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Abstract

This paper describes the whole-rock geochemical composition, clinopyroxene (Cpx) chemical composition, and the
hornblende K-Ar age of the mafic rocks in the Carboniferous accretionary complex of the Khangai-Daur belt, Central Asian
Orogenic belt, exposed at the Uubulan area of Mongolia. The geochemical nature of the mafic rocks, enriched in large
ion lithophile elements and light rare-earth elements compared with high field-strength elements (HFSE) and heavy rare-
earth elements, suggest that they are alkaline basalts. The (La/Yb),, vs. HFSE diagrams show that the samples are oceanic
island basalts. Therefore, the mafic rocks are concluded to be oceanic-island alkaline basalts. The comparatively high
concentrations of Al, Ti, Na, and Ca in the Cpx of the mafic rocks strongly support this view. The mafic rocks just beside
the Upper Silurian radiolarian chert give a hornblende K-Ar age of 412.7 +8.6 Ma. The fact that Upper Silurian chert
strongly suggests that the oceanic-island alkaline basalts are conformably underlain by the radiolarian chert formed at the

pelagic region as a base of oceanic plate stratigraphy.

Keywords: Mafic rocks, K-Ar age, Carboniferous accretionary complex, Khangai-Daur belt, Central Asian Orogenic
belt.

Introduction
The Central Asian Orogenic belt (CAOB: Jahn et al., 2004; Xiao et al., 2003; Windley et al., 2007; Petrov et
al., 2014) is the largest Paleozoic—Mesozoic orogenic belt in the world (Fig. 1a). The development process of the
CAOB, which lies among the Siberian craton, East European craton, Tarim block, and North China block (Sengér
et al., 1993), is essential to understand the tectonic history of the Eurasian continent (Kovalenko et al., 2004). The
CAOB is generally considered to have been formed by the subduction-accreation process of the oceanic plate,

magmatism of a volcanic arc magmatism, and collisions of continental fragments during the amalgamation of
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Fig.1 a) Index map (modified from Petrov et al., 2014); b) simplified tectonic division of northern Mongolia: 1, Zag terrane;
2, Tsetserleg terrane; 3, Kharhorin terrane; 4, Kharaa terrane; 5, Asralt-Khairhan terrane; 6, Ulaanbaatar terrane; 7, Onon
terrane. Modified from the study by Badarch et al. (2002), Tomurtogoo (2003), and Tsukada et al. (2018).

these cratons and blocks (Sengor et al., 1993).

The geological information of Mongolia, between the North China block and the Siberian craton, offers a key to
understanding the Paleozoic—Mesozoic tectonics of the southern margin of the “Siberian continent (Siberian craton
+ accreted geologic units)” at southern CAOB. Further, the general features of the Khangai-Daur (also spelled
as Hangay-Hentey or Khangai-Hentei or Khangai-Khentei or Hangai-Daur) and Sayan-Baikal belts, a significant
constituent of northern Mongolia, has been substantially established (Badarch et al., 2002; Tomurtogoo, 2003;
Kurihara et al., 2009; Onon, 2017 MS; Onon and Tsukada, 2017: Fig. 1b).

The Khangai-Daur belt has been subdivided into the following seven geologic units: Kharaa, Zag, Tsetserleg,

Kharhorin, Asralt-Khairhan, Onon, and Ulaanbaatar terranes (Tomurtogoo, 2012; Onon and Tsukada, 2017:
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Fig. 1b). The Kharaa and Zag terranes are composed mostly of shelf facies rocks, and others are of accretionary
complexes (Onon and Tsukada, 2017). Onon (2017 MS) pointed out that the Kharaa and Zag terranes are similar
to the Sayan-Baikal belt rather than the other terranes of the Khangai-Daur belt in lithostratigraphy and excluded
these terranes from the Khangai-Daur belt to incorporate them into the Sayan-Baikal belt. This paper regards
the rocks of the Tsetserleg, Kharhorin, Asralt-Khairhan, Onon, and Ulaanbaatar terranes as the component of the
Khangai-Daur belt, following Onon (2017 MS).

The Khangai-Daur belt is composed mainly of clastic rocks with minor amounts of radiolarian chert, siliceous
mudstone, mafic rocks, and limestone (Tomurtogoo et al., 1998, Badarch et al., 2002; Tomurtogoo, 2003; Kurihara
et al., 2009; Takeuchi et al., 2012; Tsukada et al., 2013; Ruppen et al., 2013; Onon and Tsukada, 2017). Kurihara
et al. (2009) revealed that the Ulaanbaatar terrane consists of the Late Paleozoic accretionary complex formed by
the subduction of the previous oceanic plate, and they established Late Silurian to Late Devonian oceanic-plate
stratigraphy (OPS) in the Gorkhi Formation, Ulaanbaatar terrane, based on radiolarian biostratigraphy.

The OPS can provide key information regarding the continuous evolution of oceanic plates (Matsuda and
Isozaki, 1991; Wakita and Metcalfe, 2005). Kurihara et al. (2009) recovered Late Silurian conodonts from the chert
beside the mafic rocks exposed at the Uubulan area to define the basal part of the OPS in the Gorkhi Formation
(Figs. 2 and 3). Although the mafic rocks have been presumed to be Upper Silurian because of the conodont from
the chert, its precise age has not been revealed. Additionally, the mafic rocks were estimated to have an affinity
of oceanic alkaline basalt by X-ray fluorescence (XRF) analysis (Tsukada et al., 2013); however, more accurate
geochemical data is required to clarify its detailed geochemical feature.

The geochemistry and age of the mafic rocks, which is the lowermost unit of OPS, in the accretionary complex
is an important factor in understanding the evolution of ancient oceanic-plates.

