suited near the MML, which is a NE-trending ~10-km-wide fault zone, and
blocks of the Idermeg and Gobi Altai terranes appear to be in fault contact (Fig.
2.3h).
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Fig. 2.2 Location of the study area. (a) Sketched tectonic map of the CAOB
(modified after Safanova & Santosh, 2014). (b) Tectonic subdivision of

southeastern Mongolia (after Badarch et al., 2002; Rojas-Agramonte et al., 2011).

The strata of the Idermeg terrane in the study area correspond to the Shar Zeeg

and the Bayanterem Formations; the former consists of sedimentary rocks,



including andesitic lava, breccia, and tuff of the passive continental margin, and the
latter consists of limestone. The strata of the Gobi Altai terrane correspond to the
Zeeriin Khural Formation, which consists of an alternation of sandstone, schist, and
limestone within the back arc basin. Cretaceous sedimentary rock of the Shine
Khudag Formation uncomformably overlays the lower Neoproterozoic and
Paleozoic strata (Fig. 2.3). Middle to Upper Cambrian intrusive bodies of mixed
quartz diorite, biotite diorite, and granodiorite have intruded into the Shar Zeeg
Formation (Bumburuu et al., 1990). The exact age of the plutonic rocks has not yet
been obtained. These intrusive rocks are in fault contact with the Shar Zeeg
Formation in this area.

The Chandmani Uul deposit is hosted within the Shar Zeeg Formation, as
shown in the geologic map in Fig. 2.3. It consists of ~50 lenticular iron oxide ore
bodies extending ~1,500 m in length in the NE-SW direction and 100-200 m in
width (Fig. 2.3). The andesitic lava and pyroclastic rocks of the Shar Zeeg
Formation are steeply dipping to the SE near the ore body. As shown in the cross
section of Fig. 2.4, iron oxide ore lenses are hosted, nearly concordant (locally
obviously discordant) to the strata of the Shar Zeeg Formation. The relationship of
ore lenses with host rock shows the epigenetic nature of iron oxide mineralization.
The nearly concordant dioritic sills with thicknesses of 10-20 m are recognized in
drill holes.

There are two types of andesitic wall rock: andesitic schist and andesitic
breccia, based on field appearance. It is difficult to distinguish whether the andesitic
schist was originally in the form of lava or tuff, because of hydrothermal alteration.

The andesitic breccia consists of rock fragments (65-70%) and matrix (30-35%).



Granitic rocks are exposed to the west and south of the Chandmani Uul deposit,
and they make contact with sedimentary rocks with faults (Fig.2.3). Granitic rocks
are commonly grayish in the least altered zone, and the color changes to reddish

and pink in the hydrothermally altered zone.
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Fig.2. 3 Geological map of the Chandmani Uul deposit. (a) Location of the study area. (b) Geology
of the area surrounding the Chandmani Uul deposit. Line A-B corresponds to the cross-section

shown in Fig. 2.4.

2.2. Alteration and mineralization

2.2.1 Wall rock alteration

The Chandmani Uul deposit consists of several lenticular iron oxide bodies
with lengths of 100-200 m and thicknesses of 10-30 m (Fig. 2.4). It has a general
strike of N40°E with dip of ~70°SE.

Closer to the ore zones, the hydrothermal alteration is characterized



sequentially from the surface to the deeper levels as sericite, sericite—chlorite,

epidote, and potassic alteration zones, as shown in the cross section (Fig. 2.4).
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Fig.2. 4 Map illustrating the cross-sectional distributions of the host rocks and ore bodies. The
distribution of hydrothermal alteration zones is superimposed on the lithology map. The positions

of five drill holes (21625, 21636, 21620, 21622, and Z1659) are shown.

Alteration zones are also typically observed around the iron oxide ores in
drillcore 21622 (Fig. 2.5), whose position is shown in Fig. 2.4. Schistose diorite
with sericite alteration has a greenish-gray appearance with brown dots of fine
hematite aggregate (Fig. 2.5, CHU-127). Schistose andesite with sericite—chlorite

alteration is dark greenish in color, and is commonly cut by veinlets of magnetite—



chalcopyrite (Fig. 2.5, CHU-128). Andesitic schist suffering from epidote alteration
has an olive-green appearance, and is often replaced by quartz—calcite and/or
chlorite veinlets (Fig. 2.5, CHU-131, CHU-138). The potassic alteration zone is
characterized by conspicuous orange-colored K-feldspar (Fig. 2.5, CHU-140). In
the contact area between the epidote alteration and potassic alteration zones,

epidotized andesite is replaced by K-feldspar veinlets.
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Fig.2. 5 Occurrences of hydrothermal alteration zones and magnetite—sulfide ore in andesitic and

dioritic host rocks in the 150-234 m interval of drill hole core 21622, Chandmani Uul deposit.

Hornblende is the most dominant phenocryst of andesite with accessory
amounts of plagioclase and quartz. The groundmass consists of plagioclase and
volcanic glass. The hornblende phenocryst in andesite are partially altered to
sericite (Fig. 2.6a, c¢) in the sericite and sericite—chlorite alteration zones, while
epidote is the dominant alteration mineral after hornblende in the epidote alteration

zone (Fig. 2.6d, f). Disseminated magnetite grains accompanying chalcopyrite are

10



ubiquitous in the sericite—chlorite alteration zone (Fig. 2.6b).

The dominant minerals in granodiorite are plagioclase (~50 vol.%), quartz (~25
vol.%), K-feldspar (~15 vol.%), and biotite (~10 vol.%), with sizes of 0.2—1.7 mm.
Accessory minerals, such as titanite, monazite, and apatite, are also present. Dacite
dykes that cut granitic rocks were observed in the drilling cores. The dacite contains
10-15 vol.% of phenocryst and 85-90 vol.% of groundmass. A large amount of
sericite replacing plagioclase is common (Fig. 2.6g, h). Tabular and/or anhedral K-
feldspar also replaces plagioclase (Fig. 2.6g), and K-feldspar shows a perthite
texture. Biotite is partially changed to chlorite as a result of hydrothermal alteration

(Fig. 2.6g). Pseudomorph of pyrite (goethite) is also present in the altered rocks.
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Fig.2. 6 Photomicrographs of common distal and proximal alteration assemblages in the Chandmani

Uul deposit. (a) Schistose andesite in the sericite alteration zone. (b1) Andesite in the sericite—

11



chlorite alteration zone and (b2) disseminated magnetite grains accompanying chalcopyrite in the
same area as that shown in bl. (c) Andesite in the sericite alteration zone, showing nearly complete
replacement of hornblende phenocryst by sericite. (d) Schistose andesite in the contact area between
epidote and potassic alteration zones. Later-stage calcite veinlet cuts altered andesite. (e) Schistose
andesite in the potassic alteration zone. (f) Calcite vein in the epidote alteration zone. (g) Altered
granite showing replacement of plagioclase by sericite. (h) Altered diorite showing complete
replacement of plagioclase by sericite. (i) Altered dacite including plagioclase with a curved
polysynthetic twin. All photographs were obtained under transmitted light with crossed nicols,

except that in (b2), which was acquired under reflected light.

2.2.2 Mineralization

The iron oxide ores have varied occurrences, and can be grouped into the following
four types.
Type 1 ore: Massive magnetite ore accompanying fine grained hematite. It is

usually cut by hematite—calcite—malachite veinlets (Fig. 2.7a).
Type 2 ore: Aggregate of acicular magnetite (mushketovite). Some of the magnetite
is altered to brown hematite. Hematite—calcite veinlets accompanying malachite
often cut this ore type (Fig. 2.7b).
Type 3 ore: Aggregate of prismatic magnetite (mushketovite), whose space is filled
with chalcopyrite, pyrite, and calcite. This ore type is the most abundant in the
deposit (CHU-132 and CHU-135 in Fig. 2.5, 2.7c).
Type 4 ore: Granular magnetite associated with green-colored garnet, calcite, and
pyrite (Fig. 2.7d).

Type 1 ore occurs in the shallow level of the deposit, and type 4 ore is scarcely
observable in the deepest level. The middle level of the deposit is dominated by

types 2 and 3 ores, which represent most of the deposit. Sulfide mineralization
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formed after the oxide stage replacing iron oxide minerals and as veinlets at late-

stages of hydrothermal activity (Fig. 2.7c, 2.7d).

CHU-101 P CHU-104

Magnetite] o :

CHU-115

€.

Fig.2. 7 Typical ore samples from the Chandmani Uul deposit. (a) Type 1 massive magnetite ore
from CHU-101 accompanying fine grained hematite, which is cut by a hematite—calcite—malachite
veinlet. (b) Type 2 iron oxide ore from CHU-104 composed of an aggregate of acicular magnetite
(mushketovite). Hematite—calcite veinlets accompanying malachite often cut this ore type. (c) Type
3 iron oxide-sulfide ore from CHU-115 composed of an aggregate of prismatic magnetite
(mushketovite), where the spaces are filled with calcite. (d) Type 4 iron oxide—sulfide ore of CHU-

109 composed of granular magnetite associated with green garnet, calcite, and pyrite.

There are three types of magnetite, 1) mushketovite, a pseudomorph of
magnetite after prismatic hematite; 2) euhedral magnetite; and 3) cauliflower
magnetite, an aggregate of fine-grained magnetite. The occurrences of these types

of magnetite are summarized as follows.
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Mushketovite originally precipitated as hematite is the most dominant iron
oxide and shows prismatic and/or radial aggregation of prismatic crystals with grain
sizes of 0.2-3 mm. Both type 2 and 3 ores are dominated by mushketovite.
Prismatic mushketovite (Fig. 2.8a, d, e, g) is often associated with coarse-grained
calcite with rhombohedral cleavages. In the case of sulfide-rich mushketovite ore,
the radial of prismatic crystals of mushketovite is replaced by pyrite and
chalcopyrite (Fig. 2.8b).

Euhedral magnetite is the dominant iron oxide mineral in type 1 ore. It shows
chemical zoning, and can be divided into two subgroups, concentrically-zoned
magnetite and oscillatory zoned magnetite, according to its zoning features.
Concentrically-zoned magnetite exhibits a dark core and light rim based on bac-
scattered electron (BSE) imaging, which is associated with prismatic mushketovite
(Fig. 2.8e, ). The oscillatory zoned magnetite precipitated almost simultaneously
with mushketovite, and was followed by concentric zoned magnetite (Fig. 2.8K).
Although microscopic observations often show oscillatory zoned magnetite as an
aggregate of broken crystals, the BSE imaging confirmed that it was precipitated as
single crystal (Fig. 2.8k).

Cauliflower magnetite is the typical constituent of type 4 ore. It appears as an
aggregate of very fine-grained magnetite crystals associated with green-colored
garnet, chalcopyrite, and calcite (Fig. 2.8c, f, h, I). In the deep level of drilling core
21659, ~2-m-thick garnet-rich ore appears. Euhedral and partly broken garnet
crystals ~0.5 mm in size are associated with cauliflower magnetite, calcite, and

pyrite (Fig. 2.8h).
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Pyrite and chalcopyrite are closely associated with iron oxide minerals, filling
the cavities in iron oxides. The replacement texture of pyrite by chalcopyrite is

commonly observed (Fig. 2.8b, c).

Calcite

Euh. magnetite

Fig.2.8 Photomicrographs showing the characteristic features of the ore assemblages in the
Chandmani Uul deposit. (a) Mushketovite crystals filled with calcite. (b) Radial aggregate of
mushketovite crystals filled with chalcopyrite, pyrite, and calcite. (c) Cauliflower magnetite
associated with chalcopyrite and early pyrite. (d) Mushketovite associated with calcite and acicular
hematite. Somet of the mushketovite was altered to hematite. () Mushketovite associated with

euhedral magnetite, which is filled in with chalcopyrite and calcite. (f) Cauliflower magnetite. (g)
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Mushketovite associated with euhedral magnetite. (h) Euhedral garnet crystals replaced by
cauliflower magnetite and calcite. (i) Mushketovite showing alternate bands of a Si-rich dark zone
and Si-poor light zone. (j) Euhedral magnetite composed of Si-rich core (dark zone) and Si-poor rim
(light zone). (k) Association of euhedral magnetite with oscillatory and concentric zonings. (1)
Aggregate of cauliflower magnetite. The photographs in (a—g) were obtained under reflected light,
that in (h) was obtained under transmitted light, and those in (i—I) are BSE images. The SiO2 content
(wt%) of magnetite obtained using the EPMA is shown in photographs (i, j) using red (Si—poor) and

black (Si-rich) points.

A paragenetic sequence of ore and alteration minerals was established, as
shown in Fig. 2.9. The early-stage mineralization is characterized by iron oxide
precipitation. This stage began with the precipitation of garnet, followed by the
precipitation of magnetite and hematite. The early garnet was replaced by magnetite.
Quartz precipitated with iron oxides to fill the spaces. The precipitation of alteration
minerals such as epidote and K-feldspar was accompanied by iron oxides, while
sericite precipitated after the iron oxides. Two different occurrences of sulfide
minerals were observed: early sulfide dominated by pyrite and chalcopyrite
precipitated to fill the spaces between the iron oxide minerals or replace them.
Calcite was accompanied by pyrite and chalcopyrite. On the other hand, sulfide
minerals appeared as veinlets to cut the iron oxide ores, as well as early sulfides. In
such veinlets, pyrite, sphalerite, and galena precipitated with epidote, and bornite

and covellite were also present in the later stage.
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Fig.2.9

>

Early

Late

Iron Oxide stage

Sulfide stage | Veinlet

Magnetite
Hematite
Pyrite
Chalcopyrite
Sphalerite
Galena
Bornite
Covelline
Malachite
Limonite
K-feldspar
Garnet
Actinolite
Epidote
Quartz
Calcite
Chlorite
Sericite
Tourmaline
Zoisite

Paragenetic

sequence during hydrothermal

alteration

and mineralization at

the Chandmani Uul deposit. Mushketovite is indicated as hematite in the paragenetic diagram. The

inserted character “A” denotes a mineral associated with hydrothermally alteration of the wall rock.

3. Samples and analytical methods

Most of the host rocks and ore samples used in this study were collected from

five drilling holes (21625, 21636, 21620, 21622, and Z1659) (Fig. 2.4), and some

samples were also taken from the surface outcrops of an open pit. Granitic rocks

were collected from the outcrops of the open pit and two drilling holes (BTDHO03

and BTDHO04) of mineral prospect ~1 km west and south of the Chandmani Uul

deposit (Fig. 2.3).
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3.1. Geochemistry of granitic rocks

In total, 15 samples of granitoids were selected for the geochemical study, as
they are highly likely to have genetic relationship with mineralization. The whole-
rock samples were crushed using an agate mortar to ~200 mesh, and whole-rock
geochemical analyses were subsequently performed at Activation Laboratories Ltd.,
Canada. The major elements and 53 trace elements including rare-earth elements
(REES) were analyzed using a lithium metaborate/tetraborate fusion technique. The
resulting molten beads were digested in a nitric acid, and the sample solutions were

analyzed by ICP-OES and ICP-MS.

3.2. Zircon U-Pb analyses

Granitic rock samples were cleaned and washed in an ultrasonic bath. The
zircon crystals were handpicked from heavy fractions under a binocular microscope
which were separated from the granitic rock samples by standard crushing and
heavy-liquid techniques at the National Museum of Nature and Science, Tsukuba.
Zircon crystals from the samples, the zircon standards FC1 and OD-3, and the glass
standard NIST SRM610 were mounted in an epoxy resin and polished until the
surface was flattened with the center of the embedded grains exposed (Tsutsumi et
al., 2016). Backscattered electron and cathodoluminescence images of zircon grains
were obtained using scanning electron microscope-cathodoluminescence (SEM-
CL) equipment, JSM-6610 and a CL detector installed at the National Museum of
Nature and Science, Tsukuba to examine the internal structures and identify and

select distinct domains within zircons for laser ablation.
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U-PDb analyses of nine samples (CHU179, CHU180, BT004, BT006, BT011,
BT012, BT015, BT016, BT021) were investigated using an ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS). The experimental conditions and
the analytical procedures followed for the measurements were after Tsutsumi et al.

(2012, 2016). The spot size of the laser was 25um.

3.3. Electron Probe Micro Analyses

Typical samples of three types of magnetite: mushketovite, euhedral magnetite,
and cauliflower magnetite, were selected for chemical analysis using a JXA-8350F
electron probe microanalyzer (EPMA) (JEOL, Akishima) at the University of
Tsukuba. Quantitative point analyses were conducted using an accelerating voltage
of 15 kV, a beam current of 20 nA, and a focused beam diameter of 5 [1m, following
the method described by Suzuki & Hayashi (2019). The acquisition periods for the
X-ray intensity of each element were 10 s for the peak position and 10 s in total for
the background positions. Quartz (Si), rutile (Ti), corundum (Al), periclase (Mg),
wollastonite (for Ca), manganese ferrite (for Mn), Cr203 (Cr), FeO (Fe), NiO (Ni),
Cu metal (Cu), Zn metal (Zn), and V metal (V) were used as standards. After
background processing, the X-ray intensities were corrected using the ZAF method.

A mean detection limit of 0.1 wt% was achieved.

4.4. Oxygen isotope analyses of minerals

Mineral grains were hand-picked from slabs of ore under a binocular

microscope for the oxygen isotope analysis. The grains in most of the samples were
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large (>0.1 mm), and the mineral separates were more than 95% pure. Some quartz—
magnetite pairs were prepared through chemical treatment of powdered iron oxide
ores: magnetite was separated using a magnet, and the residual powder was
subsequently reacted with HCI and aqua regia to remove impurity magnetite and/or
hematite, calcite, and sulfides. Finally, pure quartz was obtained.

Oxygen was extracted from the magnetite, quartz and epidote using a 17 Watt
JLC-200 CO»-laser (A=10.6 um) (Japan Laser Co., Shinjuku) and BrFs using a
fluorination method similar to that described by Hayashi et al. (2001).
Approximately 2 mg of each mineral in grain or powder form was placed in a hole
drilled in a Ni rod placed in a reaction cell under a BrFs atmosphere with a pressure
of ~110 mm Hg. The CO»-laser beam was focused to a diameter of ~25 um and
then irradiated through a BaF, window. Completion of the reaction between the
mineral and BrFs was confirmed by observing the reaction under a microscope
positioned co-axially with the CO»-laser. The oxygen extracted from the minerals
was converted into CO; quantitatively in a reaction with heated diamond.
Completion of the reaction to extract oxygen from the minerals was evaluated by
measuring the amount of CO: released from the minerals. The isotopic
compositions of the CO, was measured using a MAT-253 mass spectrometer
(Thermo-Finnigan LLC, San Jose) at the National Museum of Nature and Science,
Tsukuba and the Center for Advanced Marine Core Research, Kochi University.
The '80/'°0 ratios were expressed using the conventional §'®0 notation relative to
the Vienna Standard Mean Ocean Water. The accuracy of the CO»-laser fluorination
oxygen isotope analyses was evaluated by repeated analysis of working standards.

