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Research and application of a prospecting model for sedimentary manganese deposits in the Xialei-Longbang
area, southwestern Guangxi

Abstract:[Objective] The Xialei-Longbang area in southwestern Guangxi hosts a critical manganese ore concentration
district in China. Current exploration is hindered by an incomplete understanding of the occurrence patterns of
sedimentary manganese deposits and a lack of a sound basis for selecting effective exploration methods.[Methods]
Based on an analysis of the metallogenic geological settings, this study compares the geological characteristics of
typical deposits and the geochemical characteristics of manganese-bearing rock series, and evaluates the results of
exploration tests using the multi-polarization magnetotelluric (MPMT) method in the ore concentration district.
[Results]| The study area can be divided into two secondary manganese-forming basins, namely the Xialei—Shangying
Basin and the Longbang—Dizhou Basin. Three sedimentary microfacies types are identified in the Xialei-Shangying
manganese-forming basin: calcareous siliceous rock, calcareous siliceous rock—siliceous limestone, and siliceous
limestone—argillaceous banded limestone. Only the siliceous limestone—argillaceous banded limestone microfacies
occurs in the Longbang—Dizhou manganese-forming basin. Among these microfacies, the calcareous siliceous rock
microfacies is the most favorable for mineralization, followed by the calcareous siliceous rock—siliceous limestone
microfacies, whereas the siliceous limestone—argillaceous banded limestone microfacies is the least favorable. Centers
of manganese enrichment are distributed within a zone approximately 500-1000 m northwest of the Xialei—Lingma

synsedimentary fault. The thickness and Mn grades of rhodochrosite ore beds vary considerably among different
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mining areas (segments). Outward from the Xialei Mining Area, the manganese ore beds gradually thin and their Mn
grades decrease. Moreover, the thickness and Mn grade of ore beds II+III generally show positive correlations with
those of ore bed I. The ore-forming fluids were dominated by submarine hydrothermal fluids, and the sedimentary
metallogenic environment was weakly oxidizing to oxidizing. Compared with the overlying and underlying wall rocks,
the manganese-bearing rock series are characterized by a combination of low resistivity and high magnetic
susceptibility. [Conclusions] Based on these results, a comprehensive prospecting model for Devonian rhodochrosite
deposits was established and validated through exploration tests in the Xialei-Longbang area. The model captures the
key ore-controlling factors and prospecting criteria of sedimentary manganese deposits in the region. [Significance]
The combination of MPMT and drilling is applicable to sedimentary manganese exploration in southwestern Guangxi
and provides important guidance for deep and concealed ore prospecting.

Keywords: sedimentary manganese deposits; ore-controlling factors; prospecting model; Devonian; multi-polarization

magnetotelluric method (MPMT); southwestern Guangxi
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Fig. 1 Tectonic—lithofacies paleogeographic map of the Late Devonian manganese-forming sedimentary basin in southwestern Guangxi
(modified from Ru et al., 1992; Hou et al., 1997)
(a) Tectonic location map of the study area; (b) Tectonic—lithofacies paleogeographic map of the study area
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Fig. 2 Geological and mineral resources map of the Xialei—Longbang area, southwestern Guangxi
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Fig. 3 Geological sketch map of the Xialei mining area

(a) Contour map of manganese percentage-meter value of the II+III manganese carbonate ore beds in the Xialei mining area; (b)

Stratigraphic correlation diagram of the manganese-bearing sequence in the Xialei mining area
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Fig. 4 Comparison of manganese ore-bed geometries in the study area

(a) Geological cross-section along exploration line No.13, Xialei mining area; (b) Geological cross-section along exploration line No.48,
Neifu ore block, Hurun mining area; (c) Geological cross-section along exploration line No.12, Longchang mining area
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23 T AREBEURE

W 7E DXCERT PR 20 o8 SR AR UURR R R R PR AT IR A A R R S AL B RS

KA,
By Rk
HRLLE A

(K 6a) .

= WA AR B R
JEERRA AARYE A W B T 7 N BRBR AR AT AR B — BRIRBRA . BRIRERD A — B ER KB, KBGO
FERRMR —BRIRIAN A 2 BRI, REALth . BRALG, BORGKBBOSE . BRI A FE AR,
FLUOR A Fr e R A . AR S G5 . AT RDIR BT ROIR S5 M 5E: BT AIE EEON T (D IR
gk (Eeb) i (20 AR BRRAMEeR G (& 6c) » fHILKIICIR (&l 6d)  FBRIRA

DEACRMG . BRIRERA A0 R0 BT B3R RR 4l (& 6e) ¢ REMRER — BRI A V)
TEMEEE . PSR WO SR . Mk Iesrn AR (K ef) , SAEEEYT (Keg) |
BT KERDT AR BERRYT (B 6h) A MO EE AT, mIRA . Btk SO,
PRI IRz W DR ISR IR B 0 9 .



T mum.