This paper describes the lithology, detailed whole-rock chemical composition, clinopyroxene (Cpx) chemical
composition, and hornblende K-Ar age of the mafic rocks beside the Upper Silurian chert of the Gorkhi formation

at the Uubulan area and discusses its tectonic setting and OPS position.

Geological outline

Mongolia is geologically divided into the northern and southern superblocks by the Main Mongolian Lineament.
The Khangai-Daur belt in the northern superblock, approximately 300 km wide and 1200 km long, is mostly
composed of Late Paleozoic accretionary complexes (Tomurtogoo, 2003; Onon 2017 MS) (Fig. 1b).

The accretionary complex of the Khangai-Daur belt is divided into the following five geological units:
Tsetserleg, Kharhorin, Asralt-Khairhan, Onon, and Ulaanbaatar terranes (Onon 2017 MS). The Ulaanbaatar,
Kharhorin, and Tsetserleg terranes are composed of Late Paleozoic accretionary complexes (Kurihara et al.,
2009; Purevjav and Roser 2012; Tsukada et al., 2013) (Fig. 1b). The Asralt-Khairhan terrane is considered a
metamorphosed part of the Ulaanbaatar terrane (Tomurtogoo 2012; Gordienko et al., 2012). The Onon terrane
consists of deformed and metamorphosed accretionary complexes, fragments of ophiolite, and minor arc-related
volcanic rocks (Bulgatov and Gordienko 1999; Zorin, 1999; Badarch, 2005; Tomurtogoo, 2012).

The rocks of the Ulaanbaatar terrane are subdivided into the following five geological units from south to
north: Unegt, Sergelen, Dov, Gorkhi, and Altan-Ovoo & Orgioch-Uul formations (Dorjsuren et al., 2006; Minjin
et al., 2006; Kurihara et al., 2008; Takeuchi ef al., 2012; Sharav et al., 2019) (Fig. 2). The Unegt, Sergelen, and
Dov formations are of deformed and metamorphosed clastic rocks and chert (Sharav et al., 2019). Generally, the

metamorphism of the rocks is strong in the south, Sergelen Formation, and relatively weak toward the north to
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Fig.2 Simplified geologic map of the Ulaanbaatar area. The geological division follows that of Dorjsuren et al. (2006). F.:
Formation.

the Dov Formation (Sharav et al., 2019). The Gorkhi Formation comprises Upper Silurian to Upper Devonian
radiolarian cherts, along with siliceous mudstone and clastic rocks. The Altan-Ovoo & Orgioch-Uul Formation
consists mostly of sandstone, mudstone, and conglomerate with a minor amount of chert and felsic tuff (Nakane et
al., 2012; Suzuki et al., 2012; Takeuchi et al., 2012).

Tsukada et al. (2013) showed that the mafic rocks in the Gorkhi Formation are oceanic-island alkaline rocks.
Kurihara et al. (2009) reported Upper Silurian to Upper Devonian radiolarians and conodonts from the chert in the
Gorkhi Formation. Kelty et al. (2008), Bussien et al. (2011), and Hara ef al. (2013) assumed that the sandstone of
the Gorkhi Formation was formed after the earliest Carboniferous based on detrital zircon chronology. Hara et al.
(2013) mentioned that the geochemical data of the sandstone and mudstone of this formation suggests a continental
margin or continental island-arc environment.

The Gorkhi Formation is probably unconformably overlain by the Carboniferous shallow marine formation,
yielding bryozoans and brachiopods (Takeuchi et al., 2012), and intruded by the Triassic to Jurassic granitoid,
showing biotite K-Ar ages of 220-205 Ma (Magic Project 1998; Gerel and Lkamsuren 1999).

Geological description at the Uubulan area

At Uubulan, southeast of Ulaanbaatar city, the mafic rocks and chert of the Gorkhi Formation are exposed (Figs.
3 and 4).
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Fig. 3 Route map showing outcrops of the mafic rocks and chert of the Gorkhi Formation at the Uubulan area with sampling points

for geochemical examination (blue circle) and dating (red star). Microfossil locations are indicated by orange and sky-blue
stars.
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Fig. 4 Aerial view of the Uubulan area from the southwest, showing outcrops of chert and mafic rocks.
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Red chert, trending NE-SW and steeply dipping north or south, is exposed at the north and south of the mafic
rocks of dolerite, and gabbro (Fig. 5 a—d). South of the mafic rocks, the gray/reddish gray impure chert (gray
tuffaceous chert in Kurihara et al., 2009) is covered by gray and red bedded radiolarian chert and overlain by
massive chert. The bedded chert (approximately 5-7 cm thick in a bed) is folded and commonly cut by quartz
veins. The conodonts suggesting Upper Silurian were reported from the red bedded chert (Kurihara et al., 2009).
Red, gray/reddish gray chert is exposed near the peak of the hill, north of the mafic rocks. Middle Devonian
radiolarian assemblage was obtained from the chert (Kurihara et al., 2009). The mafic rocks are probably in fault

contact with the Middle Devonian red, gray/reddish gray chert.
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Fig.5 Field photographs and photomicrographs of the rocks in the Uubulan area: (a) field occurrence of dolerite, (b) gray
impure and red bedded chert, (c) close-up of the medium-grained dolerite, (d) the gray/reddish gray impure chert, (e) the
photomicrograph of the Cpx-dominant dolerite, and (f) the photomicrograph of the hornblend-dominant dolerite/gabbro.
Cpx: clinopyroxene; Hbl: hornblende; Pl: plagioclase calcite.
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Among the mafic rocks in this area, dolerite is dominant, followed by gabbro. The relationship among them
is unclear because of poor exposure. The dolerite, showing ophitic or spinifex-like texture, consists of euhedral
plagioclase, hornblende, and anhedral Cpx (Fig. Se). Minor amounts of opaque minerals are included. The gabbro
is hypocrystalline and consists of medium to coarse-grained (>1 mm) plagioclase, hornblende, and Cpx (Fig. 51).