The §'%0 value of the reference quartz (NBS 28, §'%0 = 9.6%0) was measured using
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each sample, and a reproducibility of better than 0.2%0 was achieved (Hayashi et

al., 2001).

4. Analytical results

4.1 Major elements and trace elements of granitic rocks

The major element data of the granitoids are given in the Table 2.1, which
shows that Si02 ranges from 58.36 to 64.99 wt% (average 62.16 wt%), Al2O3 varies
from 13.91 to 16.64 wt% (average 15.6 wt%), CaO contributes 2.21 to 5.12 wt%
(average 3.41 wt%), NaxO constitites 2.26 to 5.28 wt% (average 3.95 wt%), and
K20 ranges from 1.96 to 4.7 wt% (average 3.34 wt%). Those rocks have extremely
high total alkali contents (Na2O+ K20 ranges from 6.01 wt% to 8.37 wt%) with an
average of 7.29 wt%, and the ratio of Na2O/K:O varies from 0.37 to 1.66.

The granitoids are sub-alkaline and are plotted in the region of mixed
monzonite, quartz monzonite, diorite, granodiorite, and granite fields in the
K20+NazO versus SiO2 diagram (Fig. 2.10a). As mentioned previously, these
granitoids can be classified as quartz diorite, biotite diorite, granodiorite, and biotite
granite based on the modal abundances of the minerals under microscopic
observation. Discrepancies between the rock types obtained using chemical data
and petrography are caused by strong sercitic alteration: alkaline elements,
especially K, were added to the granitoids during hydrothermal alteration.
Replacement of plagioclase and K-feldspar by sericite is common according to the
microscopic observation (Fig. 2.7g—i). The granitic suites plot of Maniar & Priccoli

(1989) indicates that most granitoids are I-type, with two exceptions that are S-type
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(Fig. 2.10b). The Al saturation index [Al203/ (CaO + Naz0 + K-0)] of these granitic
rocks ranges from 0.81 to 1.24, and their molar Al,Os/ (Na:0O + K>0) ratios are
greater than 1 (Table 2.1).

The granitoids have >REE varying from 69.47 to 119.92 ppm (average of
97.74 ppm) and LREE/REE ratios of 6.83-9.57 (average 7.79). The 8Eu values
range from 0.57 to 0.92 (average 0.80) (Table 2.2). The primitive mantle-
normalized trace element spidergram shows LILEs enrichment and HFSE depletion
(Fig. 2.10e). In the geotectonic discrimination diagram, these granitoids are plotted
in the volcanic arc granite field (Fig. 2.10c, d). (La/Sm)N and (La/Yb)N of

granitoids range from 2.55 to 4.11, and from 1.65 to 2.77, respectively.
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Fig.2. 10 Geochemical discrimination diagrams and petrochemical data for granitoids from the
Chandmani Uul deposit. (a) K2O+Na,O versus SiO, diagram (after Middlemost, 1994). The fields

for the alkaline and sub-alkaline compositions are from Irvine and Barragar (1971). (b) A/CNK
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(molar ratio Al,03/(CaO+Na20+K:0)) versus A/NK (molar ratio Al,Os/(Na2,0+K0)) diagram after
Maniar & Piccoli, (1989). The I- and S-type boundary is after Chappell (1999). (c) Rb versus Y+Nb
plot after Pearce et al. (1984). The data for the granitic rocks from the IOCG provinces in the Chilean
coastal belt and Brazilian Carajas district are from Marschik et al. (2003) and Pollard (2006),
respectively. (d) Rb versus Yb+Ta plot after Pearce et al. (1984). (e) and (f) Primitive mantle-
normalized spider diagram and chondrite-normalized REE patterns (the normalization values are
from Sun & McDonough, 1989). (g) K20 versus Na2O plot for the granitoids in this study and those
from the IOCG provinces of the Chilean coastal belt (the data are from Barton, 2014). (h) CIA
(Nesbitt & Young, 1982) versus 380 plot. The arrow indicates the oxygen isotope trend during

hydrothermal alteration.

4.2. Zircon U-Pb ages

Zircon LA-ICP-MS U-Pb ages for the granitic rocks illustrated, and the
representative locations of the LA-ICP-MS U-Pb isotope analytical points are
spotted by red circles Fig.2.11. The results of the zircon U-Pb isotopic are listed in
Table 2.3. U-Pb concordia diagrams and age distribution plot of result of LA-ICP-
MS measurements of age-known zircon samples from granitoids are illustrated in
Fig.2.12. All zircons in the study area samples show rhythmic oscillatory and/ or
sector zoning on cathodoluminescence images, that is commonly observed in
igneous zircons (Corfu et al., 2003, Tsutsumi et al., 2015).

Sample CHU179, a fine to medium grained granodiorite, was collected from
the drilling core Z1671 (171.5m). Zircon grains in the sample show columnar habit
and are translucent in CL images. Results of zircon U-Pb isotopic analysis shows
Th and U contents in the range of 33-316 and 80-356 ppm, with Th/U ratios (0.42-

0.76) exceeding 0.1, indicating a magmatic origin. The 228U/2%PDb ages on 25 spots
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range from 461+ 8.3 to 544+ 9.4 Ma, yielding a weighted mean age of 475.6+ 4.3
Ma (MSWD=2.0; rejected 0 of 19).

Sample CHU180, a fine to medium grained granodiorite, was collected from
the drilling core Z1671 (198.8). In CL images, Zircon grains in the sample show
columnar habit, and are translucent in CL images. Th and U contents and Th/U ratio
of the spots are 47-254ppm, 61-295ppm, and 0.44-0.93ppm, respectively. The
238J/2%pPh ages on 24 spots range from 426+ 5.3 to 510+ 6.8 Ma, yielding a
weighted mean age of 484 + 3.0 Ma (MSWD=0.99; rejected 1 of 20).

Sample BT004, a fine to medium grained biotite- quartz diorite, was sampled
from the drilling core BTDHO03 (23.9m). Zircon grains in the sample show euhedral
habit, and are translucent in CL images. Their Th and U contents and Th/U ratio
display ranges of 38-225ppm, 83-357 ppm, and 0.40-0.84, respectively. The
238J/2%pPh ages on 27 spots range from 471+ 6.0 to 521+ 6.3 Ma, yielding a
weighted mean age of 486+ 2.6 Ma (MSWD=1.4; rejected 1 of 23).

Sample BTO006, a fine to medium grained quartz diorite, was sampled from
the drilling core BTDHO03 (180m). Zircon grains in the sample show euhedral and
columnar habit, and are translucent in CL images. Th and U contents and Th/U ratio
of these spots are 31-250 ppm, 76-300 ppm, and 0.41-0.86, respectively. The
238J/2%pPh ages on 25 spots range from 466+ 4.6 to 508+ 5.3 Ma, yielding a
weighted mean age of 486+ 2.9 Ma (MSWD=1.00; rejected 1 of 21).

Sample BT011, a fine to medium grained biotite- quartz diorite, was sampled
from the drilling core BTDHO03 (271.6m). Zircon grains in the sample show
euhedral and columnar habit, and are in CL images. Th and U contents and Th/U

ratio of the spots are 44-212 ppm, 93-260 ppm, and 0.44-0.84, respectively. The
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238J/2%pPh ages on 14 spots range from 459+ 4.6 to 507.1+ 7.6 Ma, yielding a
weighted mean age of 481+ 5.0 Ma (MSWD=1.6; rejected 0 of 11).

Sample BT012, a fine to medium grained biotite- quartz diorite, was collected
from the drilling core BTDHO04 (16.9m). Zircon grains in the sample show euhedral
and columnar habit, and are translucent in CL images. Their Th and U contents and
Th/U ratio of the ratios are 35-561 ppm, 77-507 ppm, and 0.43-1.14, respectively.
The 238U/?%Ph ages on 27 spots range from 465+ 4.3 to 496.2+ 5.8 Ma, yielding a
weighted mean age of 479+ 2.9 Ma (MSWD=1.6; rejected 0 of 11).

Sample BT015, a fine to medium grained biotite- quartz diorite, was collected
from the drilling core BTDHO04 (115.1m). Zircon grains from sample BT015 show
euhedral and columnar features, and are translucent in CL images. Th and U
contents and Th/U ratio of the ratios are 34-225 ppm, 78-310 ppm, and 0.44-0.75,
respectively. The 28U/2%Pb ages on 23 spots range from 465+ 4.3 to 512.3+ 5.9
Ma, yielding a weighted mean age of 486.1+ 3.2 Ma (MSWD=1.5; rejected 0 of
21).

Sample BT016, a fine to medium grained biotite- quartz diorite, was collected
from the drilling core BTDHO04 (115.1m). Zircon grains from sample BT016 show
euhedral and columnar features, and are translucent in CL images. Th and U
contents and Th/U ratio of the ratios are 28-192 ppm, 81-264 ppm, and 0.34-0.87,
respectively. The 28U/2%°Pb ages on 33 spots range from 452+ 7.8 to 503+ 7.0 Ma,

yielding a weighted mean age of 483.1+ 2.6 Ma (MSWD=0.97; rejected 1 of 22).
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Fig.2. 12 U-Pb concordia diagrams and age distribution plot of result of LA-ICP-MS measurements

of age-known zircon samples from granitoids
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Sample BT021, a fine to medium grained biotite- quartz diorite, was
collected from the drilling core BTDHO04 (357.5m). Zircon grains in the sample
show euhedral and columnar features, and are translucent, in CL images. Their Th
and U contents and Th/U ratio of the ratios are 41-179 ppm, 80-216 ppm, and 0.42-

0.75, respectively. The 238U/2%Pp ages on 27 spots range from 471+ 4.6 to 524+ 9.3

Ma, yielding a weighted mean age of 487.4+ 3.4 Ma (MSWD=1.3; rejected 0 of
18).

The Chandmani Uul biotite-diorite, granodiorite, granite intruded in the
southwestern part of the Shar Zeeg formation in the study area, and the zircon U-
Pb LA-ICP-MAS data from this intrusion yield age of 426+ 5.3 to 544+ 9.3 Ma
which is consistent with ore-formation age. The magmatism is deduced to have

provided the heat and fluid input.

4.3. Magnetite chemistry

The following elements were appreciably detected and thu s were measured:
Fe, Si, Al, Ti, Mn, Mg, Ca, Zn and Cu. In total, 94 quantitative point analyses were
conducted, and representative results are listed in Table 2.4. Because the Fe-
calculations were performed using FeO (I1), the total weight of all the oxide
components was usually ~93%, which led to reasonable recalculated values. Si is
the main impurity element in magnetite, and magnetite analysis revealed up to 3.1
wt% SiO2 in euhedral magnetite and to 3.0 wt% SiO- in mushketovite.
The BSE images of magnetite suggest variable chemical compositions. The
BSE image of mushketovite (Fig. 2.8i) shows minor elements-rich (dark color in

BSE) and minor elements-poor (light color in BSE) zones parallel to its elongation.
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Euhedral magnetite (Fig. 2.8j) exhibits a minor elements-rich core and minor
elements-poor rim. Some analytical data related to the SiO, contents are shown in
the BSE images (Fig. 2.8i, j). Cauliflower magnetite with a thin hematite rim has a
relatively homogeneous composition (Fig. 2.8l). The TiO2 content is low (<0.1
wit%) for all types of magnetite.

Figure 2.13 shows the correlations of the minor elements in the magnetite. The
numbers of atoms per formula unit plotted in Fig. 2.13 were calculated based on the
32 oxygen atoms in the crystal structure of magnetite. Several correlations between
the measured components are observable. Ferric oxide shows a negative
correlations with Si (Fig. 2.13a) and Al (Fig. 2.13b), and Fe (Il) exhibits
correlations with Si (Fig. 2.13c) and (Ca+Mg) (Fig. 2.13d). Figures 2.13b and 2.13d
suggest that the following substitutions additionally occur in minor ranges.

[ Fe*][Fe?", Fe¥'] & [AIP'] [Fe?*, Fe**] (AP 5 Fe?Y)

[Si*] [Fe?*, Fe?*] & [Si**] [Fe*, Ca*" + Mg?*] (2Fe?*" = Ca®" + Mg?")
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versus Ca+Mg plot.

4.4. Oxygen Isotope

The oxygen isotope values were obtained for mushketovite, euhedral
magnetite, cauliflower magnetite, quartz, epidote in the alteration zone, and epidote
in the late vein and are presented in Table 2.5 and Fig. 2.14. The oxygen isotope
values were also measured for bulk powder samples of the granitic rocks that were
used for the chemical analysis, and are summarized in Table 2.1. The §'30 values
of the minerals were found to be -5.9 — 2.8%o (n = 47) for mushketovite, -3.8 — -

2.9%0 (n = 6) for euhedral magnetite, and -1.3 — 2.6%o (n = 5) for cauliflower
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magnetite. While the values for mushketovite are spread across a wide range, those
of euhedral magnetite fall within a narrow range. Meanwhile, the §'*0 values for
the silicate minerals are 10.4 — 14.9%o (n = 11) for quartz and 3.6 — 6.6%o (n = 16)

for epidote. Epidotes appear in an alteration zone of the host rock, and have similar

5180 values to those in late-stage veinlet.
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Fig.2. 14 880 values of minerals from the Chandmani Uul deposit. Epidote-1 and -2 occur in the

wall rock alteration zone and late-stage vein, respectively.

5. Discussion

5.1. Oxygen isotope geothermometry of iron oxide ore

To estimate the ore formation temperature, the oxygen isotope values of several
mineral pairs were examined. Among the mineral pairs, magnetite—quartz was the
most likely in this study since magnetite (mushketovite) and quartz are intimately
associated with each other in iron oxide ores. These minerals were separated
through the chemical treatment described earlier. Magnetite and quartz constitute
one of the most sensitive mineral pairs for the large differences in oxygen isotope

fractionation (Chacko et al., 2001).
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The equilibrium fractionation factors (1000Inca) for the oxygen isotopes used

in this study were as follows:

Magnetite—water: 1.47x10%T? -3.70 (Bottinga & Javoy, 1973)

Quartz—water: 3.34x10%/T? -3.31 (Matsuhisa et al., 1979)

Epidote—water: -(1.56+1.92Bps)x10%T? (Matthews & Schliestedt., 1984),

where T is the absolute temperature (K) and Bps is the mole fraction of the pistacite
component. The Bps value of epidote was assumed to be 0.28 in this study, based
on the average value obtained in the microprobe analyses.

Five quartz—magnetite pairs were available for the temperature calculations,
whose results are shown in Table 2.5. Although mushketovite originally
precipitated as hematite, the oxygen isotope fractionation factor of magnetite was
applied to mushketovite for lack of applicable fractionation factor of hematite.
Selected quartz—magnetite pairs suggest that the precipitation temperatures of
euhedral magnetite (CHU-158 and CHU-170) and mushketovite (CHU-137, -161,
and -218) are 299 — 309°C and 218 — 311°C, respectively. Sample CHU-
161contained both mushketovite and cauliflower magnetite, which have different
8'80 values: -3.5%o for mushketivite and -0.5%o for cauliflower magnetite (Table
2.5). Since the quartz in this sample is associated with mushketovite rather than
cauliflower magnetite, the temperature obtained from the quartz—mushketovite pair
is reliable. The calculated temperatures have a broad range of 218 — 311°C.
However, if the lowest temperature of 218°C is excluded, the values fall within a
convergent range of 299 —311°C (average 304.2°C). This temperature range is the

most probable for iron oxide precipitation.
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5.2. Source of ore-forming fluid

The oxygen isotope values of the fluids responsible for the minerals were
calculated at 300°C, assuming fluid-dominant conditions. The calculated §'%0
values of water are shown in Table 2.5 and plotted in Fig. 2.15. The §'30 values of
the water related to the minerals are 4.4 — 5.3%o for euhedral magnetite, 2.3 — 10.9%o
for mushketovite, 6.9 — 10.7%o for cauliflower magnetite, 3.7 — 8.0%o for quartz,
3.1 — 4.5%o for epidote in the epidote alteration zone of the wall rock, and 3.8 —
6.2%o for the epidote in the late-stage vein.

Figure 2.15 indicates that the water equilibrated with cauliflower magnetite has
8'®0 values corresponding to the range for magmatic water, whereas the §'*0
values of the water responsible for mushketovite are spread across a wide range;
about half of them correspond to the §'%0 values of magmatic water, and the other
half are lighter §'0. The water responsible for euhedral magnetite has slightly
lighter 8'30 values outside of the range of magmatic water. In the case of the silicate
minerals, half of the quartz specimens suggest mineralizing fluid with the §'%0
range of primary magmatic water (§'*0 = 5.5 — 10.0%o). The mineralizing fluid half
of the quartz and most of the epidote precipitated from water with 8'80 values
significantly lighter than that of magmatic water.

The 3'80 values of magmatic water were estimated, based on the §'0 values
of granitic rocks and the oxygen isotope fractionation factor between plagioclase
and H20 at magmatic temperatures (Sheppard, 1986; Ohmoto, 1986; Taylor, 1997).
Because the oxygen isotope fractionation between a mineral and water is small at

magmatic temperatures (>800°C), the §'%0 values calculated for magmatic water
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agree with those of the coexisting magma or are slightly lighter (<1.0%o) (Matsuhisa
etal., 1979). The §'%0 values of the granitic rocks near the Chandmani Uul deposit
obtained in this study range from 3.9 to 7.5%o0 (n = 7), as shown in Table 2.1 and
Fig. 2.15. When the §'%0 values of the magmatic water was controlled by that of
granitic magma, the magmatic fluid responsible for the Chandmani Uul deposit
exhibits §'%0 values similar to those of granitic rocks. Some of the values fall within
the range for normal magmatic water (8'30 = 5.5 — 10.0%o), and the rest are slightly
lighter (Fig. 2.15). The granitic rocks in the study area were hydrothermally altered
and particularly suffered from strong sericite and/or potassic alterations (Fig. 2.7g—
1). Although the oxygen isotope behavior during the hydrothermal alteration of
granitic rock is variable, the 8'30 values of the altered granitic rocks commonly
shift to lighter values (Taylor, 1974, 1997; Barker et al., 2013).

The chemical index of alteration (CIA) (Nesbitt & Young, 1982) for the granitic
rocks in this study was calculated as follows:
CIA=A1103/(Al,03+Ca0*+Na,0+K>0)]x100 (in molecular proportions),
where CaO* is the amount of CaO incorporated in the silicate fraction. Figure 2.10h
shows the relationship between the CIA and §'*O values of the granitic rocks, where
a weak negative correlation is recognizable and the less altered rocks are
isotopically heavier. The CIA of granitic rocks suggests that less altered granitic
rock has §'®0 values similar to those of the magmatic fluid associated with normal
granitoids. Therefore, it can be inferred that the magmatic water associated with the
formation of the Chandmani Uul deposit had §'®0 values similar to those of normal
magmatic water (580 = 5.5 — 10.0%o).

Several types of water have lighter §'®0 values outside of the range for
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magmatic water, such as seawater, meteoric water, and metamorphic water. The
oxygen isotope compositions of ancient seawater have been determined previously
using indirect methods such as calculating the effects of ice cap melting or
analyzing minerals that were formerly in equilibrium with seawater (Sheppard,
1986). In addition, analyses of carbonates, cherts, phosphorites, and glauconites
from marine sediments of different ages have revealed §'®0 trends over time
(Knauth & Lowe, 1978; Shemesh et al., 1983; Knauth & Roberts, 1991; Jaftrés et
al., 2007; Armenddriz et al., 2013). Specifically, the 5'%0 values of seawater was
found to increase progressively from the Archean (5'%0 = -8 —-12%o) to the present
(0%0). The oxygen isotope composition of meteoric precipitation is controlled by
complex mechanisms involving geographic and climatic parameters e.g., latitude,
elevation, distance from coast, humidity including surface air temperature (Dutton
et al,, 2005). Since these mechanisms have not changed significantly over
geological time, the 8'80 value of local meteoric water should increase from the
Archean in a manner similar to that of seawater.

The 880 values of modern meteoric water in southern Mongolia are light
values ranging from -5 to -20%o (Sturm et al., 2017). These values are not directly
applicable to Cambrian ore-forming environments. However, it is unique for
meteoric water to have a light §'*0O value, so the participation of meteoric water
during the precipitation of ore minerals is likely. The involvement of meteoric water
is a well-established idea especially for magmatic—hydrothermal deposits formed
in levels near the surface, such as epithermal and porphyry Cu—(Au) deposits (e.g.,
Robb, 2005). Meteoric components also play important roles for hydrothermal

deposits formed near granitic intrusions, especially for the middle to late
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mineralization stages of porphyry Mo—W deposits (Shu & Lai, 2017; Li et al., 2019)

and skarn deposits (Oztiirk et al., 2008; Oyunjargal et al., 2019).
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Fig.2. 15 &80 values of water estimated from those of the constituent minerals and fractionation
factor of oxygen isotope between minerals and water at 300°C. The range for magmatic water is

from Taylor (1997). The oxygen isotope values of the granitic rocks in the study area are shown. The

abbreviations are same as those in Fig. 2.14.

5.3. Comparison with other IOCG deposits

Since the first formal proposal of IOCG deposits by Hitzman et al. (1992),
numerous geological, mineralogical, and geochemical data have been collected

from IOCG deposits worldwide. Although several classification methods have been

proposed (Sillitoe, 2003; Williams et al., 2005; Groves et al., 2010; Chen, 2013),
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the common features of IOCG deposits can be summarized as follows: 1) the
presence of Cu with or without Au as an economic metal, 2) the existence of
hydrothermal veins, breccia, and/or replacement ore styles accompanied by
structural control, 3) regional Na—Ca alteration and subsequent potassic alteration,
4) abundant magnetite and/or hematite, 5) iron oxides with Ti contents lower than
those in most igneous rocks, and 6) the absence of any clear spatial association with
igneous intrusions. The mineralization style of the Chandmani Uul deposit exhibits
these features, and several of them are compared with typical IOCG provinces in

South America as summarized in Table 2.6

5.3.1. Tectonic setting and related igneous rocks

In northern Chile, several IOCG deposits are distributed within a belt of ~5 km
wide and >20 km long along the Atacama fault system, which stretches over 1,000
km along the Chilean coast. The Atacama fault zone is a subduction-linked arc-
parallel strike-slip fault system that has been active at least since the Jurassic
(Scheuber & Andriessen, 1990; Scheuber et al., 1995; Cembrano et al., 2005;
Arévalo, et al., 2006). This fault system controlled the mineralization of many of
the iron deposits in the Chilean iron belt (Bookstrom, 1977; Ménard, 1995; Oyurzin
et al., 2003; Rieger et al., 2010). The south-central Peruvian IOCG province in the
Cafete basin hosts several deposits, and the distribution of these deposits is
controlled by four principal fault systems (Atherton & Aguirre, 1992; Chen et al.,
2010). The Carajas Mineral Province (CMP) in Brazil, in the southeastern portion
of the Amazonian Craton, is known to host a series of large IOCG deposits. These

deposits are located in the same NW—SE striking shear zone in the Itacainas Shear
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Belt in the southern sector of the CMP (Torresi et al., 2012). These examples
suggest that the distribution of IOCG deposits is controlled by the regional tectonic
stress field. Although, the Chandmani Uul deposit is located in the stress field of
the MML, the active movement of this fault zone occurred during the Phanerozoic.
There is no direct evidence relating the MML to mineralization. Since the area
investigated in this study is located in the geologically active domain of the eastern
CAOB, the intrusion of Cambrian granitic rocks must have been influenced by this
stress field.

The IOCG deposits in northern Chile are located tectonically in a continental
margin arc setting, and those in Carajas in Brazil may be located in the same setting,
although the ages of the granitic rocks associated with mineralization are Mesozoic
for northern Chile and Archean for Carajas (Pollard, 2006). These granitic rocks are
plotted in different regions as shown in the discrimination diagram of Pearce et al.
(1984). The paleozoic granitic rocks in this study belong to a field of volcanic arc

granitoid, similarly to the rocks from northern Chile (see Fig. 2.10).

5.3.2. Wall rock alteration

The hydrothermal alteration found in IOCG-style mineralization is
characterized by regional Na—Ca alteration, which usually accompanies the
formation of albite (and scapolite). The regional Na—Ca alteration extends around
the Salobo and Sossego deposits in the CMP (Monteiro et al., 2008) and the
Candelaria—Punta del Cobre deposits in northern Chile (Marschik and Fontboté,
2001; Williams et al., 2005). Albite—scapolite alteration has been confirmed in the

Marcoa deposit, while this alteration type is indistinct in the neighboring Mina Justa
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deposit in the Cafete basin, Peru (Chen et al., 2010). The Na—Ca alteration has not
been confirmed in the Chandmani Uul deposit, except for the epidote alteration
enveloping the adjacent ore body. The lack of Na alteration can be inferred from
the chemical composition of the granitic rocks. The Na>O versus K->O plot (Fig.
2.10g) demonstrates that the granitic rocks in the study area are not enriched with
Na;0O, while most of the igneous rocks related to IOCG deposits in the Chilean
coastal belt show Na>O enrichment during hydrothermal alteration. The granitic
rocks of the Chandmani Uul area underwent slight K>O enrichment.

A potassic alteration zone is developed in the deep level, and the shallow zones
are characterized by the development of sericite and sericite—chlorite alteration
zones in the Chandmani Uul deposit. These alteration zones are similar to those in
the middle stages of the Marcona deposit in Peru (Chen et al., 2010, 2011), the
Mantoverde deposit in Chile (Benavides et al., 2007), and the Alvo 118 deposit in
the CMP (Torresi et al., 2012). In the summary of the genetic model of IOCG
deposits worldwide by Chen (2013), the expanse of hydrothermal alteration around
a deposit was described as follows. Regional Na—Ca alteration commonly precedes
mineralization, and potassic and sericite—chlorite alterations subsequently occur,
simultaneously with metallic mineralization. A potassic alteration zone develops at
intermediate depth, and the shallow zone is dominated by a sericite—chlorite
alteration zone. The alteration zones around the Chandmani Uul deposit are

relatively shallow examples of IOCG deposits.

5.3.3. Ore mineralogy

The dominant ore mineral in IOCG deposits may be iron oxide, magnetite,
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and/or hematite. The Marcona and Mina Justa deposits are located near the Cafete
basin, south-central Peru. Although the mineralization ages of these deposits are
different (~160 Ma for Marcona and ~100 Ma for Mina Justa), major hematite
mineralization took place only at the Mina Justa where mineralization occurred at
a shallow level (Chen et al., 2010, 2011). High oxygen fugacity (fO2) environments
accompanying hematite (mushketovite) are common in deposits formed at shallow
levels, such as the Mantoverde (Benavides et al., 2007) and Alvo 118 (Torresi et al.,
2012) deposits. The iron oxide ores dominated by mushketovite in the Chandmani
Uul deposit have similarities to those in the aforementioned deposits.

Magnetite is known to host several impurity elements such as Si, Al, Cr, Ti, V,
Mn, Mg, Ca, Zn, Cu, Ni and Co. The chemical compositions of the magnetite in
this study are shown in Table 2.4, where the maximum contents of impurity
elements are as follows: SiO2 (3.1wt%), ALLO3 (0.9 wt%), TiO2 (0.1 wt%), MnO
(0.1 wt%), MgO (0.2 wt%), CaO (0.7 wt%), ZnO (0.1 wt%) and CuO (0.1 wt%).
Elements such as Cr, V, Ni, and Co were under the detection limit of EPMA. The
trace elements contents in magnetite differ based on the type of mineral deposit
(Dupuis & Beaudoin, 2011; Dare et al., 2014; Nadoll et al., 2014; Knipping et al.,
2015; Heidarian et al., 2016; Huang et al., 2019). Recently, silician magnetite
containing up to 7.5 wt% of Si02 was reported from the Copiapd Nordeste IOCG
prospect, northern Chile (Gonzalez et al., 2018). Gonzélez et al. (2018) stated that
the SiO; content in magnetite is influenced by the fluid temperature and salinity,
because the solubility of silica is also controlled by the temperature and salinity
(Monecke et al., 2018). The intermediate Si content of the magnetite in this study

is consistent with an intermediate magnetite precipitation temperature near ~300°C.
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According to the discrimination diagram proposed by Nadoll et al. (2014), the
magnetite from this study overlaps the fields of IOCG and skarn deposits. Since a
similar compositional range of magnetite was found in the Copiap6 Nordeste IOCG
prospect (Gonzalez et al., 2018), the composition of magnetite from IOCG deposits

can vary widely, as demonstrated by Nadoll et al. (2014).

5.3.4. Source of ore-forming fluid

The source of the ore-forming fluid of IOCG deposits has been discussed based
on the stable isotopes (chlorine, oxygen, and sulfur) and salinity of fluid inclusion
(Barton & Johnson, 1996; Barton, 2014). Most deposits have multiple fluid sources
(Table 2.6). Although magmatic fluid is dominant in the mineralization of iron
oxide in most deposits (Rieger, et al., 2012), the very high salinity of fluid inclusion
and heavy 8*S values of sulfide minerals suggest the infiltration of modified
seawater, possibly via evaporite sediments or basinal water, in numerous deposits.
The involvement of nonmagmatic fluids is important for the middle- to late-stage
fluid responsible for Cu and Au mineralization in South American deposits
(Marschik & Fontboté, 2001; Chiaradia et al., 2006; Benavides et al., 2007; Torresi
et al., 2012). Meteoric water is also responsible for late-stage mineralization (Chen
et al., 2011). Relatively light 8'0 values of water are evident for some
mushketovite and late-stage epidote, which suggests the infiltration of
nonmagmatic fluid into the Chandmani Uul deposit. As certain data suggestive of
the infiltration of modified seawater have not been obtained, meteoric water is the
most probable candidate.

Genetical connection between iron oxide—apatite (IOA) mineralization and
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IOCGs has been revealed by recent studies. This new model is based on evidences
that come from trace elements chemistries of magnetite (Knipping et al., 2015;
Simon et al., 2018; Rojas et al., 2018) and apatite (La Cruz et al., 2019), and iron
isotopic values (Knipping et al., 2019). Since the dominant iron oxide mineral of
this study is mushketovite, originally precipitated as hematite rather than magnetite,
the data obtained in this study is not linked to aforementioned model. The §'%0
values obtained both from mushketovite and magnetite in this study cover wide

range of -5.9 — 2.8%o (Table 2.5). Distribution nature of the §'%0 values of this study

is obviously different from the §'*0O values of magnetite from most IOA deposits

(Tornos et al., 2016; Troll et al., 2019).

6.Conclusions

The geological, mineralogical, and geochemical characteristics of the
Chandmani Uul deposit, which is the first documented occurrence of IOCG-style
mineralization in Mongolia, can be summarized as follows.

1.  The Chandmani Uul biotite-diorite, granodiorite, granite intruded in the
southwestern part of the Shar Zeeg formation in the study area, and the zircon U-
Pb LA-ICP-MAS data from this intrusion yield age of 426+ 5.3 to 544+ 9.3 Ma
which is consistent with ore-formation age.

2. Iron oxide ores are hosted in the andesitic rocks of the Shar Zeeg Formation
from Neoproterozoic to Lower-Cambrian in age. Middle- to Upper-Cambrian
bodies of granitic rocks have intruded into the andesitic rocks. The wall rocks
around the iron oxide ore body were hydrothermally altered to form potassic,

epidote, and sericite—chlorite alteration zones, and calcite and quartz veinlets were
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ubiquitous in the late-stage. Granitic rocks also underwent potassic alteration,
which suggests that the ore deposit was formed in relation with the activity of
granitic rocks.

3. The ore mineral assemblage is dominated by mushketovite, euhedral
magnetite with concentric and oscillatory zoning textures, and cauliflower
magnetite with minor chalcopyrite and pyrite. Mushketovite is the most dominant
iron phase as prismatic aggregation with grain sizes of 0.2 — 3 mm, and is distributed
throughout the deposit. Euhedral magnetite appears in limited amounts at relatively
shallow levels in the deposit. Cauliflower magnetite appears locally in the deeper
parts of the deposit in association with green-colored garnet and calcite. Sulfide
minerals are ubiquitously associated with iron oxides.

4.  The §'%0 values were obtained for all types of magnetite, quartz, and epidote
and were found to be -5.9 — 2.8 %o, 10.5 — 14.9 %o, and 3.6 — 6.6 %o, respectively.
The oxygen isotope values of the quartz—magnetite pairs give equilibrium isotopic
temperature of near 300°C. The §'30 values for the water responsible for all types
of magnetite were calculated at 300°C and ranged from 2 to 10 %eo.

5. The geological, mineralogical, and geochemical data obtained in this study
suggest that the iron oxide deposit in the Chandmani Uul is a typical IOCG deposit.
This deposit was formed at an intermediate depth with potassic and sericite—chlorite
alteration zones under the oxidized conditions of hematite-stable environment. The
ore-forming fluid was supplied by granodioritic magma with a significant

contribution of meteoric water.
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Chapter 3: Oxygen Isotopic Study on the Date-Nagai Skarn-Type

Tungsten Deposit, Northeastern Japan

1.Introduction

Skarn deposits are typically formed as a result of three sequential processes
(Einaudi et al., 1981; Meinert, 2005); isothermal contact metamorphism during the
early stages of plutonic magma emplacement and solidification, followed by open
system metasomatism. Open system metasomatism is generally characterized by
two distinctly different styles. The early prograde stage is characterized by the
precipitation of anhydrous minerals such as wollastonite, garnet and pyroxene,
which forms in the presence of relatively high-temperature fluid. Si, Al and Fe, as
well as other components, are introduced into the calcareous sediments by high
temperature aqueous fluid, while Ca, Mg and CO> are locally derived and also
introduced into the metasomatic system. The later retrograde stage is characterized
by the precipitation of hydrous minerals, such as epidote, amphibole and chlorite
plus sulfides, which forms in the presence of lower-temperature fluid. These two
stages have been commonly thought to reflect the dominance of magmatic and
meteoric water, respectively (Bowman et al., 1985a, b; D’Errico et al., 2012;
Nokleberg, 1981; Taylor & O’Neil, 1977). Among ore minerals commonly
accompanied in skarn deposits, magnetite and scheelite precipitate in the prograde
stage of metasomatism (Brown & Essene, 1985; Collins, 1977; Newberry &
Swanson, 1986; Robb, 2005). However, there are examples that scheelite and
sulfide ore minerals occur as disseminations or veins that cut prograde assemblages

(Mathieson & Clark, 1984).
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The Date-Nagai deposit is a small-scale skarn deposit producing scheelite ore.
The skarn of this deposit develops along the contact between marble and pelitic
hornfels, which merely constitutes the remaining hornfels body as a roof pendant
on the granodiorite batholith (Fig. 3.1b). Granodiorite is extensively distributed at
least 5 km in circumference from the deposit, except noncomformably overlain by
younger volcanic rocks. The granodiorite is the most probable source of skarn- and
ore-forming fluids at this deposit. The granodiorite belongs to the ilmenite series,
and pegmatite and aplite veins are accompanied; therefore, its emplacement depth
is likely to be deep in general sense. The geological environment of the Date-Nagai
deposit is one of the best examples to examine the characteristics of prograde stage
metasomatism. In this short communication, we examine the occurrence,
composition and oxygen isotope of skarn minerals, and discuss the origin of skarn-

forming fluid.

2.Geology

The Date-Nagai deposit is located in the northern part of the Abukuma
mountains, approximately 20 km east from Fukushima city (Fig. 3.1a), and is
halfway along the road connecting the cities of Fukushima and Soma. The Ishida
river runs approximately in the EW direction of the study area, and both banks of
the river are occupied with gentle mountains with an altitude of 300-500 m. The
highest peak of the area is Mt. Ryozen (825 m) (Fig. 3.1b), a Miocene volcano,
which is located ca. 6 km northeast of the deposit.

Most of the study area is covered with Cretaceous granodiorite, which is

distributed widely in the Abukuma mountains. Paleozoic sedimentary rocks remain
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locally on granodiorite as a roof pendant (Fig. 3.1b) and have changed to hornfels
and marble as a result of thermal metamorphism. Skarn that accompanies tungsten
mineralization develops along the contact between pelitic hornfels and marble.
The granodiorite body, known as the lidateyama body, belongs to the
ilmenite-series and has an intrusion age of 102-106 Ma (METI, 1987). The
dominant minerals of granodiorite are quartz, plagioclase and biotite, accompanied
by lesser amounts of K-feldspar and hornblende. A large amount of biotite of ca. 5
mm in size is characteristic in the lidateyama body. Quartz veins of ca. 30 cm in
width and pegmatite veins occasionally cut the granodiorite. A xenolith of fine-

grained granite is rarely found in granodiorite.
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Fig.3. 1 Geological map of the study area. a) Location of the Date-Nagai deposit in northeastern

Japan. b) Regional geological map of the study area (modified after Kubo et al., 2014). c) Detailed

geological map around the Date-Nagai deposit.