The hornblende is euhedral, dark brown. The Cpx is anhedral.

Methodology
1.1  Whole-rock chemical composition analysis

The dolerite samples were coarse-crushed using a steel bowl and pounder. After the coarse crushing, altered
parts and veins were removed from all samples under a stereomicroscope. Each sample was >100 g. The
concentrations of the major elements and Th were determined using XRF (Rigaku Primus II ZSX equipped with
Rh X-ray tube, 50 kV, 60 mA), and trace elements, except for Th, and rare earth elements (REE) were analyzed by
quadrupole-type inductively coupled plasma—mass spectrometry (ICP-MS; Agilent 7700x with collision cell of
He) at Nagoya University.

For the XRF analysis, the glass beads were prepared by fusing mixtures of 1.5 g of powdered sample with
6.0 g of lithium tetraborate for the major elements and Th analysis. Calibration was conducted using standard
rock samples issued by the Geological Survey of Japan and the composite standards prepared by Yamamoto
and Morishita (1997). The analytical precision of the major elements was estimated to be <1% for Si and
approximately 3% for other elements, except for CaO, MgO, and Na,O, whose analytical precision was >3% when
the measured level was <0.1% (Takebe and Yamamoto, 2003), and that for trace element was estimated to be less
than 10% (Yamamoto and Morishita, 1997).

Most trace elements and REE composition were determined using ICP-MS with a technique based on the
methodology described by Yamamoto ef al. (2005). Approximately 30 mg of each sample was digested with a
mixed solution of HF-HCIO, (2:1 by volume) at 150°C. After the acids had completely evaporated, 2 mL of 1.7
N HCI was added to dissolve the cake. Thereafter, the residue was separated by centrifugation at 12,000 rpm
using a 2-mL polypropylene tube. After centrifugation, the supernatant was transferred to another 10-mL Teflon
beaker, and the residue was again fused with HF—HCIO, (2:1 by volume) at 150°C. Afterward, the fused cake
was dissolved with approximately 2 mL of 1.7 N HCI by mild heating, and the resulting solution was centrifuged
at 12000 rpm. No residue was observed after centrifugation in most cases. Subsequently, the HCI solution was
evaporated to dryness, and the fused cake was redissolved in a 2% HNO; solution and analyzed using ICP-MS.
In and Bi were used to trace ICP sensitivities, and the In and Bi concentrations were mostly identical throughout
the analysis. The oxide generation factor (LnO/Ln) was determined for each 20 ppb solution and used for REE
analytical data correction. In the ICP-MS analysis, the correlation coefficients (R values) of each element,
calculated for five standard samples, were 0.9994—1.0000, and the concentration relative standard deviation of the

data was mostly < 3%.

1.2 Mineral chemical composition analysis

The Cpx chemical composition in the samples was determined using a method described by Tsukada (2018)
using energy-dispersive X-ray spectrometer (EDX, Oxford X-Max) linked with scanning electron microscope
(SEM, Hitachi S-3400N) at Nagoya University. The SEM-EDX analyses were performed with an acceleration

voltage of 15 kV, analytical time of 40 seconds, and a working distance of 10 mm. Quartz (for Si) and augite (for
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Ti, Al, Fe, Mg, Ca, and Na) were used for analytical standards. The total values of each analysis were normalized
as 100%, following Tsukada (2018). The analytical precision of the analysis was estimated to be <5% when the
measured level was more than 1 wt%, and <10% when the measured level was less than 1 wt% (Tsukada, 2018).

Elements with a concentration of less than 0.5 wt% may not have been detected (Tsukada, 2018).

1.3 Hornblende K-Ar dating

The hornblende in the sample for the K-Ar dating was observed, and a significant alteration was not recognized
(Fig. 5f). The sample was coarse-crushed using a steel bowl and pounder. Afterward, the hornblende was
concentrated using heavy liquid (Na polytungstate solution) and ferrite and neodymium magnets.

The K-Ar dating was performed by the Hiruzen Institute for Geology and Chronology, Japan. Approximately 50
mg of hornblende, powdered in an agate mortar, was placed in a Teflon container and decomposed with HNO;, FH,
and H,0, in a closed system box for more than 12 hours. After decomposition, the sample solution was evaporated
to dryness in a closed system, and thereafter, the fused cake was re-dissolved with HCI for analysis. The analysis
was performed using a flame atomic absorption spectrometer (Hitachi 180-30).

Ar isotope ratio was measured using a mass spectrometer (HIRU, Itaya et al., 1991) by isotope dilution method
(Nagao et al., 1984; Nagao and Itaya, 1988; Itaya et al., 1991). Approximately 50 mg of sample was used for the
analysis. The sample was evacuated at approximately 180°C to 200°C for three days to remove the adsorbed Ar.
After reducing the background in the analytical system, the sample was dissolved at approximately 1500°C. The
gas extracted from the sample was mixed with the spike (nearly 100% pure **Ar). The gas other than inert gas was

removed using a Ti-Zr getter, and the purified gas was introduced into the mass spectrometer.

Analytical results
1.4 Whole-rock geochemical characteristics of the mafic rocks

Major elements, trace elements, and REE compositions of the mafic rocks from the Uubulan area are listed in
Table 1. The SiO, concentration of the samples is 44.5-48.9 wt%. The loss of ignition (LOI) is <3.3 wt% for most
samples.