Hornfels crops out mostly along the Ishida river as EW extended lenticular
masses of ca. 70 m in maximum thickness (Fig. 3.1c). The hornfels have remarkable
sistosity, and biotite crystals are arranged parallel to the sistosity plane. The

dominant minerals of the hornfels are biotite, cordierite and quartz, with trace
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amounts of plagioclase. A lenticular marble bed with a maximum thickness of 35
m appears in hornfels in the vicinity of the Date-Nagai deposit. The texture of the
marble is massive without sistosity. The Miocene Ryozen formation
noncomformably overlays the granodiorite at the northeastern area (Fig. 3.1b). This
formation is composed of Lahal sediments of basaltic tuff breccia. The age of the
Ryozen formation is estimated to be 16-15 Ma (Yamamoto, 1996; Yamamoto &

Hoang, 2009).

3.0re deposit

Scheelite-bearing tungsten ore was produced from the deposit for 24 years
between 1964 and 1988 with an annual production of ca. 600 t with ca. 1.5% WOs.
Scheelite is hosted in the skarn zone that is developed along the contact between
pelitic hornfels and marble. The highest level of the mine is 250 m above sea level,
and an inclined shaft with an oblique angle of ca. 45° continues down to 180 m
above sea level. Figure 3.2a shows an underground geological map of the Date-
Nagai deposit. Although an irregular distribution of skarn is shown on the
geological map, skarn develops as a layer between hornfels and marble, as shown
in the cross section along the inclined shaft (Fig. 3b). The thickness of the skarn is
varied and has a maximum thickness of 4.0 m. Aplite dyke cuts the wall rock and
skarn, as shown in cross section. The thickness of the skarn increases toward the
contact with the aplite dyke. The aplite is a pale yellowish-green compact rock
mostly composed of quartz with trace amounts of plagioclase. Small amounts of
garnet and clinopyroxene are included in aplite in the vicinity of the contact with

the skarn.
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Fig.3. 2 a) Underground geological map and b) cross section of the Date-Nagai deposit.

3.1. Occurrence of skarn

A zonal arrangement of minerals is observed in the skarn (Fig. 3.3a). The
zonation consists of 1) wollastonite, 2) garnet, 3) vesuvianite-garnet, and 4) garnet-
epidote zones from marble to hornfels. A lack of certain zones and a reversed
distribution of zones are occasionally found. The widths of the wollastonite, garnet
and vesuvianite-garnet zones are several 10 cm, while that of the garnet-epidote

zone is 1-3 m. The characteristics of each skarn zone are as follows.
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Fig.3. 3 Occurrence of skarn zones of the Date-Nagai deposit. a) Underground photo of skarn at the
contact of marble. b) Hand specimen sample of garnet zone. Euhedral garnet is covered with calcite
in druse. c) Hand specimen sample of garnet-epidote zone. d) Hand specimen sample of vesuvianite-

garnet zone. Prismatic crystals of vesuvianite associates with garnet.

Wollastonite zone: The Wollastonite skarn has a width of 1 to 15 cm and is a light
brown to white color. This zone is brittle and clayey when it contains water. The
dominant mineral in this zone is wollastonite, accompanied by small amounts of
clinopyroxene, calcite and quartz.

Garnet zone: The Garnet zone is <15 cm thick and is dominated by reddish brown
euhedral to subhedral garnet. Euhedral to subhedral garnet is the main constituent
of this zone, and accessory amount of clinopyroxene accompanies. Small amounts

of euhedral vesuvianite and fine-grained scheelite, epidote and calcite precipitated
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to surround or fulfill fracture within garnet. The garnet zone gradually changes to
the following vesuvianite-garnet zone with an increase in the amount of vesuvianite.
Vesuvianite-garnet zone: The thickness of this zone is varied from several cm up to
40 cm and its horizontal continuity is poor. This zone appears irregularly in garnet-
epidote zone. A large amount of euhedral vesuvianite and lesser amounts of garnet,
calcite and quartz are included. Columnar vesuvianite of 1 to 2 cm in length
arranges its c-axis vertical to the contact plane between the mineral zones (Fig.
3.3d). Under an optical microscope, granular garnet crystals of ~50 um in size are
included in vesuvianite crystal. Intergranular spaces among vesuvianite is filled by
scheelite, epidote, calcite and quartz (Fig. 3.4k, ). Arrangement of scheelite crystals
with grain size < 1 mm along the grain boundary of vesuvianite is well observed
under ultraviolet light (Fig. 3.4d).
Garnet-epidote zone: This zone is the widest among mineral zones at 1 to 3 m thick.
The constituent minerals of this zone are difficult to distinguish in hand specimens
because the minerals do not appear in the bulk, except in rarely observed euhedral
garnet in a druse (Fig. 3.3b). Under an optical microscope, euhedral to subhedral
garnet crystals with <1 cm in size aggregate, which show optical anisotropy (Fig.
3.4a). The replacement of garnet from its perimeter by euhedral scheelite (up to 3
mm in size), epidote, calcite and quartz is commonly observed (Fig. 3.4e). Scheelite
is often surrounded by thin film of epidote when it associates with garnet (Fig. 3.4f,
h).

Paragenetic sequence of skarn is constructed from the observation of hand
specimens and optical microscopic petrography of thin sections as shown in Fig.

3.5.
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3.2. Occurrence of scheelite

Scheelite, the only ore mineral of the deposit, appears in the garnet,
vesuvianite-garnet (Fig. 3.4c and D) and garnet-epidote zones (Fig. 3.4b and d).
Scheelite occurs mostly as fine dispersed crystals among skarn minerals; however,
greater amounts of scheelite are included in the garnet-epidote zone. Euhedral to
subhedral crystals of scheelite with grain sizes of 2-3 c¢cm are often found in the
garnet-epidote zone, while the grain size of scheelite is smaller in the vesuvianite-
garnet zone (Fig. 3.4d). In hand specimens, scheelite appears to associate with
garnet; however, scheelite crystals are associated intimately with calcite, epidote
and vesuvianite from microscopic observation (Fig. 3.4f, h, j and 1). Scheelite is
rimmed by a thin epidote layer when it is included in garnet crystal. The paragenetic
sequence of minerals suggests that scheelite was precipitated during the middle

stage of skarn formation (Fig. 3.5).
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Fig.3. 4 Macrographs of tungsten ores. a, b) Garnet-epidote zone. c, d) Vesuvianite-garnet zone.

Micrographs of e-j) Garnet-epidote zone, k, I) Vesuvianite-garnet zone. a, ¢) Crossed nicols under
polarized light. b, d) Fluorescence color of scheelite under ultraviolet light. e, g, i, k) Open nicols
under polarized light, and f, h, j, I) crossed nicols under polarized light. Ga, garnet; Epi, epidote;

Ves, vesuvianite; Sch, scheelite.
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Fig.3. 5 Paragenetic sequence of minerals. Thickness of bar indicates relative abundance of minerals.

4.Chemical compositions of skarn minerals

Qualitative and quantitative analyses of the chemical compositions of
minerals were made using electron probe microanalysis (EPMA; JEOL, JXA-8621)
with an acceleration voltage of 15.0 kV and a specimen current of 1.0x10°® A. The
diameter of the electron beam was ca. 5.0 um. After background correction, the
chemical compositions of minerals were calculated by the ZAF method. Analytical
results for garnet and clinopyroxene are given in Table 3.1 and 3.2, respectively.
Garnet: Garnet is the most abundant mineral in the skarn of this study. Optically
isotropic and anisotropic garnets were observed (Fig. 3.4a, f, and h); isotropic
garnet precipitated in earlier stage (Fig. 3.5). The molal contents of endmembers
are calculated on the basis of total oxygen =24 (Table 3.1), and are plotted in a

ternary diagram (Fig. 3.6a). As shown in Fig. 3.6a, garnets of this study correspond

54



to a grossular-pyralspite series; the molal amount of andradite is low (<20%). The
molal contents of grossular in each skarn zone are 63-88% in the garnet zone, 25-
66% in the vesuvianite-garnet zone, and the 29-60% in garnet-epidote zone. Thus,
the molal content of grossular decreases from the contact with marble toward
hornfels. The chemical compositions of garnet from world skarn deposits
summarized by Meinert et al. (2005) are superimposed in Fig. 3.6a. Garnets from
the present study are characterized by a very low andradite content. The optical
nature of the garnet correlates with the chemical composition; garnets with a molal
pyralspite content of >20% exhibit anisotropy. Among the pyralspite, the content
of pyrope is negligible and the almandine/spessartine ratio varies (Table 3.3).
Clinopyroxene: Chemical compositions of clinopyroxene are shown in Table 3.2
and plotted in Fig. 3.6b. These constitute a diopside-hedenbergite series, and the
molal content of johannsenite_is low (<5.0%).

Scheelite: Scheelite (CaWOQy4) is known to form a solid solution with powellite
(CaMoOg). The fluorescence color of the scheelite in this study under ultraviolet
light was light blue (Fig. 3.4b and d); therefore, the powellite content is considered
to be low. Analytical results for scheelite from vesuvianite-garnet and garnet-
epidote zones shows that the molal content of powellite in scheelite is very low

(<1.5%, n=24).
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Fig.3. 6 Chemical compositions of garnet and clinopyroxene. a) Plots of garnet in the grossular-
andradite-pyralspite ternary system. b) Plots of clinopyroxene in the diopside-hedenbergite-
johannsenite ternary system. Calculation of endmember compositions of garnet and clinopyroxene
is after Deer et al. (1992). Compositions of garnet and clinopyroxene from world W-skarn deposits

(Meinert et al., 2005) are also shown as purple color domains.

5.0xygen isotope

Mineral grains were hand-picked from slabs of skarn under a binocular
microscope. The grain size of most samples used in this study was large (>1 mm),
so purities of the mineral separates were better than 95%.

Oxygen was extracted from the skarn minerals using a 17 Watt JLC-200 CO>
laser (A = 10.6 um) and BrFs using a fluorination method similar to that described
by Hayashi et al. (2001). Approximately 2 mg grain of skarn mineral was placed in
a hole drilled in a Ni rod placed in a reaction cell under a BrFs atmosphere of ca.
110 mm Hg pressure. The CO; laser beam was focused to ca. 25 pm in diameter
and then irradiated through a BaF> window. Completion of reaction between the

mineral and BrFs was confirmed by observation of the reaction under a microscope
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positioned co-axially with the CO; laser. Oxygen extracted from the minerals was
converted to CO2 quantitatively in a reaction with heated diamond. Completion of
the reaction was evaluated by measuring the amount of CO; released from the
minerals. The isotopic compositions of the CO> were measured using a mass
spectrometer (Thermo-Finnigan MAT 253). The '*0/!O ratios are expressed in the
conventional 8'80 notation relative to Vienna standard mean ocean water
(VSMOW). The accuracy of CO»-laser fluorination oxygen isotope analyses was
evaluated by repeated analysis of working standards. The §'80 value of the
reference quartz (NBS 28, 8'%0=9.6%0) was measured with each sample. The
reproducibility of the §'%0 values was better than 0.2%o (Hayashi et al., 2001).
Oxygen isotope values of garnet, vesuvianite, scheelite, quartz and muscovite
in the garnet, vesuvianite-garnet and garnet-epidote zones were obtained and are
given in Table 3.3 and plotted in Fig. 3.7. The §'%0 values varied by 4.2-7.7%o
(n=33) for garnet, 5.9-6.9%o (n=5) for vesuvianite, -0.3-3.4%o (n=15) for scheelite,

6.0-10.9%0 (n=10) for quartz and 8.2%o (n=1) for muscovite.
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Fig.3. 7 Oxygen isotope values of garnet, vesuvianite, scheelite, quartz and muscovite.

6.Discussion

6.1. Oxygen isotope value of skarn-forming fluid

Temperature information is indispensable to calculate §'%0 values of fluid
responsible for skarn formation. Therefore, we attempted to find fluid inclusion
applicable for microthermometric measurement of the filling temperature; however,
the samples in this study did not have adequate fluid inclusions. The temperature of
skarn-forming fluid was calculated using &'®0 for skarn minerals and an
equilibrium fractionation factor between minerals (Matthews et al., 1983; Thomas
et al., 2001). Several combinations of mineral pairs were possible in this study;
however, only quartz-scheelite was an applicable pair.

The equilibrium fractionation factors (1000Ina) for oxygen isotopes used in this

study were as follows.
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Garnet-quartz: -2.88x10%/T? (Bottinga & Javoy, 1975)

Quartz-water: 3.34x10%/T? -3.31 (Matsuhisa et al., 1979)

Scheelite-water: 1.39x10%/T%-5.87 (Wesolowski & Ohmoto, 1986; Shieh & Zhang,
1991)

Muscovite-water: 2.38x10%/T2-3.89 (O’Neil & Taylor, 1969), where T is the
absolute temperature. Although the §'0 values of vesuvianite were obtained, there
was no fractionation factor applicable to vesuvianite.

A number of §'%0 values for garnet-scheelite pairs were obtained; however,
no consistent temperature was obtained from the garnet-sheelite pair. Reasonable
temperatures were obtained only from scheelite-quartz pairs, such as 277.1°C,
290.9°C and 294.6°C (average 288°C).

According to the simplified skarn forming model, multiple reaction fronts
migrate away from the fluid source towards the marble to form wollastonite zone,
clinopyroxene zone and garnet zone in this order from marble side to a source of
fluid supply. This zonation reflects the reactive mobility of Si>Mg, Fe and Mn>Al
(Meinert et al., 2005; Shanks, 2014). Development of garnet zone indicates that
skarn-forming reaction had advanced sufficiently. Skarn of this study consists of
several zones, such as wollastonite, garnet, vesuvianite-garnet and garnet-epidote
zones. Among them garnet-bearing zones develop largely, >90% of hole skarn body.
Such occurrence of skarn suggests large fluid/rock ratio during skarn forming
period.

Pegmatite and aplite veins are frequently observed in the vicinity of study
area, furthermore an aplite vein appears at the middle of skarn zone (Fig. 3.2).

Aplite and pegmatite are formed through rapid cooling of granitic magma under a
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catalysis of volatile component (London, 2005). Above geological information
suggests fluid dominant condition during formation of skarn of this study.

Oxygen isotope values of fluid responsible for skarn minerals were calculated
at 288°C, on the assumption of fluid dominant condition. Calculated §'*0 values
are shown in Table 3.3 and plotted in Fig. 3.8. The 880 values of water in
equilibrium with garnet, scheelite, quartz and muscovite were 6.1-9.5%o, 1.2-4.8%o,
-1.3-3.6%0 and 4.5%o, respectively. The values for vesuvianite could not be
calculated because no fractionation factor was available. Figure 3.8 suggests that
garnet precipitated from fluids with different 8'30 values from scheelite, quartz and

muscovite.

6.2. Source of ore-forming fluid

The origin of skarn-forming fluid has been discussed previously, from which
magmatic water (e.g., D’Errico et al., 2012) and metamorphic water (Paterson,
1982) are cogent candidates. In addition, the influence of meteoric water is
important for late stage fluids (Oztiirk et al., 2008; Shimazaki & Kusakabe, 1993).
The 8'80 values of magmatic water have been discussed by previous researchers
(Sheppard, 1986; Taylor, 1997; Ohmoto, 1986); the typical 'O range of magmatic
water is 5.5 to 10.0%o, and this range is shown in Fig. 3.8. The §'30 values of fluid
responsible for garnet are consistent with the range of magmatic water; however,
those of scheelite, quartz and muscovite are shifted to lighter values outside the
range for magmatic water. Under the geological environment for the skarn deposit
of this study, mixing of meteoric water is the most probable mechanism to change

heavy 580 values to lighter values. The 80 value of modern meteoric water in

60



the study area is ca. -9.0%o (Yabusaki, 2016), and this is not directly applicable to
a Cretaceous ore-forming environment. However, a light 330 value is unique for
meteoric water; therefore, the participation of meteoric water during the
precipitation of scheelite is most probable. Mineral paragenesis (Fig. 3.5) suggests
that scheelite is intimately associated with epidote, calcite and quartz, rather than
early stage minerals of wollastonite and garnet. This mineral association is
consistent with the results obtained from oxygen isotope evidence.

Although oxygen isotope values of the granodiorite of the lidateyama body is
unknown, granitoid of the Abukuma terrain have relatively heavier '80 values, 9-
11%o (Ishihara & Matsuhisa, 2004). When granodiorite of the lidateyam body has
similar 5180 value, there is a possibility that meteoric water got involved in the

precipitation of garnet.
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Fig.3. 8 Oxygen isotope values of water responsible for skarn minerals calculated at 288°C. The
range for magmatic water is from Taylor (1997). Value of modern local meteoric water is from

Yabusaki (2016).
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7.Conclusions

The skarn type tungsten deposit of the Date-Nagai mine is genetically related
to the granodiorite batholith of the lidateyama body. Skarn is developed along the
contact between pelitic hornfels and marble that remains in small roof pendant body
directly above the granodiorite batholith. The granodiorite belongs to the ilmenite
series, and accompanies pegmatite and aplite veins; therefore, the emplacement
depth of this granodiorite was generally quite deep. Even if under such an
environment, the contribution of meteoric water during metasomatic skarn

formation was confirmed from oxygen isotope data.
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Chapter 4: Summary and conclusions

Oxygen isotope is the powerful tool to study hydrothermal mineral deposits,
especially for estimation of origin of mineralized fluids.

In the case of Chandmani Uul IOCG deposit, calculated oxygen isotopic
values of ore-forming fluids responsible for minerals suggest that magmatic water
participated to precipitate most mushketovite and magnetite ores. A part of
mushketovite and epidote precipitated from oxygen isotopically light fluid, which
suggests that contribution of meteoric water was the most probable under the
geological environment of this deposit.

In the case of Date-Nagai W-skarn deposit, garnet precipitated during
relatively early stage of skarn-formation (prograde stage), and magmatic fluid was
responsible for garnet. Scheelite precipitated following after garnet from the
contribution with meteoric water. Oxygen isotopic equilibrium was not attained

between garnet and scheelite.
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Appendix I: Analytical data

Table 2.1 Major element (in wt.% oxide) concentrations of the granitoids at the Chandmani Uul deposit.

Sample No. CHUl67 CHU179 CHU180 CHU203 CHU228 CHU?242 BT001 BT002 BT004 BT00S BT008 BTO011 BT012 BT015 BTO021

SiO; 61.78 61.95 63.44 64.99 71.1 65.69 63.85 61.69 62.99 61.85 61.75 58.36 61.83 62.59 61.48
AlO3 16.64 16.41 15.98 13.91 14.3 16.33 15.66 15.45 15.27 15.96 15.69 15.11 16.49 15.65 15.42
Fe203(T) 2.38 5.08 4.77 231 2.16 4.83 5.03 4.66 4.69 4.2 4.7 6.03 4.11 5.22 4.37
MnO 0.109 0.094 0.1 0.121 0.04 0.097 0.044 0.079 0.07 0.082 0.056 0.124 0.104 0.097 0.118
MgO 3.65 1.83 1.55 0.99 0.39 1.62 0.73 1.36 1.37 1.58 2 1.71 1.39 1.68 15

Ca0O 4.23 3.07 3.04 512 1.47 1.76 2.21 3.07 2.77 3.92 2.88 4.83 2.83 4.34 3.05
Na.O 4.94 4 3.42 2.26 291 441 3.53 3.27 4.68 4.95 3.2 3.62 4.36 3.56 5.28
K20 3.43 3.4 4.47 3.75 4.7 2.53 4.18 3.39 2.9 2.48 3.97 291 3.24 4.03 1.96
TiO; 0.3 0.479 0.43 0.362 0.251 0.494 0.489 0.446 0.389 0.435 0.473 0.427 0.412 0.456 0.435
P20s 0.26 0.19 0.18 0.11 0.05 0.18 0.21 0.18 0.17 0.17 0.19 0.18 0.16 0.16 0.18
LOI 2.52 2.7 2.83 5.94 2.54 2.4 3.87 5.97 4.54 4.63 5.64 6.9 5.07 1.64 4.77
Total 100.24 99.20 100.21 99.86 99.91 100.34 99.80 99.57 99.84 100.26  100.55 100.20 100 99.42 98.56
Na,O+K,0 8.37 7.40 7.89 6.01 7.61 6.94 7.71 6.66 7.58 7.43 7.17 6.53 7.60 7.59 7.24
K20/ Na,O 0.69 0.85 1.31 1.66 1.62 0.57 1.18 1.04 0.62 0.50 1.24 0.80 0.74 1.13 0.37
AINK 1.41 1.60 1.53 1.79 1.45 1.63 1.52 1.71 1.41 1.47 1.64 1.66 1.54 1.53 1.43
AICNK 0.85 1.04 1.00 0.81 1.14 1.24 1.09 1.06 0.96 0.89 1.06 0.84 1.04 0.86 0.94
CIA 46.0 50.9 50.0 44.9 53.3 55.3 52.2 51.4 49.0 47.1 515 45.8 51.0 46.4 48.5
5180 (%o) 6.6 4.8 3.9 7.5 5.8 5.7 NA NA NA NA NA NA NA NA 4.6

Notes: LOI- loss on ignition; NA: Not analyzed.
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Table 2.2. Trace element (in ppm) compositions of the granitoids at the Chandmani Uul deposit.

Sample No. CHU167 CHU179 CHU180 CHU203 CHU228 CHU?242 BT001 BT002 BTO004 BT005 BT008 BT011 BT012 BTO015 BTO021
La 13 21 194 23.1 20.5 17 24.3 22.8 18 215 21.7 20 17.8 19.9 18.8
Ce 27.9 43.3 40.9 45.2 38.4 44.1 50.1 44.8 36.2 42.7 45 39.1 35.5 41.3 36.5
Pr 3.6 5.13 4.73 4.91 3.92 3.99 5.77 4.97 4.17 4.94 5.17 4.58 4.16 4.8 4.04
Nd 15.2 20 17.8 17.5 14.3 15.7 22.2 19.2 16.3 19 20.1 17.6 16.2 18.5 15.1
Sm 3.19 4.09 3.92 3.52 2.81 3.38 4.65 3.7 3.56 4.1 4.06 3.8 3.08 3.81 2.95
Eu 0.65 1.06 1.03 0.794 0.486 0.832 0.994 0.96 0.865 0.9 1.04 1.07 0.823 1 0.846
Gd 2.23 3.3 3.22 2.8 2.29 2.74 3.49 3.01 2.9 3.3 3.43 3.1 2.64 3.09 2.61
Th 0.29 0.48 0.47 0.44 0.36 0.42 0.53 0.46 0.45 0.5 0.51 0.5 0.42 0.47 0.4
Dy 14 2.7 2.74 2.62 2.18 2.54 3.07 2.76 2.58 2.9 3.03 2.9 2.45 2.8 2.29
Ho 0.26 0.52 0.55 0.54 0.45 0.5 0.6 0.55 0.51 0.6 0.61 0.6 0.49 0.54 0.47
Er 0.75 1.49 1.69 1.75 1.4 1.52 1.74 1.72 161 1.8 1.79 1.8 1.52 1.6 1.45
Tm 0.107 0.228 0.247 0.253 0.211 0.241 0.273  0.268  0.259 0.29 0.298 0.28 0.248  0.243  0.233
Yb 0.76 1.57 1.82 1.77 1.45 171 1.9 1.75 1.74 2 2.07 1.9 1.78 1.78 1.71
Lu 0.128 0.25 0.298 0.295 0.226 0.277 0.306  0.283 0.29 0.34 0.345 0.31 0272  0.289 0.279
Y 7.8 14.7 16.4 16.8 14.3 13.9 17.5 17.6 16.2 18 18.9 18 15.7 16.2 145
>REE 69.47 105.12 98.82 105.49 88.98 94.95 119.92 107.23 89.43 104.87 109.15 9754 87.38 100.12 87.68
LREE/HREE 9.57 8.06 7.19 8.37 8.83 7.81 8.29 8.12 6.98 7.30 7.32 6.83 7.21 7.48 7.52
LaN/ YbN 1.69 2.07 2.15 2.60 2.82 2.13 2.16 2.34 2.18 2.23 2.13 2.24 2.17 212 2.45
Nb/La 0.71 0.85 0.86 0.75 0.57 0.81 0.72 0.85 0.80 0.72 0.83 0.92 0.86 0.86 0.91
(La/ Sm)N 0.98 0.99 1.02 0.99 0.98 1.27 1.00 0.99 0.99 0.98 1.01 0.96 0.98 1.00 0.98



SEu
oCe
Rb
Ba
Th

Nb
Ta
Pb
Sr

Zr

Hf
Ga

Cr
Co
Ni

0.71
0.97
81
1101
2.59
1.03
14
0.09
18
252
62
1.6
17
166
160

70

0.85
0.98
107
451
6.5
1.88
55
0.39
22
396
147
36
18
114
80
8
40

0.86
1.01
111
691
8.54
3.1
5.3
0.35
25
507
147
3.5
17
100
210
9
90

0.75
0.98
151
821
9.33
5.03

0.38
13
173
146
3.5
15
50
60

30

0.57
0.97
187
504
16
3.06
6.1
0.62

305
145
3.7
16

26

80

30

0.81
1.26
86
487
8.5
191

0.46
20
563
150
3.6
17
98
70

30

0.72
0.99
114
530
10.7
241
6.7
0.45
11
255
153
3.8
17
100
120

50

0.85
0.98
112
376
8.22
1.43

0.31
11
354
139
3.2
17
101
70
6
30

0.80
0.98
91
435
9.24
247
4.6
0.28
19
382
148
3.5
16
88
140
5
60

0.72
0.97
66
458
8.8
2.7

0.4
15
488
141
3.8
17
88
190
8
60

0.83
1.00
114
575
10.1
2.34
5.1
0.34

263
147
3.5
18
108
100
8
50

0.92
0.95
83
638
7.3
1.8

0.4
23
459
118
2.9
17
104
90
17
30

0.86
0.97
92
499
8.53
1.9

0.44
24
283
126
3.2
18
95
<20

<20

0.86
0.99
87
588
8.97
3.21
6.3
0.48
10
526
141
3.3
18
108
230
13
100

0.91
0.97
68
301
8.55
1.67
5.4
0.41

274

138
3.4
16

82

90

40

Notes: LaN/YbN and (La/Sm)N values are La/Yb ratios normalized to chondrite values after McDonough and Sun, 1995,

Eu/Eu*=2*EuN/[SmN+GdN]; Ce/Ce=2*CeN/[LaN+PrN].

85



Table 2.3. LA-ICP-MS analyzed data of age-known samples and calculated ages.

Labels 206ppy (1) U Th  Thu 238 206ppy* (1) 207ply*/206ply* (1) 238|j206ph* age M 238Y/206ph* gge (2
(%) (ppm)  (ppm) (Ma) (Ma)
CHU179-01 0.19 80 33 042 1311 + 022 00581 + 00047 4739 + 7.8 4731 + 7.8
CHU179-02 0.18 131 88 069 1291 + 019 00558 =+ 0.0039 4809 + 68 4814 + 67
CHU179-03 0.00 356 316 091 1339 + 014 00584 + 0.0014 4643 + 47 4631 + 47
CHU179-04.1 0.00 191 148 080 1275 + 017 00573 + 00019 4869 =+ 61 4866 + 6.2
CHU179-04.2 0.48 95 48 052 1327 + 020 00539 + 0.0044 4682 + 69 4696 *+ 69
CHU179-05.1 0.01 201 127 065 1290 + 016 00578 + 00030 4812 + 57 4806 + 56
CHU179-05.2 0.00 102 47 048 1334 + 018 0058 + 0.0030 4658 + 6.0 4645 + 6.2
CHU179-06 0.08 154 90 060 1239 + 019 00580 + 0.0036 5002 * 7.4 4997 + 7.4
CHU179-07# 0.13 127 55 0.44 13.00 £+ 0.20 0.0641 =+ 0.0037 4779 + 7.0 4737 + 7.0
CHU179-08 1.05 91 42 047 1352 + 025 00540 + 0.0050 4599 + 83 4612 + 83
CHU179-09 0.08 214 133 064 1294 + 015 00589 + 0.0033 4798 + 53 4786 + 53
CHU179-10 0.30 188 125 068 1343 + 020 00573 + 00036 4629 + 67 4624 + 66
CHU179-11 0.00 173 96 057 1294 + 017 0.0594 + 00022 4800 + 62 4784 + 6.3
CHU179-12 0.00 208 124 061 1290 + 019 00569 + 0.0020 4815 + 69 4814 + 7.0
CHU179-13 0.00 130 62 049 1236 + 018 00620 + 0.0026 5014 + 7.1 4986 * 7.2
CHU179-14 0.00 137 93 070 1280 + 022 00565 + 00026 4850 + 81 4850 + 8.1
CHU179-15 2.14 266 144 0.56 1281 + 0.17 0.0515 + 0.0041 4847 + 6.2 4879 + 6.1
CHU179-16 0.00 282 210 076 1303 + 0.15 00550 + 00018 4768 + 52 4768 + 52
CHU179-17 0.00 247 163 068 1301 + 017 0.0592 + 00017 4774 + 60 4760 + 6.0
CHU179-18# 0.00 264 193 075 1235 + 013 00635 + 00019 5018 + 50 4981 + 51
CHU179-19 0.14 255 128 052 1275 + 015 00553 + 00028 4866 + 55 4873 + 54
CHU179-20 0.00 175 124 073 1134 + 020 00559 + 00019 5449 + 94 5449 + 94
CHU179-21 0.63 184 94 053 1327 + 019 00580 + 0.0037 4684 + 65 4675 * 65
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CHU179-22
CHU179-23
CHU180-01
CHU180-02
CHU180-03#
CHU180-04
CHU180-05
CHU180-06
CHU180-07
CHU180-08.1

CHU180-08.2#

CHU180-09

CHU180-10.1#
CHU180-10.2#

CHU180-11.1
CHU180-11.2
CHU180-12
CHU180-13
CHU180-14
CHU180-15
CHU180-16
CHU180-17
CHU180-18.1
CHU180-18.2
CHU180-19
CHU180-20
CHU228-01.1
CHU228-01.2

0.11
0.58
0.00
0.00
0.95
0.79
0.00
0.00
0.00
0.48
1.46
0.00
0.00
3.57
0.08
0.00
0.40
0.00
0.28
0.23
0.00
0.00
0.42
0.00
0.00
0.56
0.13
0.43

90
106
102

88
177
444
144
250
106
342
295
182
260
314
153
179
102
100
290

61
156
126
281
234
128
114
193
532

45
53
71
47
97
356
87
189
52
254
151
92
163
253
79
143
52
51
174
26
109
96
254
139
68
68
105
231

0.51
0.51
0.72
0.54
0.56
0.82
0.62
0.77
0.50
0.76
0.52
0.52
0.64
0.83
0.53
0.82
0.52
0.52
0.61
0.44
0.71
0.78
0.93
0.61
0.55
0.61
0.56
0.45

13.20
12.14
12.47
12.87
12.91
13.01
13.03
12.10
12.57
12.84
13.91
12.64
13.29
13.93
12.65
12.98
12.65
12.44
13.02
12.52
12.76
12.71
12.77
12.75
12.76
13.04
12.79
12.94

+ + + + + + + + + + + H+ + I+

+ I+

+ + + + + + + + + H+ H+

I+

0.27
0.23
0.22
0.22
0.17
0.16
0.20
0.17
0.21
0.15
0.17
0.18
0.15
0.18
0.20
0.19
0.20
0.20
0.16
0.28
0.19
0.18
0.16
0.17
0.18
0.23
0.19
0.14

0.0595
0.0549
0.0582
0.0539
0.0641
0.0598
0.0550
0.0600
0.0532
0.0581
0.0693
0.0613
0.0604
0.0952
0.0574
0.0560
0.0507
0.0589
0.0593
0.0583
0.0553
0.0597
0.0633
0.0594
0.0619
0.0545
0.0578
0.0589

+ + + + + &+ + + + + + + H+ I+

+ I+

+ + + + + + + + + H+ I+

I+

0.0049
0.0045
0.0024
0.0030
0.0036
0.0041
0.0021
0.0015
0.0026
0.0032
0.0044
0.0024
0.0016
0.0056
0.0036
0.0018
0.0046
0.0029
0.0027
0.0057
0.0021
0.0023
0.0046
0.0038
0.0027
0.0046
0.0030
0.0020

470.8
510.1
497.2
482.4
480.9
477.3
476.8
5121
493.5
483.5
4475
490.8
467.8
446.9
490.5
478.3
490.4
498.5
476.9
495.4
486.5
488.4
486.1
486.7
486.5
476.4
485.1
479.7

+ + + + + &+ + + + + + + H+ 4+

+ I+

+= + + + + + + + + H+ I+

I+

9.4
9.2
8.5
7.8
6.2
5.6
6.9
6.8
7.8
53
5.2
6.7
5.3
5.6
7.5
6.6
7.6
7.7
5.6
10.6
7.0
6.7
5.9
6.3
6.8
8.2
6.8
5.0

469.1
511.7
496.6
482.4
476.7
475.5
476.8
510.6
493.5
482.8
440.4
488.3
465.6
426.2
490.2
478.3
492.3
497.5
475.4
494.7
486.5
486.8
482.4
485.3
483.6
477.6
484.6
478.5

+= + + + + &+ + + + + + + H+ I+

+ I+

+ + + + + + + + + H+ I+

I+

9.4
9.2
8.6
7.8
6.2
5.3
6.9
6.8
7.8
5.1
52
6.8
5.3
5.3
75
6.6
7.4
7.9
5.6
10.5
7.0
6.8
55
6.1
6.9
8.1
6.8
5.0
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CHU228-02
CHU228-03.1
CHU228-03.2#
CHU228-04
CHU228-05
CHU228-06.1
CHU228-06.2#
CHU228-07.1
CHU228-07.2
CHU228-08.1
CHU228-08.2#
CHU228-09
CHU228-10
CHU228-11
CHU228-12.1#
CHU228-12.2#
CHU228-13
CHU228-14#
CHU228-15
CHU228-16
CHU228-17
CHU228-18#
CHU228-19#
CHU228-20
CHU228-21
BT004-1
BT004-2
BT004-3

0.00
0.53
0.00
0.62
0.60
0.00
0.00
1.81
0.00
0.15
0.00
0.08
0.00
0.00
0.00
0.13
0.02
0.40
2.55
0.78
0.10
0.07
0.00
0.00
0.08
0.00
1.23
0.14

121
173
197
534
299
264
243
313
404
299
419
226
199
264
347
469
133
349
197
207
193
414
197
109
274
174

83
294

70
125
115
254
222
155
103
179
183

62
282
138
140
113
144
264

55
211
120
110
133
205
118

59
175

68

43
241

0.60
0.74
0.60
0.49
0.76
0.60
0.43
0.59
0.46
0.21
0.69
0.62
0.72
0.44
0.42
0.58
0.43
0.62
0.62
0.55
0.70
0.51
0.61
0.55
0.65
0.40
0.54
0.84

12.62
13.18
12.60
13.24
13.39
12.61
12.92
12.75
12.96
12.51
13.76
12.25
13.32
12.71
13.09
13.81
12.80
13.16
11.53
12.94
12.92
12.72
13.00
13.00
13.02
12.51
12.68
12.57

N S o S S E o C o RO E o O P

+ I+

R N S o o o O O

I+

0.18
0.19
0.17
0.13
0.17
0.17
0.18
0.17
0.13
0.19
0.13
0.18
0.15
0.15
0.15
0.15
0.19
0.19
0.24
0.17
0.17
0.19
0.17
0.20
0.16
0.16
0.20
0.16

0.0554
0.0541
0.0619
0.0560
0.0541
0.0586
0.0611
0.0615
0.0587
0.0596
0.0640
0.0604
0.0575
0.0577
0.0599
0.0714
0.0537
0.0678
0.0777
0.0527
0.0592
0.0629
0.0612
0.0565
0.0592
0.0555
0.0569
0.0552

H H

+ I+

H H H

I+

0.0023
0.0043
0.0020
0.0021
0.0029
0.0018
0.0017
0.0047
0.0016
0.0018
0.0017
0.0034
0.0017
0.0019
0.0014
0.0026
0.0040
0.0031
0.0100
0.0034
0.0036
0.0029
0.0021
0.0027
0.0032
0.0012
0.0058
0.0029

4915
471.4
492.4
469.5
464.2
492.1
480.4
486.9
479.2
495.8
452.2
506.0
466.6
488.2
474.7
450.8
485.1
472.1
536.3
480.0
480.7
487.9
477.6
477.9
477.0
495.6
489.3
493.4

+ + + + + &+ + + + + + + H+ 4+

+ I+

+= + + + + + + + + H+ I+

I+

6.9
6.5
6.3
4.4
5.6
6.3
6.5
6.1
4.8
7.1
4.2
7.3
4.9
54
5.3
4.8
7.0
6.5
10.9
6.2
5.9
6.9
6.0
7.2
5.7
59
7.4
6.0