In variation diagrams (Fig. 6), the examined samples have nearly identical TiO,, Al,O;, Fe,0;, MnO, P,Os,
V, Cr, Co, Hf, Ni, Zn, Ta, Pb, Zr, Nb, and Y concentrations. Na,O and Sr increase and MgO and CaO decrease
against increasing SiO,. A mid-ocean ridge basalt (MORB)-normalized multi-element pattern (called “spidergram”
hereinafter) shows enrichment in large ion lithophile elements (LILE) compared to high-field strength elements
(HFSE) (Fig. 7). In the chondrite-normalized REE patterns, it is observed that samples are enriched in light rare-
earth elements (LREE) and decrease toward heavy rare-earth elements (HREE) (Fig. 8).



99€°0 SYT0 LSTO 62T0 970 S8T0 LIE0 w6T0 €10 S9T0 1LT0 09T°0 §TTO wo 970 SYTo vST0 6970 1zeo 870 68770 1870 ny
wT LT wT 96'1 66'1 9¢'T 9¢'T 0T 9Ll 90T w6l L8'1 66'1 LLn €61 LCH e €0T £€T €T 81'T LT aA
€050 16€0 €€E0 e 0€€0 1770 0€r°0 PeEeo 1€€°0 98¢0 SPE0 08T°0 weo 16T°0 11€0 91€°0 S9€°0 9FE0 16€°0 S9€°0 PI1E0 15€°0 wL
8T Lre 09T 0L'e 8L'T 8¢'E 80°¢ 60°¢ 9T 96'C we 9T 89°C 98T SLT 18T 66T 86'C 81'¢ 96'C 8T 8T a4
oL 0Tt 80°1 an STl [ vl 8T'T [A¢ wl 601 L0°1 o1t ort a 60°1 wl o 9T1 8T1 90°1 Il OH
9T'6 90°L 06°S 879 99 99°L w69 SI'L 909 wo €59 16°S £€9 ws 1’9 LS9 €0°L 6€9 YL SI'L 179 LS9 Aa
951 0g'1 80°T o €rt sel 9Tl 9T'1 60T vl [At L0°1 LT o o1t 9Tt 9Tl 8I'T 6T'1 0g'T o1t STl qaL
901 38 66'L 148 s ror L88 6 16L 616 ve'8 w0 L68 8L 96°L €Lg LY'6 Lr'8 ror 616 g 198 PO
sv'e £€6°T 6L'T 8T 00°¢ e 8I'e 0Te §§T Lre L6'T 99T e €8T €L'T L6'T 9Te £0'¢ 9¢'e we 66'C 60 ng
ror e LE w 9T'6 Lot 9Ir'e 99°6 9S°L 656 006 8L w6 618 €8 81°6 001 $8'8 901 L6 €re LT6 g
98¢ L'Le 1oy 'y 6'St 608 (324 I'Ly L've LSy (344 (343 L9y L'8¢ 0'se ¥y 6’8t 6'Th oS 1'9% Ly 9T PN
998 LT'8 SL6 rot St Tl [t €1 w8 T sor L8L 811 Lre €6'L orr rer Lot 9Tl €11 €01 901 Ad
99 9 [ty S8 TLe o1 06 €6 §T9 L'€6 068 T '86 S9L T I'ie 001 906 sot 0'¢6 6'L8 8'L8 2D
00¢ 1'8C 16¢ €1y 18t Tos L'sy £€9r (474 £y £y L'8T €8y £€9¢ ¥'8T €y €8y vy res [Shad Ley (434 el
(wdd) syudwapd ypred aaey
oot 00°S 006 06'6 0T6 87TI et 0€'8 6€l €Tl 0T8 086 LLt 911 0€'6 01r 0S°6 08t 08°¢ 06°¢ el UL
8v'e 00 iad 9¢'s Y 6£°S [USY we 1es ws £r'e €9 (%4 (343 €09 09°s LS 06’ 1233 69°S §9°¢ EL
66'S 'L L09 09°¢ L6'S L09 99°¢ sT9 LyS s 909 €8y 17 €€9 90°¢ 8¢ aL's s8¢ 619 s €9 JH
8¢ 91 e S09 (a4 IS4 8I't 8Y'C wy 9L 1§°T Ir'e €Le €T 8¢ Y6’y 9s°¢ 6l't Lre 68t '0C ad
9sT 9Ll wy 534 9L9 86T 81¢ LEE €6¢ 90€ 88¢ 9¢€T 1€9 1€€ 919 169 (433 16¥ €8 wy 6€S €0S ed
9Ly T8¢ €79 1799 1'9L 69 €L 69 [1X34 69 SoL (404 €6L 08¢ S6¢ ToL 0'sL I'vL 09L 969 8TL LoL aN
60T 8€T 8€T PeT 60T €T £9T 9¢T §TT 1T SVT PIT 661 L1T €T 80T 6ST 0sT LST 19T 8YT LST 1z
U'ly €€ 67T 0'Le 0'8C 0€e Lee (474 95T 9'8C TLe 9'sT €LT 67T TLe 9'LT L'6T L'Le 9le 96T 69T LLe A
€68 1433 8¢9 LSL €59 1601 9L 688 kiag 176 0811 [USY 9¢¢ 68 9St 969 148 6¥S 805 8¢S €19 6SS s
Tee LT 6'8S 99 ey ¥or 9LE 66T L'8T €T Tss €ee 8Tr (434 06t L'6€ €67 0'LT Lee ST €T 6'€T aa
sS1 6’89 956 Sel LEl i Y61 il 106 0zl stl T Tl 811 0€L €l i Sel 911 801 911 vl uz
€e8 £€€6 Le oor 66 81y 6'Sh 0'6€ riotr LUy rey L'e8 Sre SLL 8L 9or Sre rov €7Te ¥'9¢ 89S 6'St IN
08¢ rre 9'le €0¢ L'Le 8I€ §se Tle 9'se Lve 'Te SIe oy 1434 Loy S6¢ 9's€ §9¢ §Te 0¢e 'y 0'6€ L)
LS 607 st rov Lel £6L €eL 8FS 69L 9IL 99L 108 L69 96T 9687 158 €11 096 Sv'6 609 6°¢l 99T D
9s1 e 0€T €LT 1sT 8T YT 0€T Twe 99T 08T 91¢ 19T 414 61¢ L9T 5Y4 69T €€T §9T 68T L6T A
(wdd) syuawapd ddeA],
L9y 09°¢ Y9 09°¢ 65°¢ 80°C 96'1 (154 81'¢ wl L80 Lr'e e 9¢°1 LTS we Le'e SOy e e sTe L6T 101
101 0°66 TLe 001 766 L'66 001 001 9°66 L'86 6°66 $°66 001 001 66 001 9°66 966 6'66 001 L'66 6°66 ejor,
90 LYo Lo o 6L0 L0 LLo L0 8¥°0 vLO L0 54U 88°0 90 LYo 8L°0 060 LLO 88°0 88°0 L0 SLO ‘0'd
8v'1 00°1 8T 89T £€ee (4 Ll wl 1 SOt SL1 €1 88T 60 80T 8L'T e 0TT 9€'T €6'1 8’1 Il oM
SET 06'1 €€e we ce vTy €7r (U4 €€T wr 8T 86T e 1424 8€T we ¥6'C L6T SL'T 9r'e 9Te vTe OeN
199 6°LT o€l el sv9 oot £8'8 96 (g LEY 0ot TSt €L9 6£°6 991 or'9 ot ot 901 sor €01 01 oed
wes 96'8 Ly €Y L99 S9v (US4 9€Y 918 S6'v (4 L LE9 €SS SS°L LLy 69°S sT9 142 609 819 ¥T9 03I
6T°0 SIo Lo 810 170 61°0 8T0 0o 91’0 61°0 810 S1Io 610 170 vio 0zo 810 810 810 LTO 61°0 L0 Oun
861 06 S0t 801 €Tl Lel el STl 0¥l Len (44 S €vl Tl 06 o€l €Tl 9Tl €Tl 611 6TI 9Tl 04
691 [Nt sl 91 oSt (Y 'Sl 611 6Fl sl el €91 Tyl el 91 91 191 €91 Sl 191 861 o'V
107 60°¢ 90°€ €7e we 6T°¢ €T €0°¢ ve 6T'¢ 00°¢ or'e sTe 0'€ LEe 6T'¢ Lce 0Te 9Te vee vee ‘ol
6'9% 1394 (394 89t 'Ly 18t 08t Sty LLy 6Ly LSy (4 6’8t 09t L9y 8'SH I'st LSy 89 [434 09 ‘ors
(%) syudwdp Jofejy
01dSI9610T  LASI9610T  94SI9610T  I6IL6I809  06IL6I809  681L6I809  8BIL6I809  LBIL6IB0D9  98IL6IB09  SBIL6IB09  PBIL6IB0Y9  €8IL6IB09  TBIL6IB0Y I8IL61809  08IL6I809 BEIIBITR0SO JPIISITROSO IE9ILITBOSO PEYISITBOSO IE9ILITBOSO UE9ISITROSO ame_w—uwcmc_ ‘oN djdweg
“TYX Aq pazATeue Juowd[o
Q0BI} g 4 ONU.M Se uoll [ejo) MONOM *.wONm pue QUIAN 10J HQDO%D mﬁMﬁu uﬂmo@mﬁmmm 921y} url UD%&TMEU AJe Blep AU, "eale ueg[nqn() Ayj WoIy S}YO01 dyew 3y} Jo EOﬁmmOQEOO [eOTWIAYD O0I-9[0UAM | 9|qeL



(Wt%) (wt%)
5 0 20
10, ALO
] N o | ”.Q‘ .\’ com . V3
34 e ‘.Or ) o‘ oo d ° ‘o [
10 4
N 1
: : 0 : :
(Wt%) (Wt%)
0.4
MnO sl o 4 MgO
. . o
4 (1] '0 .‘
*
21 ° ..‘.-: ." .... ’ 4 A ® * .‘."
L]
0 : : 0 . .
(Wt%) (Wt%)
6
i .. Na,O N K0
ol o oo ° .
1 et TN | NP
° ° ° 2 A o . .
2 - °
L) o O o
| 1 e ° . .
0 . . 0 . .
(ppm) (ppm)
400
. \% Cr
] oo o 800 1 o .
o © LY .
® .... .' * o 4
200 4 .
. 400 .
] L]
0 - T 0 st ey L b .\’.
(ppm) (ppm)
200
Ni Zn
200 A ]
4 L
100 { o e °0 ees
O . w{ . ° SN *
. o. .
® el 09 oo’ 1
0 i i 0 T i
(ppm) (ppm)
800 1600
[Y Ba Sr
1 (Y 1
600 . ® . ®
® o0° . o ° .
400 1 o . 800 - . .
. e ® ° o0 o L .
° . . Y (4
200 . 1 .
0 . . 0 : :
(ppm) (ppm)
300
Zr Nb
1 . .‘o'.. .. 000.. 80 “ % %
200 1 ‘e = * %0 ® e® o0y
| L]
| 404 ® ) *
100 1
0 . . 0 . .
(ppm) (ppm)
8
L]
1 Hf 6 «® o Ta
PY S oo °
61 ° e .: e . 1 o oo
1 . 4] . .
4 A * o0 .
| 1 L]
2 2|
0 ] 0
44 46 48 50 44 46 48 50
Si0, (wt% Si0, (wt%
2 2