491.5
472.7
489.5
469.8
465.5
491.1
477.9
484.3
478.0
494.3
447.9
504.2
465.9
487.7
472.8
442.5
485.1
465.8
524.2
482.3
479.3
484.5
475.0
477.9
475.5
495.6
489.4
494.1

H H

+ I+

H H H H o+ O+

I+

6.9
6.3
6.3
4.4
55
6.4
6.5
6.1
4.9
7.1
4.3
7.2
5.0
55
5.3
4.7
6.8
6.4
10.3
6.2
5.8
6.8
6.1
7.2
5.6
59
7.2
5.8
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BT004-4
BT004-5
BT004-6.1
BT004-6.2
BT004-7
BT004-8
BT004-9
BT004-10
BT004-11
BT004-12
BT004-13
BT004-14
BT004-15
BT004-16
BT004-17.1
BT004-17.2
BT004-18
BT004-19.1
BT004-19.2
BT004-20
BT004-21#
BT004-22
BT004-23
BT004-24
BT006-1
BT006-2
BT006-3#
BT006-4

0.00
0.00
0.00
0.10
0.00
0.00
0.22
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.22
0.00
0.00
0.78
0.73
0.07
0.00
0.00
0.22
0.00
0.00
0.00
0.00
0.00

217
161
237
120
207

97
103
314
116
202
138
121
104
241
347
124
187
357
182
120
102
208
280

89
300

95
196
126

121
107
105
56
108
47
52
205
49
144
95
55
49
152
225
55
126
241
93
87
50
134
155
38
250
48
91
57

0.57
0.68
0.46
0.48
0.54
0.50
0.52
0.67
0.44
0.73
0.71
0.46
0.49
0.65
0.66
0.45
0.69
0.69
0.52
0.75
0.50
0.66
0.57
0.43
0.86
0.52
0.48
0.46

12.54
13.02
12.65
12.53
12.73
12.59
11.90
12.86
12.62
12.68
12.79
12.36
12.80
12.15
13.01
12.99
12.85
13.21
12.89
12.66
13.07
12.89
12.76
13.02
12.83
12.85
12.77
12.72

+ + + + + + + + + + + H+ + I+

+ I+

+ + + + + + + + + H+ H+

I+

0.15
0.16
0.13
0.18
0.15
0.17
0.15
0.14
0.17
0.13
0.14
0.17
0.16
0.15
0.15
0.18
0.15
0.14
0.17
0.15
0.17
0.15
0.13
0.17
0.14
0.19
0.14
0.14

0.0590
0.0593
0.0569
0.0586
0.0548
0.0649
0.0550
0.0581
0.0574
0.0558
0.0557
0.0577
0.0550
0.0567
0.0564
0.0549
0.0569
0.0573
0.0569
0.0629
0.0628
0.0597
0.0548
0.0595
0.0578
0.0566
0.0598
0.0606

+ + + + + &+ + + + + + + H+ I+

+ I+

+ + + + + + + + + H+ I+

I+

0.0012
0.0016
0.0013
0.0035
0.0014
0.0024
0.0032
0.0010
0.0017
0.0014
0.0016
0.0018
0.0019
0.0011
0.0021
0.0018
0.0014
0.0029
0.0030
0.0042
0.0020
0.0015
0.0020
0.0020
0.0011
0.0018
0.0014
0.0022

494.6
476.9
490.4
494.8
487.5
492.6
520.0
482.6
4915
489.4
485.5
501.5
485.0
509.8
477.3
477.9
483.0
470.5
481.6
489.9
475.3
481.7
486.4
477.1
483.8
483.1
485.9
487.9

+ + + + + &+ + + + + + + H+ 4+

+ I+

+= + + + + + + + + H+ I+

I+

5.7
5.5
5.0
6.7
55
6.2
6.4
5.0
6.3
5.0
5.2
6.7
5.7
6.2
54
6.3
5.5
4.9
6.0
5.6
5.9
52
4.7
59
5.1
6.9
5.2
51

493.4
475.4
490.4
493.9
487.5
488.0
521.1
481.8
491.3
489.4
485.5
501.2
485.0
509.8
477.4
477.9
482.9
470.1
481.6
486.4
471.8
480.0
487.4
475.5
483.2
483.1
484.2
485.8

+= + + + + &+ + + + + + + H+ I+

+ I+

+ + + + + + + + + H+ I+

I+

5.7
5.6
5.0
6.6
55
6.3
6.3
5.0
6.4
5.0
52
6.8
5.7
6.2
5.3
6.3
5.6
4.8
59
53
6.0
53
4.6
6.0
52
6.9
52
53
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BT006-5
BT006-6
BT006-7
BT006-8
BT006-9
BT006-10
BT006-11
BT006-12
BT006-13
BT006-14
BT006-15
BT006-16.1
BT006-16.2
BT006-17
BT006-18
BT006-19
BT006-20
BT006-21
BT006-22
BT006-23
BT006-24
BTO011-1.1
BT011-1.2
BT011-1.3
BT011-2.1#
BT011-2.2
BT011-2.3#
BT011-3

0.09
0.00
0.09
0.00
0.17
0.20
0.19
0.02
0.29
0.00
0.00
0.00
0.00
0.16
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.45
0.25
0.23
0.00
3.30
0.00
0.21

215
159
269
225

92

96

92
162

94
181
171
179
154

99
136
135
178

79

76
164
193
103
109
126
180
141
207

93

98
79
121
125
43
49
49
71
50
106
109
128
71
56
102
82
104
31
38
88
99
44
51
54
141
98
97
46

0.47
0.51
0.46
0.57
0.48
0.52
0.55
0.45
0.54
0.60
0.65
0.73
0.47
0.58
0.77
0.62
0.60
0.41
0.51
0.55
0.53
0.44
0.47
0.44
0.80
0.71
0.48
0.51

12.90
12.18
12.76
12.91
12.80
13.05
12.82
12.70
13.03
13.33
12.67
12.58
12.67
12.63
12.58
12.28
12.60
12.49
12.77
12.46
12.26
13.01
13.00
12.87
12.83
13.15
13.47
12.78

N S o S S E o C o RO E o O P

+ I+

R N S o o o O O

I+

0.15
0.13
0.13
0.14
0.19
0.18
0.20
0.15
0.18
0.14
0.16
0.16
0.16
0.19
0.16
0.16
0.14
0.19
0.17
0.17
0.13
0.18
0.18
0.15
0.14
0.16
0.14
0.18

0.0577
0.0554
0.0578
0.0556
0.0585
0.0592
0.0559
0.0586
0.0562
0.0569
0.0545
0.0579
0.0570
0.0524
0.0545
0.0574
0.0570
0.0542
0.0549
0.0567
0.0562
0.0569
0.0543
0.0565
0.0601
0.0548
0.0595
0.0542

H H

+ I+

H H H

I+

0.0023
0.0015
0.0021
0.0014
0.0031
0.0030
0.0034
0.0024
0.0029
0.0016
0.0015
0.0014
0.0015
0.0033
0.0018
0.0017
0.0016
0.0031
0.0022
0.0018
0.0014
0.0030
0.0032
0.0027
0.0015
0.0043
0.0016
0.0037

4814
508.5
486.3
481.1
485.0
476.1
484.3
488.5
476.5
466.3
489.8
492.9
489.8
491.3
493.2
504.9
492.4
496.5
486.1
497.8
505.5
477.2
477.8
482.2
483.7
472.6
461.5
485.6

+ + + + + &+ + + + + + + H+ 4+

+ I+

+= + + + + + + + + H+ I+

I+

5.3
5.3
4.7
5.1
6.9
6.4
7.4
5.6
6.2
4.6
6.0
5.9
6.0
7.0
5.9
6.3
5.1
73
6.3
6.4
5.1
6.4
6.5
55
4.9
5.7
45
6.4

480.8
508.5
485.8
481.1
484.1
474.6
484.8
487.5
476.8
466.0
489.8
492.4
489.7
492.0
493.2
504.9
492.4
496.6
486.1
497.8
505.5
477.1
478.9
482.4
481.8
473.8
459.7
486.6

H H

+ I+

H H H H o+ O+

I+

52
5.3
4.7
5.1
6.9
6.4
7.3
5.6
6.2
4.6
6.0
5.9
6.0
6.9
59
6.3
52
7.2
6.3
6.4
51
6.4
6.3
54
50
5.6
4.6
6.2
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BT011-4
BT011-5.1
BT011-5.2
BT011-6.1
BT011-6.2
BT011-7.1
BT011-7.2
BT012-1#
BT012-2
BT012-3
BT012-4
BT012-5
BT012-6
BT012-7
BT012-8
BT012-9
BT012-10
BT012-11
BT012-12
BT012-13
BT012-14
BT012-15
BT012-16
BT012-17
BT012-18
BT012-19
BT012-20
BT012-21

0.10
0.00
0.00
0.00
0.18
0.00
0.00
0.00
0.02
0.06
0.00
0.00
0.00
2.44
0.12
0.25
0.00
0.96
0.55
0.00
0.77
0.65
0.00
0.16
0.00
0.00
0.00
0.00

107
260
136
103
139
148
141
105
100
222
147
507
138
114
134

95

77
164

96
277

80
104
101
123
109

91
195

96

56
212
62
58
101
84
61
52
43
115
79
561
101
57
69
45
35
112
50
219
48
51
57
57
50
45
106
50

0.54
0.84
0.47
0.58
0.74
0.58
0.44
0.51
0.44
0.53
0.55
1.14
0.76
0.52
0.53
0.49
0.47
0.70
0.54
0.81
0.61
0.50
0.58
0.48
0.47
0.50
0.56
0.53

12.23
12.68
12.56
12.60
13.12
12.96
13.09
12.85
12.93
13.31
12.93
13.10
12.91
13.24
12.53
13.13
13.08
12.75
12.72
12.65
13.02
12.78
13.09
12.84
13.03
12.54
12.50
12.76

+ + + + + + + + + + + H+ + I+

+ I+

+ + + + + + + + + H+ H+

I+

0.19
0.14
0.17
0.17
0.17
0.17
0.17
0.18
0.18
0.13
0.16
0.12
0.14
0.19
0.16
0.17
0.20
0.16
0.16
0.12
0.19
0.17
0.16
0.17
0.17
0.19
0.15
0.17

0.0554
0.0564
0.0566
0.0563
0.0557
0.0599
0.0575
0.0614
0.0579
0.0602
0.0588
0.0583
0.0585
0.0541
0.0550
0.0542
0.0539
0.0531
0.0589
0.0572
0.0543
0.0502
0.0563
0.0519
0.0553
0.0595
0.0568
0.0562

+ + + + + &+ + + + + + + H+ I+

+ I+

+ + + + + + + + + H+ I+

I+

0.0031
0.0012
0.0019
0.0017
0.0031
0.0017
0.0016
0.0021
0.0032
0.0023
0.0017
0.0011
0.0016
0.0051
0.0029
0.0036
0.0022
0.0029
0.0041
0.0012
0.0050
0.0035
0.0016
0.0025
0.0027
0.0020
0.0012
0.0019

506.6
489.4
493.7
492.5
4735
479.1
4745
482.9
480.3
467.2
480.3
4743
480.8
469.4
494.9
4732
475.0
486.6
487.9
490.5
477.1
485.5
474.7
483.4
476.7
494.4
496.2
486.4

+ + + + + &+ + + + + + + H+ 4+

+ I+

+= + + + + + + + + H+ I+

I+

7.8
53
6.6
6.5
5.8
6.0
6.0
6.5
6.4
4.4
5.8
4.1
5.0
6.5
6.1
5.9
7.0
59
6.1
4.5
6.8
6.2
5.7
6.2
6.0
7.3
5.8
6.2

507.1
489.4
493.7
492.5
474.0
477.3
474.0
480.3
479.6
465.0
479.1
473.3
479.8
470.8
495.5
4743
475.0
488.8
486.8
490.4
478.4
488.6
474.7
484.1
476.7
493.0
496.2
486.4

+= + + + + &+ + + + + + + H+ I+

+ I+

+ + + + + + + + + H+ I+

I+

7.6
5.3
6.6
6.5
5.7
6.0
6.1
6.6
6.4
4.3
5.8
4.2
51
6.5
6.0
5.7
7.0
5.8
59
4.6
6.6
6.1
5.7
6.1
59
7.4
5.8
6.2
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BT012-22
BT012-23
BT012-24
BT012-25
BT012-26
BT012-27
BT015-1.1
BT015-1.2
BT015-2
BT015-3.1
BT015-3.2
BT015-4.1
BT015-4.2
BT015-5.1
BT015-5.2
BT015-6
BT015-7
BT015-8
BT015-9.1
BT015-9.2#
BT015-10.1
BT015-10.2
BT015-11.1
BT015-11.2#
BT015-12
BT015-13.1
BT015-13.2
BT015-14

0.02
0.00
0.22
0.30
0.00
2.12
0.00
0.77
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.34
0.00
0.00
0.31
0.00
0.00
0.00
0.26
0.10
0.00
1.42

122
218
103

99
124
114
110

97
135
144

93
196
299
200

80
216
232
115

99
104
107

78

94
310
149
113

97
261

61
127
47
62
52
58
53
44
77
82
50
130
182
146
45
140
121
75
49
53
73
34
43
225
103
61
45
160

0.51
0.60
0.47
0.64
0.43
0.52
0.50
0.46
0.58
0.58
0.55
0.68
0.62
0.75
0.58
0.66
0.54
0.67
0.51
0.52
0.69
0.44
0.47
0.74
0.70
0.55
0.48
0.63

13.15
12.87
13.08
13.00
12.83
13.40
12.55
13.07
12.93
12.06
12.81
12.79
12.72
12.85
12.72
12.42
12.66
12.75
12.90
12.98
12.58
13.01
12.82
13.23
12.43
12.45
12.66
12.88

N S o S S E o C o RO E o O P

+ I+

R N S o o o O O

I+

0.18
0.16
0.20
0.19
0.18
0.18
0.16
0.17
0.16
0.14
0.17
0.15
0.13
0.14
0.19
0.14
0.12
0.12
0.17
0.16
0.19
0.20
0.15
0.14
0.15
0.21
0.17
0.17

0.0557
0.0588
0.0544
0.0547
0.0592
0.0487
0.0595
0.0531
0.0595
0.0596
0.0594
0.0579
0.0554
0.0559
0.0586
0.0554
0.0583
0.0591
0.0570
0.0615
0.0533
0.0563
0.0557
0.0597
0.0569
0.0567
0.0585
0.0620

H H

+ I+

H H H

I+

0.0028
0.0013
0.0032
0.0035
0.0018
0.0065
0.0021
0.0035
0.0021
0.0018
0.0021
0.0015
0.0011
0.0015
0.0026
0.0014
0.0014
0.0032
0.0019
0.0020
0.0032
0.0023
0.0019
0.0012
0.0030
0.0031
0.0019
0.0041

472.5
482.3
475.1
477.7
483.8
464.1
494.2
475.4
480.3
513.6
484.7
485.2
487.8
483.0
487.8
499.1
490.0
486.7
481.3
478.4
492.9
477.3
484.1
469.6
499.0
497.9
490.1
482.1

+ + + + + &+ + + + + + + H+ 4+

+ I+

+= + + + + + + + + H+ I+

I+

6.3
5.6
6.9
6.9
6.6
5.9
6.1
6.0
5.8
5.9
6.4
55
4.6
51
7.0
55
4.5
4.4
6.2
55
7.1
6.9
5.6
4.8
6.0
7.9
6.5
6.2

472.6
481.1
476.1
478.8
482.5
468.4
492.7
477.5
478.7
512.3
483.2
484.6
487.8
483.0
486.8
499.1
489.2
485.4
481.2
475.7
494.4
477.3
484.1
467.8
499.1
498.2
489.2
479.2

H H

+ I+

H H H H o+ O+

I+

6.2
5.6
6.8
6.8
6.6
5.7
6.2
6.0
59
5.9
6.5
5.6
4.6
5.1
7.1
55
4.6
4.3
6.2
5.6
7.0
6.9
5.6
4.8
5.8
7.8
6.6
6.1
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BT015-15.1
BT015-15.2
BT016-1
BT016-2.1
BT016-2.2
BT016-3
BT016-4.1
BT016-4.2
BT016-5.1
BT016-5.2
BT016-6.1
BT016-6.2#
BT016-7.1
BT016-7.2
BT016-8
BT016-9#
BT016-10#
BTO016-11
BT016-12
BT016-13
BT016-14
BT016-15
BT016-16#
BTO016-17
BT016-18
BT016-19.1
BT016-19.2
BT016-20#

0.00
0.31
0.00
2.68
0.01
0.00
0.00
1.23
0.64
0.51
0.18
0.00
0.38
0.48
0.00
0.00
0.00
0.46
0.00
0.00
0.00
0.02
0.00
0.00
0.06
0.00
0.00
0.00

109
99
111
96
87
150
203
247
264
238
120
155
117
88
93
180
146
83
161
180
90
81
165
129
203
242
114
98

80
54
65
38
28
73
147
161
192
127
70
132
53
40
51
127
77
41
120
86
42
39
124
96
105
168
63
73

0.75
0.56
0.61
0.41
0.34
0.50
0.74
0.67
0.75
0.55
0.60
0.87
0.47
0.47
0.56
0.72
0.54
0.51
0.76
0.49
0.48
0.50
0.77
0.77
0.53
0.71
0.57
0.77

12.74
13.09
12.81
12.50
12.32
13.22
12.63
12.88
13.59
13.65
12.85
12.33
12.78
12.96
12.70
12.68
12.66
12.72
12.85
12.91
13.05
12.91
13.26
12.96
12.64
13.33
12.97
13.56

+ + + + + + + + + + + H+ + I+

+ I+

+ + + + + + + + + H+ H+

I+

0.18
0.16
0.16
0.23
0.18
0.15
0.14
0.14
0.13
0.12
0.19
0.14
0.18
0.19
0.19
0.16
0.15
0.20
0.16
0.14
0.19
0.18
0.17
0.19
0.18
0.14
0.19
0.24

0.0584
0.0576
0.0568
0.0586
0.0568
0.0564
0.0542
0.0572
0.0604
0.0583
0.0555
0.0660
0.0542
0.0532
0.0563
0.0614
0.0539
0.0593
0.0571
0.0580
0.0563
0.0604
0.0614
0.0583
0.0560
0.0575
0.0569
0.0666

+ + + + + &+ + + + + + + H+ I+

+ I+

+ + + + + + + + + H+ I+

I+

0.0018
0.0037
0.0020
0.0050
0.0028
0.0015
0.0014
0.0035
0.0026
0.0026
0.0033
0.0017
0.0028
0.0037
0.0020
0.0017
0.0012
0.0038
0.0012
0.0015
0.0020
0.0038
0.0021
0.0018
0.0022
0.0011
0.0016
0.0026