(Wt%)
20
Fe,O
| . &
° .
o g0} e o
10 | . °
L] L]
0 : :
(wt%)
20
® . CaO
B L]
L] Y Y
10 e Qo o L TS
° o
0 . .
(wWt%)
1.2
P,0;
Po .
0.8 1 o, ° o® cew
L] L]
04 °* ce
0
(ppm)
60
Co
L]
40 P e
° 0:.0 .. ..~0
20
0 . .
(ppm)
80
. Rb
1 . .
L]
40 - e & .
L)
] * ‘o‘.o e 0. .
0 . .
(ppm)
60
Y
40 ]
o P . o
o g0 o L4 .
20
0 . .
(ppm)
25
Pb
20 | U
15 4 .
10 4
5 A ° ®
. Q:f% ¢ ‘e .
0 . .
(ppm)
20
e Th
15 - R ..
10 .t .0 *
o o.. o o
54 .Oo °
0 : :
4 46 48 50
Si0, (Wt%)

Fig. 6 Variation diagrams for the dolerite samples from the Uubulan area.
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Fig. 7 Mid-ocean ridge basalt (MORB)-normalized multi-element patterns for the dolerite samples from the Uubulan area. The
order of the elements follows Nakamura et al. (2000). The normalizing values are from Sun and MacDonald (1989).
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Fig. 8 Cl-chondrite-normalized REE patterns for the dolerite samples from the Uubulan area. The normalizing values are from

Anders and Grevesse (1989) and Yamamoto et al. (2005).

1.5 Cpx chemical composition of the mafic rocks
Representative mineral compositions of Cpx in the mafic rocks are listed in Table 2. The Cpx is assigned
to augite and diopside in the pyroxene quadrilateral diagram (Morimoto, 1988) (Fig. 9). The Cpx chemical

composition of each sample is described below.

Sample 2019615B6
Mg# (Mg/(Mg + Fe)) of Cpx is 0.60—0.65, 0.62 average, and was generally higher than that of sample



2019615B7. TiO, ranges from 3.09 to 5.38 wt%, Al,O; varies from 7.62 to 11.1 wt% (10.2 wt% average), and
CaO is 22.4-23.3 wt% (22.9 wt% average). Na,O is less than 0.58 wt%.

Sample 2019615B7

The Cpx varies from 0.65 to 0.75 in Mg# (0.70 average). TiO, ranges from 1.53 to 3.68 wt% (2.58 wt%
average), Al,O; is 4.16 to 10.2 wt% (7.47 wt% average), and CaO is 21.0-22.4 wt% (21.8 wt% average). Na,O is
less than 0.54 wt%.

Sample 2019615B9
Mg# of Cpx is 0.51-0.62, 0.58 average. TiO, ranges from 1.9 to 3.9 wt%, Al,O; varies from 5.16 to 10 wt% (7.1

wt% average), and CaO is 22.6-23.3 wt% (22.9 wt% average). Na,O is less than 0.5 wt%.

Table 2 Representative mineral compositions of the clinopyroxene in the mafic rocks from the Uubulan area.

2019615B6 2019615B7 2019615B9
Sample No.
Cpx (n=15) Cpx (n=30) Cpx (n=3)
Sio, 41.8 454 44.6
TiO, 4.25 2.58 2.65
Al O, 10.2 7.49 7.10
Cr,0, - - -
FeO* 10.5 9.60 12.4
MnO - - -
MgO 9.80 12.7 9.84
CaO 22.9 21.9 22.9
Na,O 0.490 0.354 0.47
Total 100.00 100.00 100.00
Mg# 0.624 0.701 0.585
The data are displayed to three significant digits.
FeO*is total iron as FeO.
Mg# (Mg/(Mg + Fe)) on molar basis.
MgCaSi,0¢ FeCaSi1,04
- - - Sample number
/ diopside . | hedenbergite \| o 2019615B6
’d ° ® 2019615B7
augite ® 2019615B9
pigeonite
/ Enstatite | Ferrosilite \
Mg23i206 MgFeSIZO6 FCZSi206

Fig.9 Dolerite samples from the Uubulan area with their clinopyroxene chemical composition plotted on the pyroxene trapezoid.



Table 3 Results of the K-Ar dating

. STP: standard temperature and pressure.

Sample No Sample K concentration Radioactive “Ar K-Ar age Stable “Ar
(Wt%) (10%°cc STP/g) (Ma) (%)
2019615B9 | Hornblende 0.517 £ 0.010 930.3 = 11.0 412.7 £ 8.6 14.7

1.6 Hornblende K-Ar age of the mafic rocks
The result of the hornblende K-Ar dating for the sample is shown in Table 3. K concentration is 0.517 = 0.010
wt%, and radioactive *’Ar is 930.4 = 11.0 (10 °cc (STP)/g); then the K-Ar age is calculated to be 412.7 = 8.6 Ma.

Analytical error under the same condition was less than 1% (Itaya et al., 1991; Yagi et al., 2015).