487.0
474.6
484.5
496.1
503.1
470.1
491.0
482.0
457.8
455.8
482.9
502.6
485.5
479.3
488.5
489.3
489.9
487.9
483.0
481.1
476.1
481.0
468.9
479.1
491.0
466.2
478.7
458.6

+ + + + + &+ + + + + + + H+ 4+

+ I+

+= + + + + + + + + H+ I+

I+

6.5
5.6
5.7
8.7
7.1
53
54
52
4.3
4.0
7.0
54
6.5
6.9
6.9
5.9
5.7
7.5
5.8
52
6.6
6.6
5.8
6.8
6.6
4.7
6.8
7.7

486.1
474.1
484.5
495.4
503.1
470.1
491.0
481.9
455.5
454.6
483.7
497.4
487.0
481.4
488.5
486.7
489.9
486.6
482.8
480.4
476.1
478.9
466.1
478.2
491.2
465.5
478.5
452.9

+= + + + + &+ + + + + + + H+ I+

+ I+

+ + + + + + + + + H+ I+

I+

6.5
5.5
5.7
8.7
7.0
5.3
54
5.1
4.2
3.9
6.9
55
6.5
6.9
6.9
6.0
5.7
7.4
5.8
53
6.6
6.5
59
6.8
6.5
4.7
6.8
7.8
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BT016-21
BT016-22.1
BT016-22.2
BT016-23
BT016-24
BT016-25
BT016-26
BT021-1.1
BT021-1.2
BT021-2
BT021-3
BT021-4
BT021-5
BT021-6
BT021-7
BT021-8
BT021-9
BT021-10#
BT021-11
BT021-12
BT021-13
BT021-14
BT021-15.1#
BT021-15.2
BT021-16
BT021-17
BT021-18
BT021-19

0.00
0.00
0.00
0.00
0.01
0.00
0.12
0.00
0.00
0.00
0.00
0.00
0.47
0.00
0.00
0.22
0.21
0.00
0.00
0.08
0.00
0.11
0.33
0.34
0.22
0.00
0.78
0.00

137
162
177
792
161
124
115
117
107
177
136
154
118
164
142

99

84
186
204
108
192
124
216
134
119
167

80
291

61
57
124
63
86
90
73
58
51
123
85
73
54
93
101
45
43
131
112
59
140
82
88
60
84
103
39
179

0.46
0.36
0.72
0.08
0.54
0.74
0.66
0.51
0.48
0.71
0.64
0.49
0.47
0.58
0.73
0.47
0.53
0.73
0.56
0.56
0.75
0.67
0.42
0.46
0.73
0.63
0.49
0.63

12.68
12.38
12.71
12.61
12.38
12.85
12.71
12.31
12.47
13.18
12.73
12.37
12.59
12.61
12.64
12.74
12.95
12.96
12.63
12.73
12.73
12.57
13.43
12.58
12.71
12.02
12.97
12.19

N S o S S E o C o RO E o O P

+ I+

R N S o o o O O

I+

0.16
0.17
0.14
0.12
0.17
0.17
0.19
0.15
0.18
0.13
0.15
0.13
0.19
0.14
0.15
0.17
0.20
0.14
0.16
0.18
0.14
0.17
0.12
0.19
0.18
0.16
0.18
0.13

0.0569
0.0569
0.0582
0.0578
0.0589
0.0601
0.0567
0.0575
0.0566
0.0563
0.0555
0.0560
0.0531
0.0578
0.0576
0.0554
0.0549
0.0596
0.0573
0.0544
0.0584
0.0575
0.0610
0.0575
0.0554
0.0581
0.0547
0.0589

H H

+ I+

H H H

I+

0.0019
0.0015
0.0014
0.0006
0.0028
0.0020
0.0040
0.0017
0.0018
0.0015
0.0019
0.0016
0.0031
0.0018
0.0016
0.0034
0.0039
0.0014
0.0014
0.0030
0.0014
0.0032
0.0024
0.0026
0.0033
0.0016
0.0035
0.0011

489.3
500.9
488.4
492.1
500.6
483.2
488.1
503.3
497.1
471.5
487.5
501.2
492.5
492.0
490.8
487.1
479.5
479.0
491.2
487.4
487.4
493.3
462.9
492.9
488.2
5154
478.7
508.1

+ + + + + &+ + + + + + + H+ 4+

+ I+

+= + + + + + + + + H+ I+

I+

6.1
6.6
5.2
4.7
6.6
6.2
7.2
5.9
6.8
4.6
55
4.9
7.3
53
5.8
6.1
7.1
4.9
6.0
6.6
5.3
6.3
4.2
7.1
6.6
6.5
6.5
53

489.3
500.9
487.6
491.7
499.7
481.3
488.2
503.2
497.1
471.5
487.5
501.2
494.8
4915
490.4
488.0
480.5
477.4
491.0
487.7
486.5
493.0
460.3
492.7
489.2
515.1
479.8
507.2

H H

+ I+

H H H H o+ O+

I+

6.1
6.6
52
4.7
6.5
6.3
7.0
6.0
6.8
4.6
55
4.9
7.2
5.4
5.8
6.1
6.9
4.9
6.0
6.5
54
6.2
4.1
7.0
6.5
6.5
6.5
53
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BT021-20
BT021-21.1
BT021-21.2
BT021-22
BT021-23
BT021-24

0.00
0.00
0.31
0.05
0.38
0.00

109
168
91
91
147
108

56
121
41
46
97
63

0.53
0.74
0.47
0.52
0.68
0.60

12.61
12.32
12.89
12.59
12.59
11.78

+ + H+ +

+ I+

0.15
0.13
0.19
0.18
0.15
0.21

0.0556
0.0563
0.0577
0.0579
0.0550
0.0596

+ + + I+

+ I+

0.0019
0.0015
0.0035
0.0031
0.0031
0.0021

491.8
503.1
481.7
492.6
492.8
525.4

+ + + I+

+ I+

5.7
4.9
6.8
6.6
5.6
9.2

491.8
503.1
481.1
492.1
494.0
524.3

+ + + I+

+ I+

5.7
4.9
6.7
6.5
5.6
9.3
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Table 2.4. Chemical composition of magnetite obtained by electron microprobe (EPMA) analyses at the Chandmani Uul deposit (in

wit% oxide).
Weight %

Sample No.
Si0, TiO, AlLO3; Cr,0s V03 FeO* MnO MgO CaO ZnO CuO NiO Total Fe,Os FeO  Total
CHU130-1 259 0.04 082 0.02 0.01 8892 0.00 024 061 010 0.08 0.00 9343 6459 30.81 99.90
CHU130-2 169 000 0.29 0.01 0.01 9129 003 010 032 0.06 0.07 0.00 9385 66.82 31.17 100.55
CHU130-3 0.14 0.00 0.03 0.00 0.02 9254 0.00 0.00 000 0.10 0.07 0.00 92.90 6427 3471 99.34
CHU130-4 0.03 0.00 0.03 0.00 0.01 9318 0.01 0.01 000 0.06 0.02 0.00 9336 64.69 34.97 99.84
CHU130-5 2.08 0.03 052 0.06 0.00 8956 0.08 021 044 0.07 0.05 0.00 9310 6275 33.10 99.39
CHU130-6 0.17 0.00 0.03 0.00 0.00 9329 002 0.00 000 0.05 0.08 0.03 93.67 6479 34.99 100.16
CHU130-7 0.11 0.00 0.03 0.00 0.03 9299 0.02 002 000 0.04 0.07 0.00 9331 6459 34.87 99.78
*q;')‘ CHU134-1 0.13 0.01 0.00 0.00 0.05 9375 0.01 0.00 000 0.04 0.00 0.01 94.00 6516 3512 100.53
§ CHU134-2 0.07 0.00 0.02 0.00 0.02 9340 0.00 0.03 000 0.07 0.02 0.00 93.61 64.84 35.05 100.11
é CHU134-3 0.09 0.00 0.03 0.00 0.02 9320 0.02 0.00 000 0.03 0.08 0.06 9353 64.69 34.99 100.01
= CHU134-4 1.79 004 0.36 0.00 0.00 91.05 005 011 031 0.03 0.05 0.00 93.80 63.81 33.64 100.20
CHU134-5 1.83 007 0.37 0.00 0.01 9157 001 0.08 025 0.02 0.02 0.00 9421 6432 33.69 100.65
CHU136-11 2.66 0.11 0.81 0.03 0.02 89.70 0.04 024 062 0.04 0.03 0.00 9428 63.13 32.89 100.60
CHU136-12 054 0.01 0.10 0.00 0.01 9323 0.00 0.03 000 0.00 0.05 0.00 93.96 64.99 3475 100.48
CHU136-13 194 0.03 0.31 0.02 0.00 9116 0.06 0.16 028 0.02 0.05 0.00 94.02 6390 33.66 100.41
CHU136-14 3.02 0.10 0.96 0.00 0.01 8852 0.08 025 073 0.00 0.03 0.00 93.69 6243 3235 99.95
CHU136-15 0.20 0.03 0.07 0.04 0.03 9336 0.01 000 000 0.00 0.01 0.01 9376 64.98 34.89 100.27
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CHU136-16 2.21 0.08 0.66 0.04 0.00 90.16 004 0.09 037 0.00 0.03 0.01 9369 6352 33.00 100.05
CHU136-17 2.60 0.09 0.90 0.00 0.02 8885 002 015 059 0.00 0.04 0.00 9325 6268 3245 99.53
CHU136-1 269 010 0.86 0.00 0.00 8893 001 016 054 0.07 0.07 0.03 9346 6272 3249 99.74
CHU136-2 3.05 011 082 0.01 0.03 8827 003 025 066 0.00 0.04 005 9330 6227 3224 99.55
5 CHU136-3 144 000 011 0.02 0.02 9246 001 002 004 011 0.04 0.03 9430 64.78 34.17 100.79
GE’ CHU136-4 0.04 0.00 0.00 0.00 0.01 9390 0.00 000 0.00 0.00 003 0.00 9398 6523 3521 100.53
:% CHU136-5 227 010 0.67 0.00 0.02 9054 004 0.17 056 0.04 005 0.02 9448 6357 33.34 100.86
Ti CHU136-6 221 008 0.69 0.00 0.02 90.68 0.02 0.17 046 0.00 001 0.00 9434 63.77 33.30 100.73
E CHU136-7 0.02 0.00 0.00 0.00 0.00 9385 0.03 000 000 0.00 008 0.03 9400 6512 3525 100.53
i CHU136-8 255 009 093 0.00 0.00 89.76 0.00 0.17 055 0.02 004 001 9411 6330 32.80 100.46
CHU136-9 0.01 0.00 0.02 0.00 0.00 9281 0.00 000 0.00 0.00 0.12 0.00 9297 6442 3485 99.43
CHU136-10 1.82 0.04 055 0.00 0.03 9138 000 0.13 037 0.02 006 0.00 9439 6410 33.70 100.81

* Total Fe as FeO, and is recalculated into FeO and Fe20z.
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Table 2.4 (continue)

Number of cations on the basis of 320

Sample No. _ _ _
Si Ti Al Cr \ Fe(lll)  Fe(ll) Mn Mg Ca Zn Cu Ni Total

CHU130-1 1.008 0.012 0.376 0.006 0.003 13.906  8.078 0.000 0.139 0.254 0.029 0.024 0.000 23.835
CHU130-2 0.669 0.000 0.135 0.003 0.003 14.466 8509 0.010 0.059 0.136 0.018 0.021 0.000 24.027
CHU130-3 0.058 0.000 0.015 0.000 0.007 15.142  9.087 0.000 0.000 0.000 0.030 0.022 0.000 24.361
CHU130-4 0.012 0.000 0.014 0.000 0.003 15.193 9.126 0.003 0.006 0.000 0.018 0.006 0.000 24.383
CHU130-5 0.821 0.009 0.242 0.019 0.000 14.177 8311 0.027 0.124 0.18 0.020 0.015 0.000 23.951
CHU130-6 0.069 0.000 0.014 0.000 0.000 15.134 9.082 0.007 0.000 0.000 0.015 0.025 0.010 24.357
CHU130-7 0.045 0.000 0.014 0.000 0.010 15159 9.094 0.007 0.000 0.000 0.012 0.021 0.000 24.363
CHU134-1 0.053 0.000 0.000 0.000 0.016 15.174 9.089 0.003 0.000 0.000 0.012 0.000 0.003 24.352
CHU134-2 0.029 0.000 0.010 0.000 0.007 15.172  9.115 0.000 0.018 0.000 0.021 0.006 0.000 24.378
CHU134-3 0.037 0.000 0.014 0.000 0.007 15.152  9.107 0.007 0.000 0.000 0.009 0.025 0.020 24.377
CHU134-4 0.707 0.012 0.168 0.000 0.000 14.418 8.447 0.017 0.065 0.131 0.009 0.015 0.000 23.988
CHU134-5 0.719 0.021 0.171 0.000 0.003 14.452 8413 0.003 0.047 0.105 0.006 0.006 0.000 23.947
CHU136-11 1.024 0.032 0.368 0.009 0.006 13.895 8.045 0.013 0.138 0.256 0.011 0.009 0.000 23.805
CHU136-12 0.218 0.003 0.048 0.000 0.003 15.017 8923 0.000 0.018 0.000 0.000 0.015 0.000 24.245
CHU136-13 0.763 0.009 0.144 0.006 0.000 14376  8.413 0.020 0.094 0.118 0.006 0.015 0.000  23.965
CHU136-14 1.162 0.029 0.435 0.000 0.003 13.721 7900 0.026 0.143 0301 0.000 0.009 0.000 23.730
CHU136-15 0.081 0.009 0.034 0.013 0.010 15131 9.029 0.003 0.000 0.000 0.000 0.003 0.003 24.316
CHU136-16 0.865 0.024 0305 0.012 0.000 14208 8.203 0.013 0.053 0.155 0.000 0.009 0.003 23.849
CHU136-17 1.031 0.026 0.413 0.000 0.006 13.945 8.024 0.007r 0.087 0.246 0.000 0.012 0.000 23.779

Mushketovite
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Euhedral magnetite-1

CHU136-1
CHU136-2
CHU136-3
CHU136-4
CHU136-5
CHU136-6
CHU136-7
CHU136-8
CHU136-9
CHU136-10

1.045
1.179
0.571
0.016
0.880
0.858
0.008
0.985
0.004
0.712

0.029
0.032
0.000
0.000
0.029
0.023
0.000
0.026
0.000
0.012

0.394
0.374
0.051
0.000
0.306
0.316
0.000
0.423
0.010
0.254

0.000
0.003
0.006
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.009
0.006
0.003
0.006
0.006
0.000
0.000
0.000
0.009

13.918
13.754
14.705
15.217
14.085
14.159
15.197
13.968
15.201
14.347

8.014
7.913
8.619
9.128
8.210
8.215
9.143
8.045
9.139
8.383

0.003
0.010
0.003
0.000
0.013
0.007
0.010
0.000
0.000
0.000

0.093
0.144
0.012
0.000
0.098
0.098
0.000
0.098
0.000
0.076

0.225
0.273
0.017
0.000
0.232
0.191
0.000
0.228
0.000
0.155

0.020
0.000
0.032
0.000
0.011
0.000
0.000
0.006
0.000
0.006

0.021
0.012
0.012
0.009
0.015
0.003
0.025
0.012
0.037
0.018

0.009
0.016
0.010
0.000
0.006
0.000
0.010
0.003
0.000
0.000

23.770
23.719
24.044
24.374
23.893
23.878
24.393
23.793
24.391
23.971
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Table 2.5 Oxygen isotope values of minerals and those for ore-forming fluid.

Sample Type of Mineral "0 (%o) of Temperature 8180 (%o)
No. sample inera mineral (°C) of water*
CHU112-1 Quartz 12.9 6.0
CHU112-2 | ate vein Quiartz 12.8 Cau. Magnetite was cgt 5.9
Cau. by late-stage quartz vein
CHU112-5 Magnetite 2.6 107
CHU120-1 Mushketovite -2.8 5.4
CHU120-2 Mushketovite -0.3 7.8
CHU120-3 Mushketovite -2.8 5.4
CHU120-4 Type 3 ore Mushketovite -2.5 5.7
CHU120-5 Mushketovite -2.8 5.4
CHU120-6 Mushketovite -3.1 5.1
CHU120-7 Mushketovite 1.2 94
CHU120-8 Mushketovite -2.5 5.7
CHU122-2 Mushketovite 1.3 94
CHU122-4 Type 3ore Mushketovite -0.4 7.8
CHU122-5 Mushketovite 2.2 10.4
CHU131-2 Epidote-1 45 4.0
CHU131-3 Epidote-1 4.8 4.3
Type 3 ore )
CHU131-4 Epidote-1 4.4 3.9
CHU131-5 Epidote-1 45 4.0
CHU133-1 Type 3ore Mushketovite -0.2 8.0
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CHU133-3 Mushketovite -2.9 5.3
CHU133-4 Mushketovite 1.7 9.8
CHU133-5 Mushketovite -2.6 55
CHU133-6 Mushketovite -2.3 5.8
CHU133-7 Mushketovite -2.2 6.0
CHU133-8 Mushketovite -3.1 5.1
CHU135-1 Mushketovite -2.4 5.8
CHU135-2 Mushketovite -3.3 4.9
Type 3 ore .
CHU135-5 Mushketovite -2.0 6.2
CHU135-7 Mushketovite -0.1 8.0
CHU137-1 Quartz 10.4 Av. Quartz: 10.4%o 35
CHU137-6 Type3ore Mushketovite -3.8 Av. Mushlzetovit& - 4.4
CHU137-7 Mushketovite -4.3 Tgf(f) é)oc 3.9
CHU138-1 Epidote-1 4.3 3.9
CHU138-3 Epidote-1 4.7 4.2
CHU138-4 Host rock Epidote-l 45 1.1
CHU138-5 Epidote-1 49 4.5
CHU138-7 Epidote-1 3.9 35
CHU138-8 Epidote-1 3.6 3.1
CHU146-2 Mushketovite 2.8 10.9
CHU146-3 Mushketovite -0.7 75
CHU146-4 Mushketovite 1.9 10.1
CHU146-5 Type 3ore Mushketovite 0.9 9.1
CHU146-6 Mushketovite 0.5 8.7
CHU146-7 Mushketovite -0.9 7.3
CHU146-8 Mushketovite -0.5 7.7
CHU148-1 Type 3 Mushketovite -1.4 6.8
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CHU148-2 Mushketovite -2.0 6.2
CHU148-3 Mushketovite -1.5 6.7
CHU148-5 Mushketovite -2.4 5.8
CHU148-6 Mushketovite -2.2 6.0
CHU148-8 Mushketovite -1.3 6.9
Cau.
CHU150-g 'Yype3ore Magnetite 1.3 6.9
CHU156-2 Type 3ore Mushketovite -2.8 5.4
CHU157-4 Type 3ore Mushketovite -1.1 71
CHU158-1 Quartz 11.7 49
Euh.
. -3.2 5.0
CHUL8-5 Malgl?ﬁt'te Av. Quartz: 11.7%o
. - Av. Euh.M ite: -
CHU158-6 Type3ore  Magnetite 38 V- BuL L agnetite 44
Euh. D ae o
CHU158-7 Magnetite 3.6 T:298.7°C 4.6
Euh.
CHU158-8 Magnetite 3.1 5.1
CHU161-1 Quartz 11.6 4.7
CHU161-2 Quartz 11.6 4.7
CHU161-4 Mushketovite -3.2 5.0
CHU161-5 Mushketovite -3.7 Av. Quartz: 11.6%o 4.4
CHU161-6 Mushketovite -3.7 Av. Mushketovite: - 4.5
Type 3 ore
Cau. 05 3.5%o0 77
CHU161-7 Magnetite ' T: 298.7°C '
Cau.
CHU161-8 Magnetite 11 7.1
Cau.
CHU161-9 Magnetite 0.2 8.4
CHU170-1 Type 3 ore Quartz 10.6 3.7
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CHU170-3 Quartz 125 Av. Quartz: 11.6%o >0