Discussion

1.7 Magma type and tectonic setting of the mafic rocks

The geochemistry of mafic rocks, which varies based on their origins, provides evidence for the volcanic
activity that formed in the tectonic setting, and discrimination diagrams for mafic rocks have been proposed (Pearce,
1982). In this section, discrimination diagrams are used to discuss the magma type and tectonic setting of the mafic
rocks in the Uubulan area.

The samples are plotted in the alkaline field, in (Na,0O + K,O) vs. SiO,, Nb/Y vs. SiO,, and TiO, vs. Zr/(P,O5
X 10000) diagrams (MacDonald and Katsura, 1969; Winchester and Floyd, 1976, 1977) (Fig. 10a, b, and c).
The samples show geochemical features similar to those of alkaline basalts, such as enriched LILE and LREE in
comparison to the HFSE and HREE (Figs. 7 and 8). As observed from the Cpx chemical composition, all data fall
on the field of alkaline basalt in Al vs. Si and Ti vs. (Ca + Na) diagrams (Leterrier ef al., 1982) (Fig. 11a, b). Thus,

the examined mafic rocks have an alkaline nature.
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Fig. 10 Plot of the whole-rock chemical composition on the diagrams discriminating alkaline vs. non-alkaline mafic rocks for the
dolerite samples from the Uubulan area: (a) (Na,O + K,0) vs. SiO, diagram from MacDonald and Katsura (1969); (b) Nb/Y
vs. Si0, diagram from Winchester and Floyd (1977); (c) TiO, vs. Zr/(P,O5 X 10000) diagram from Winchester and Floyd
(1976).
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Fig. 11 The chemical composition of clinopyroxene in dolerite samples from the Uubulan area distinguishes between alkaline and
non-alkaline (tholeiitic and calc-alkali) basalt: (a) Al vs. Si diagram (Leterrier et al., 1982); (b) Ti vs. (Ca + Na) diagram
(Leterrier et al., 1982).
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Fig. 12 Discrimination diagrams for the dolerite samples from the Uubulan area: (a) 2Nb—Zr/4-Y diagram (Meschede, 1986) and
(b) Hf/3-Th-Ta diagram (Wood, 1980) show the fields for the different tectono-magmatic types. Abbreviations: WPA:
within-plate alkaline; WPAT: within-plate alkaline and tholeiites; N-MORB: normal-type MORB; E-MORB: enriched-type
MORB; VAB: volcanic arc-basalt; OIB: ocean-island basalt; IAB: island-arc basalt; BAB: back-arc basin basalts.

Zr/4-2Nb-Y diagram points that the samples were formed at a within-plate setting, and Th-Hf/3—Ta and HFSE
vs. (La/Yb),, diagrams suggest that the samples are oceanic island alkaline basalts (OIA) (Wood, 1980; Meschede,
1986; Nakamura et al., 2000) (Figs. 12 and 13). Therefore, it is quite probable that the mafic rocks from the Gorkhi
Formation at the Uubulan area are OIA. Tsukada et al. (2013) studied the major and trace elemnent composition
of the mafic rocks in the Uubulan area using XRF and suggested that these were OIA. The results of this study,
detailed examination for trace elements including REE using ICP-MS, strongly supported Tsukada’s view.

Four mantle end-members, i.c., depleted mantle (DM), high time-integrated u (**U/"*Pb) mantle (HIMU),
enriched mantle I (EM 1), and enriched mantle IT (EM II), have been suggested for the mafic magma-source (Zindler
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Fig. 13 Relationship between the concentration of high-field strength elements (HFSE) and the ratio of (La/Yb),, in the dolerite
samples from the Uubulan area. The diagrams are drawn based on the study by Nakamura et al. (2000).

and Hart, 1986). In plots of Th/Yb vs. Nb/Yb and TiO,/Yb vs. Nb/Yb diagrams, the examined rocks show a strong

affinity to the mafic rocks from St. Helena Island and Society Islands, which was originated from a HIMU source

(Pearce, 2008) (Fig. 14a, b). The HIMU mafic rocks were known to show superplume activities (Kogiso et al.,

1997; Homrighausen et al., 2018; Tominaga and Hara, 2021), and therefore, the present data, which shows trace

elements composition similar to that of the HIMU mafic rocks, may imply the Late Silurian superplume activity at
204

pelagic region. Further studies on *U/***Pb (u value), **Th/**'Pb, and Pb isotopic ratios are required to confirm if

the Uubulan rocks are of HIMU-origin.
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Fig. 14 Discrimination diagrams of (a) Th/Yb vs. Nb/Yb (Pearce, 2008) and (b) TiO,/Yb vs. Nb/Yb (Pearce, 2008) for the dolerite
samples from the Uubulan area. For comparison, the fields for HIMU lavas are shown. The data source of the HIMU lavas
is Chaffey et al. (1989), Willbold and Stracke (2006), and Kawabata et al. (2011). Abbreviations: N-MORB: normal-type
MORB; E-MORB: enriched-type MORB; OIB: ocean-island basalt; HIMU: high time-integrated 4 (**U/***Pb) mantle.

1.8 Relationship between the mafic rocks and radiolarian chert at the Uubulan area

Upper Silurian (Ludlovian/Pridolian) chert is exposed beside the mafic rocks in the Uubulan area. Kurihara et
al. (2009) mentioned that the mafic rocks are conformably overlain by gray tuffaceous chert and then overlain by
the Ludlovian/Pridolian chert at this area. However, the exact age of the mafic rocks has not been presented.

Kurihara et al. (2009) described the latest Ludlovian to Pridolian or Pridolian conodonts, such as Ozarkodina
remscheidensis eosteinhornensis, Ozarkodina sp., and Belodella sp., from the gray and red cherts beside the mafic
rocks. The hornblende K-Ar age, 412.7 £ 8.6 Ma, for the mafic rocks here coincides with the conodont age of the
chert within its error range, and thus, it supports the conformable relationship between the mafic rocks and Upper
Silurian chert.