Euh. .
. - Av. Euh.M tite: -
CHU170-4 Magnetite 2.9 V- Bul N aenetite 5.3
Euh. ]
. - T: 308.6°C
CHU170-5 Magnetite 31 51
CHU218-1 Quartz 14.8 7.9
CHU218-2 Quartz 14.9 8.0
CHU218-4 Quartz 14.4 Av. Quartz: 14.7%0 75
CHU218-5 Hostrock Mushketovite -5.6 Av. Mu;k;l;zzowte. i 2.6
CHU218-6 Mushketovite 5.4 T: 218.4°C 2.8
CHU218-7 Mushketovite -5.9 2.3
CHU218-8 Mushketovite -5.4 28
CHU241-1 Epidote-2 6.6 6.2
CHU241-2 Epidote-2 6.2 5.8
CHU241-4 Late vein Epidote-2 45 4.1
CHU241-6 Epidote-2 4.3 3.8
CHU241-7 Epidote-2 4.8 4.3
CHU241-8 Epidote-2 4.9 4.4

* Calculated at T= 300°C; Mineral abbreviations: Euh.Mt-1, Euhedral magnetite-1; Euh.Mt-2, Euhedral magnetite-2; Mush,

Mushketovite; Cau.Mt, Cauliflower magnetite; Q, Quartz; Epi-1, Epidote in alteration zone; Epi-2, Epidote in late vein.
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Table 2.6 Characteristics of IOCG mineralization of the Chandmani Uul deposit and major IOCG deposits in South America

Regional stress
field

Related igneous rocks

a) Igneous body

b) Composition range

c) Alkali-silica relationship
d) Age

Wall rock
alteration

Ore mineralogy

Source of ore-
forming fluid

Reference

In the stress field of
Main Mongolian
Lineament

a) Cambrian granitoids

b) Diorite, granodiorite, and
granite

¢) Sub-alkaline

d) No age data

* Sericite
* Sericite-
chlorite

* Epidote
* Potassic

Mushketovite,
magnetite with
minor amount of
chalcopyrite, pyrite

Magmatic water
with significant
contribution of
meteoric
components

This study

Hematite
I0CG

Subsidiary
segments of the
related boundary-
parallel Atacama
fault system

a) Copiapé plutonic and Sierra
Dieciocho plutonic complexes
b) Doirite to quarzmonzonite
¢) Alkaline to sub-alkaline

d) 127-97 Ma

* Sericite-
chlorite
* Potassic

Specular hematite,
magnetite,
chalcopyrite, pyrite,
bornite

Magmatic water in
early stages with
incursion of a
nonmagmatic fluid
of meteoric or
seawater origin in
later stages

Benavides et
al. (2007)
Rieger et al.
(2012)

In the Itacaunas
shear belt

a) Estrela and Old Salobo granites
b) Tonalite to monzogranite

¢) Sub-alkaline

d) 2763-2573 Ma

* Quartz-sericite
* Chlorite

* Potassic

* Sodic

Hematite,
magnetite,
chalcopyrite with
chalcocite

Magmatic water,
possibly with
meteoric fluid
contribution

Torresi et al.
(2012)

Magnetite/hemat

In NW-SE trending
Repeticion and
Mina Justa faults

a) Coastal batholith

b) Monzonite to monzogranite
¢) No data

d) 104-101 Ma

* Chlorite

* Potassic

* Sodic or sodic-
calcic

Magnetite,
mushketovite,
pyrite, chalcopyrite,
bornite, and
chalcocite

Magmatic water is
dominated in early
mineralization

stage, while basinal
water related in later

stages

Chen et al.
(2010, 2011)
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Oyarzln et al.

Mina Justa faults

d) 162-156 Ma

calcic

chalcopyrite

seawater in later
stage

a) Copiap6 pultonic complex Magnetite (1999)
. b) Diorite, granodiorite, tonalite, * Cholorite g " Marschik and
. In the stress field e * : mushketovite,
Candelaria monzodiorite, and Potassic X . . Fontbote
: of Atacama fault ; o . chalcopyrite, gold-  Magmatic fluid
Chile Z0ne guartzmonzonite Sodic or sodic- rich electrum. and (2001)
¢) Alkaline to sub-alkaline calcic rite ' Marschik et
d) 119-97 Ma Py al. (2003)
de Melo et al.
. a) Old Salobo body : - (2017)
Salobo In the Cinzento b) Monzogranite to granodiorite *Silicification Magnet!te, bprmte, . . de Melo et al.
. Transcurrent Share 2 * ; chalcocite with Magmatic fluid
Brazil Zone c) Alkaline Potassic minor chalconvrite (2019)
d) 2545-2537 Ma * Sodic-calcic Py Marangoanha
et al. (2019)
i © a) Intrusive complex Formational and/or
e - - * - - - .
ag 8 S0ssego In NW-SE trending p) Gapbro, diabase, and acid *P&t]zlass!c I\ﬂagl;;netlte_, ; meta_rg]Iorphlﬁ fluid, Monteiro et al.
20 Brazil shear zone intrusives orite chalcopyrite, an possibly with (2008)
= ¢) No data * Sodic-calcic pyrite magmatic fluid
d) >2.2 Ga * Sodic contribution
. a) Andesitic magna * Cholorite Magnetite, Magmatic wa_ter n
In NW-SE trending - . . - . . . early stage with
Marcona Repeticion and b) Andesite and basaltic andesite Potassic pyrrhotite, pyrite involvement of Chen et al.
Peru ¢) No data * Sodic or sodic-  with minor (2010, 2011)
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Table 3.1 Chemical composition of garnet.

Sample Wt % Number of cations on the basis of 240 Mole% of end member

No. Si0; AlLOs FeO MnO MgO CaO Total Si Al Fe(lll) Fe(ll) Mn Mg Ca  Total Prp Alm Sps Grs Adr

Garnet zone

1310-1 385 206 8.0 3.1 0.2 289 993 6.000 3.784 0.216 0.827 0.409 0.046 4.825 6.108 08 135 6.7 736 54
1310-3 37.8 205 9.0 5.3 0.3 27.0 999 5921 3.784 0.295 0.884 0.703 0.070 4.531 6.187 11 143 114 658 74
1310-4 379 195 938 55 0.2 26.0 989 6.013 3.646 0.354 0.946 0.739 0.047 4.419 6.151 08 154 12.0 63.0 89
3244-1  38.9 204 4.2 0.7 0.2 357 100.1 5965 3.687 0.348 0.190 0.091 0.046 5.865 6.192 07 31 15 86.0 87
3244-2  38.9 206 3.9 0.6 0.1 358 99.9 5966 3.723 0311 0.189 0.078 0.023 5.882 6.172 04 31 13 875 78
32445 38.9 211 43 0.9 0.2 35.6 101.0 5913 3.780 0.308 0.239 0.116 0.045 5.797 6.197 07 39 19 859 77
3244-6  39.1 203 4.1 0.7 0.2 352 996 6.011 3.678 0.322 0.205 0.091 0.046 5.797 6.139 07 33 15 864 81
0617-1 39.0 183 54 14 04 348 993 6.081 3.363 0.637 0.067 0.185 0.093 5.813 6.157 15 11 30 785 159
0617-3 393 177 53 1.7 0.6 343 989 6.149 3.264 0.736 0.000 0.225 0.140 5.749 6.114 23 00 37 756 184
0617-4 39.1 187 53 1.7 05 346 999 6.056 3.414 0586 0.100 0.223 0.115 5.742 6.180 19 16 36 782 147
0617-5 39.3 182 47 15 05 350 99.2 6.116 3.338 0.662 0.000 0.198 0.116 5.835 6.149 19 00 32 783 16.6
0617-6  38.8 18.0 5.1 1.7 05 347 9838 6.085 3.327 0.673 0.000 0.226 0.117 5.830 6.172 19 00 37 77.6 16.8
0617-7  39.7 175 5.2 2.8 0.4 34.4 100.0 6.167 3.204 0.796 0.000 0.368 0.093 5.725 6.186 15 00 6.0 726 199

Vesuvianite-garnet zone

3298-1 376 200 114 4.6 0.0 256 99.2 5953 3.740 0.307 1.204 0.622 0.012 4.340 6.177 02 195 101 626 7.7
3298-2 37.3 20.7 10.7 4.1 0.1 264 993 5881 3.853 0.265 1.149 0546 0.025 4.472 6.192 04 186 88 656 6.6
3298-4 38.0 20.1 116 3.9 0.1 265 100.2 5961 3.707 0.332 1.185 0522 0.030 4.448 6.185 05 192 84 636 83
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3298-5 37.6 200 114 4.6 0.0 256 99.2 5953 3.740 0.307 1.204 0.622 0.012 4.340 6.177 0.2 195 101 626 7.7
3298-6 37.3 20.7 10.7 4.1 0.1 264 993 5.881 3.853 0.265 1.149 0.546 0.025 4.472 6.192 04 186 88 656 6.6
0612-1 38.7 195 115 7.3 0.1 226 99.7 6.108 3.631 0.369 1.145 0.983 0.013 3.827 5.968 0.2 192 165 549 9.2
0612-2 37.8 200 125 105 0.1 184 993 6.045 3770 0.230 1.438 1417 0.022 3.148 6.025 04 239 235 465 57
0612-3 36.9 204 171 155 0.2 10.1 100.1 5971 3.892 0.137 2177 2118 0.045 1.743 6.083 0.7 358 348 252 34
0612-4 375 199 13.0 112 0.1 175 993 6.021 3.760 0.240 1512 1529 0.028 3.009 6.077 05 249 252 435 6.0
Garnet-epidote zone

2169-1 37.4 204 143 126 0.1 147 995 6.004 3.868 0.132 1783 1713 0.032 2529 6.058 05 294 283 385 33
2169-2 373 203 141 117 0.1 155 99.0 6.005 3.857 0.143 1761 1598 0.032 2671 6.061 05 291 26.4 405 3.6
2169-3 373 20.0 138 137 0.1 141 99.0 6.030 3.812 0.188 1.680 1.879 0.035 2.440 6.034 06 278 311 357 47
2169-4  38.0 200 117 103 0.1 191 99.2 6.056 3.757 0.243 1.324 1390 0.026 3.269 6.010 04 220 231 483 6.1
1510-1 382 18.1 146 122 0.6 16.6 100.3 6.128 3.422 0578 1.380 1.657 0.143 2.853 6.034 24 229 275 328 145
1510-2 375 185 149 119 0.7 16.3 99.8 6.051 3518 0482 1.528 1626 0.168 2.818 6.140 27 249 265 338 121
1510-3 37.8 18.4 142 135 0.7 150 99.6 6.107 3.503 0.497 1.422 1847 0.169 2596 6.034 28 236 306 306 124
1510-4 37.0 179 148 131 0.6 155 98.9 6.057 3.453 0547 1.479 1816 0.146 2718 6.160 24 240 295 305 137
1510-7 37.3 179 144 138 0.7 148 98.9 6.095 3.447 0553 1.415 1910 0.171 2591 6.086 28 232 314 288 138
1613-2 375 19.4 107 5.9 0.1 254 99.0 5976 3.644 0380 1.046 0.796 0.024 4.337 6.202 04 169 128 604 95
1613-3 374 199 117 6.1 0.1 241 993 5948 3.730 0.321 1.235 0.822 0.024 4.107 6.186 0.4 200 133 583 8.0
1704-1 372 200 158 11.0 0.2 155 99.7 5984 3.792 0.224 1.902 1.499 0.048 2.671 6.120 08 31.1 245 381 56
4963-1 38.9 188 11.2 55 0.1 245 99.0 6.164 3511 0.489 0.995 0.738 0.024 4.159 5.916 04 16.8 125 581 122
4963-2  39.0 178 113 5.1 0.1 26.0 993 6.189 3.329 0.671 0.828 0.685 0.024 4.420 5.958 04 139 115 574 1638

Mineral abbreviations

. Prp, Pyrope; Alm, Almandine; Sps, Spessartine; Grs, Grossular, Adr, Andradite.
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Table 3.2 Chemical composition of clinopyroxene.

Wt% Number of cations on the basis of 60 Mole% of endmember
Sample No. Si0; AlbO; FeO MnO MgO CaO Total Si Al Fe Mn Mg Ca Diopside Hedenbergite Johannsenite
3244-10 51.7 0.1 139 06 88 244 995 2.002 0.005 0.450 0.020 0.508 1.012 51.9 46.0 2.0
3244-11 51.0 0.1 157 07 82 242 99.9 1.986 0.005 0.511 0.023 0.476 1.010 47.1 50.6 2.3
3244-12 52.3 0.1 123 07 99 245 9938 2.003 0.005 0.394 0.023 0.565 1.005 57.5 40.1 2.3
3244-13 52.5 02 121 06 101 237 992 2.014 0.010 0.388 0.019 0.577 0.974 58.6 39.4 1.9
3244-14 50.6 02 118 0.8 113 251 998 1.948 0.009 0.380 0.026 0.648 1.035 61.5 36.1 2.5
3244-15 52.2 02 134 09 96 232 995 2.009 0.009 0.431 0.029 0.551 0.957 54.5 42.6 2.9
3244-16 51.3 01 146 14 77 243 994 2.003 0.005 0.477 0.046 0.448 1.016 46.1 49.1 4.7
3244-17 50.9 04 116 05 104 259 997 1.959 0.018 0.373 0.016 0.597 1.068 60.5 37.8 1.6
3244-18 52.7 02 110 05 107 240 991 2.014 0.010 0.351 0.007 0.609 0.982 63.0 36.3 0.7
3244-19 52.7 0.1 122 05 100 240 995 2.016 0.005 0.390 0.016 0.570 0.984 58.4 40.0 1.6
3244-20 52.1 0.1 126 0.7 9.8 237 99.0 2.010 0.005 0.406 0.023 0.564 0.980 56.8 40.9 2.3
0617-11 51.1 01 153 14 84 231 994 1.996 0.004 0.500 0.046 0.489 0.967 47.2 48.3 4.4
0617-12 51.7 02 132 0.6 101 236 994 1.993 0.009 0.426 0.020 0.580 0.975 56.5 415 1.9
0617-13 52.2 02 119 05 101 247 99.6 1.999 0.009 0.381 0.016 0.577 1.014 59.2 39.1 1.6
0617-14 52.6 02 118 05 104 238 993 2.012 0.009 0.377 0.016 0.593 0.975 60.1 38.2 1.6
0617-15 51.5 0.1 129 05 103 245 9938 1.981 0.005 0.415 0.016 0.591 1.010 57.8 40.6 1.6
0617-16 52.1 02 120 05 111 239 9938 1.989 0.009 0.383 0.016 0.632 0.978 61.3 37.1 1.6
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Table 3.3 Oxygen isotope values for minerals and skarn-forming fluid.

sample No. Oxygen isotopic value of mineral (%o) Calculated oxygen isotopic value of water (%o)*
Garnet Vesuvianite Scheelite Quartz Muscovite Garnet Scheelite Quartz Muscovite
Garnet zone
3244-1 7.1 9.0
3244-2 7.7 9.5
3244-3 4.5 6.4
3244-4 49 6.7
3244-5 1.0 2.4
3244-6 1.3 2.7
3244-11 5.5 7.3
3244-12 4.9 6.8
3244-13 0.6 2.0
3244-14 4.4 6.2
3244-15 5.9 1.7
3244-16 2.4 3.8
Vesuvianite-garnet zone
3298-10 5.1 7.0
3298-14 6.5
3298-15 5.6 7.5
3298-16 6.3
3298-17 6.9
3298-18 6.1 7.9
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3298-19 6.1 7.9

3298-20 6.4

3298-22 5.8 7.7

3298-23 3.4 4.8

3298-26 5.9

Garnet-epidote zone

2169a-2 1.1 2.5

2169a-3 5.7 7.6

2169a-4 5.1 7.0

2169a-5 5.7 7.6

2169a-6 6.1 7.9

2169a-7 0.4 1.8

2169a-9 1.1 2.6

2169a-10 5.8 7.7

2169a-11 3.2 4.6

2169a-12 -0.3 1.2

2169a-13 6.0 7.8

2169a-14 5.8 7.6

2169a-15 5.9 7.7

2169b-1 5.7 7.6

2169b-2 5.8 7.7

2169b-4 6.0 -1.3
2169b-6 6.6 -0.7
2169b-8 8.2 4.5
4963-1 6.1 8.0

4963-2 5.6 7.4
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4963-3
4963-4
4963-5
4963-6
4963-7
4963-8
4963-9
4963-10
4963-11
11452b-1
11452b-3
11452b-4
11452b-5
11452b-6
11452b-8
3300a-3
3300a-9
3300a-12
3300a-14
3300a-15
3300b-2
3300b-3
3300b-5
3300b-7

5.7
5.4

5.8
6.0

6.0
6.8

5.0

4.2

10.9
10.8
1.6
1.9
10.7
10.5
8.5
10.4
0.4
11
10.5
10.3
1.8

7.5
7.2

7.7
7.9

7.9
8.7

6.9

6.1

3.1
3.3

1.9
2.6

3.2

3.6
3.5

3.4
3.2

1.2
3.1

3.2
3.0

* Calculated at T=288°C
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