Considering the error range of the K-Ar dating, the mafic rocks might be of Early Devonian. However, as
discussed below, the time of the accretion of the oceanic plate and its cover, a component of the Gorki Formation,
is generally considered as Early Carboniferous (Kurihara et al., 2009; Hara et al., 2013). That is, the radiolarian
chert at the Uubulan area, likely lithified after Early Carboniferous, had probably been presented on a bed of
pelagic ocean as radiolarian ooze at the Early Devonian time. If the mafic magma intruded into or erupted on the
hydrous unconsolidated/semi-consolidated Silurian radiolarian ooze, the magma quite likely brecciated because of
rapid cooling by the surrounding water, and hyaloclastite, crumble breccia, pillow/autobrecciated lava, paragonite
layers, and others should have been formed instead of the dolerite and gabbro exposed here. In reality, there is no
evidence showing contact between magma and hydrous unconsolidated/semi-consolidated sediments in this area,
and therefore, it is reasonable to suppose that the mafic rocks had already been formed before the radiolarian ooze-
accumulation at the Late Silurian time.

Radiolarian assemblage suggesting Pragian to Emsian, including Deflantrica sodium, Deflantrica sp.,

Pactarentinia sp., Palaeoscenidium sp., and Tlecerina horrida, was recovered from the upper chert horizon of



the Upper Silurian chert (Kurihara et al., 2009). Consequently, an OIA mafic rocks and Upper Silurian to Lower

Devonian radiolarian chert sequence is exposed at the Uubulan area.

1.9 Width of the Middle Paleozoic Ocean facing the “Siberian continent”

The OPS can provide key information regarding the continuous evolution of oceanic plates (Matsuda and
Isozaki, 1991; Wakita and Metcalfe, 2005).

In this study, it is confirmed that the OIA mafic rocks are probably overlain by the Upper Silurian (Ludlovian/
Pridolian) radiolarian chert in the Gorkhi Formation. The Lower to Upper Devonian radiolarian cherts were
recovered from several sections of the Gorkhi Formation. The Upper Devonian (Frasnian) chert is overlain by
siliceous mudstone and clastic rocks, and Kurihara et al. (2009) proposed reconstructed OPS, i.e., OIA mafic
rocks, Upper Silurian—Upper Devonian radiolarian chert, and post-Devonian clastic rocks in ascending order, for
the Gorkhi Formation.

Detrital zircons of 340-320 Ma were reported from the sandstone, which is the uppermost part of the OPS, of
the Gorkhi Formation (Kelty et al., 2008; Bussien et al., 2011; Hara et al., 2013). Additionally, Takeuchi et al.
(2012) described the Carboniferous (Visean) shallow marine formation, which probably unconformably overlaid
the mafic rocks and chert of the Gorkhi Formation. These facts suggest that an oceanic island formed at the
pelagic region in the Late Silurian time (Ludrovian/Pridorian) migrated toward a continent, accumulated deep-sea
sediments on it during the movement, and reached the trench in the Early Carboniferous.

The time spent traveling the oceanic plate from ridge/oceanic island to trench can be estimated from the fossil
record in the radiolarian chert between the mafic rocks and clastic rocks of the OPS. The accretionary complex
of the Gorkhi Formation is regarded as a fossilized remain of the subducted oceanic plate beneath the “Siberian
continent” (e.g., Onon and Tsukada, 2017). According to the radiolarian fossil record in the OPS of the Gorkhi
Formation, the Middle Paleozoic oceanic plate facing the “Siberian continent” is estimated to have traveled from
the Late Silurian to the Late Devonian for nearly 50 million years, from oceanic island to trench (Kurihara et al.,
2009). The relative motion rate of the Pacific plate against the Eurasian eastern margin, which is a typical pair of
the continent and subducted oceanic plate in Quaternary time, varies from 65 to 110 mm/yr, except for Eocene
(Northrup et al., 1995). Assuming that the ancient oceanic plate subducted beneath the “Siberian continent”
moved at a rate of 83 mm/yr, same as the current rate of the Pacific plate at 38°N, 144°E (DeMets et al., 1994),
the distance from the oceanic island to the trench at Silurian—-Devonian can be estimated to be approximately 4200
km. This is comparable to the distance from the Midway Islands in the central Pacific to the Japan Trench. As the
oceanic island is located between ridge and trench, the ridge that generated the oceanic plate at Silurian—Devonian

time had probably been located far more than the estimated distance here from the “Siberian continent.”

Conclusion

(1) The mafic rocks of the Gorkhi Formation, Khangai-Daur belt at the Uubulan area show geochemical features
similar to those of oceanic island alkaline basalt.

(2) The hornblende K-Ar age, 412.7 £ 8.6 Ma, from the mafic rocks here, coincides with the conodont age of the
Upper Silurian chert exposed beside the mafic rocks within its error range. Therefore, the mafic rocks are very
likely conformably overlain by the Upper Silurian chert.

(3) According to the OPS of the Gorkhi Formation (Kurihara et al., 2009), the mafic rocks at the Uubulan area had

taken 50 million years to travel from an oceanic island to a trench along the margin of the “Siberian continent.”



Assuming that the relative motion rate of the ancient oceanic plate subducted beneath the “Siberian continent”
had been the same as the rate of the Pacific plate against the Eurasian eastern margin (83 mm/yr), the distance

from the oceanic island to the trench at Silurian—Devonian time can be estimated to be approximately 4,200
km.
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