Nantimatar




a—X (8 RHERET f; b—FFREREYT 7; —FRRBERET 6 —RFEWEL NREIRKRET 6; e—%4
FEIANER® EHEFABRERE (EXRAL) ; —FHER ETANER (EXmA) 3 g—BEEY (F#4 BSEE
%) ; h—H%F (& %4 BSE B 1§D

Ko T&HY X&F a2 WX DHFERT

Fig. 6 Macroscopic and microscopic characteristics of manganese ores from the Xialei mining area

(a) Oolitic (pisolitic) manganese carbonate ore; (b) Banded manganese carbonate ore; (c) Tuberculous manganese carbonate ore; (d)
Massive manganese carbonate ore with a rhodonite stockwork; (e) Rhodochrosite occurs in irregular granular form, intermingled with fine-
grained illite(crossed micol); (f) Rhodonite occurs in irregular granular form (crossed nicol); (g) Braunite (backscattered electron, BSE
image); (h) Magnetite (backscattered electron, BSE image)
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Fig. 7 Field photographs of the manganese-bearing rock series and manganese ores from the Longbang mining area
(a)Steel-gray manganese ore bed in conformable contact with banded siliceous limestone; (b) Banded manganese ore; (c) Massive oxidized
manganese ore; (d)Nodular (tuberculous) oxidized manganese ore
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Table 1 Manganese mineral statistics for the study area
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Fig. 12 Metallogenic model of Devonian manganese deposits in southwestern Guangxi (modified from Zhao et al., 2026)
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bR 1 WX A ERITR M as R

Table 1 Analysis results of major elements in manganese ore and surrounding rocks in the research area

FRXAH | RS | RESSHR | Si0, | CaO | MgO | ALO; | Fe,05 | FeO | P,Os | TiO, | MnO | K20 | Na,O | L.OI | SiOJALO; AROJALOs* | AV(ALF | SISit (Fe+Mn)/Ti
Fe;03) Fe+tMn) | Al+Fe)

% | zK1702-H2 2323 (19.94 | 1.70 | 0.467 | 0.88 | 2.10 | 0.588 | 0.028 | 19.82 | 0.028 | 0.039 | 27.13 |  49.74 0.35 0.01 0.81 1048.60
ZK1707-H2 2125 552 | 3.00 | 2.31 | 828 | 0.19 | 0.491 | 0.113 | 32.78 | 1.33 | 0.881 | 17.11 9.20 0.22 0.04 0.58 462.46
ZK1707-H3 49.86| 550 | 1.96 | 3.47 | 8.58 | 0.90 | 0.166 | 0.166 | 1429 | 1.92 |0.784 | 12.24 | 1437 0.29 0.09 0.73 178.60
ZK1707-H6 2237 560 | 490 | 1.19 | 332 | 1.57 | 0.130 | 0.066 | 36.07 | 0.171 [ 0.063 | 22.30 |  18.80 0.26 0.02 0.71 795.67
ZK2206-H2 18.53 | 3.07 | 418 | 1.66 | 9.01 | 0.11 [ 0.470 | 0.080 | 42.54 | 0.438 | 0.048 | 1593 | 11.16 0.16 0.02 0.54 820.27
ZK2206-H3 3221 3.62 | 6.76 | 1.10 | 9.02 | 1.13 | 0.498 | 0.066 | 26.14 | 0.662 | 1.16 | 1598 | 29.28 0.11 0.02 0.66 693.41
ZK2206-H6 | B4R | 14.20 | 2097 | 3.05 | 2.92 | 0.90 | 4.00|0.120 | 0.151 | 19.65 [ 0.110 | 0.081 | 29.12 |  4.86 0.76 0.08 0.56 209.43
7K2206-H7 13.88 | 6.81 | 2.81 | 1.66 | 1.72 | 627 | 0.317 | 0.082 | 34.59 | 0.110 [ 0.051 | 26.18 |  8.36 0.49 0.03 0.48 668.66
XL-CK2 3359 | 3.63 | 3.62 | 433 | 3.62 | 4.73|0.199 | 0.211 [ 31.14 | 250 | 0.124 | 1084 |  7.76 0.54 0.07 0.65 239.77
XL-CKS5 14.07 | 11.15 | 151 | 3.74 | 8.90 | 2.28 | 0.243 | 0.182 | 28.80 | 0.964 | 0.064 | 2622 |  3.76 0.30 0.06 0.40 277.76
XL-CK6 3573 | 5.04 | 2.52 | 145 | 436 | 338 0.118 | 0.082 | 29.73 | 0.550 | 0.593 | 15.94 | 24.64 0.25 0.03 0.72 583.94
XL-CK8 2009 | 10.03 | 1.57 | 3.38 | 5.97 | 259 | 0.202 | 0.185 [ 29.81 [ 0.170 | 0.166 | 2238 |  5.94 0.36 0.06 0.54 264.01
XL-CK11 3401 | 730 | 3.02 | 131 | 3.42 | 0.77 | 0.273 | 0.099 | 27.16 | 0.621 | 0.280 | 2095 | 25.96 0.28 0.03 0.81 404.86
ZK1702-H1 | 45RRFER | 6036 | 17.22] 0.813 | 2.11 | 2.32 | 1.27 | 0.130 | 0.104 | 0.91 | 0.170 [ 0.043 | 14.65 | 28.61 0.48 0.25 0.88 53.17
ZKI702-H3 | | 54.64|13.46 | 1.96 | 4.87 | 2.31 | 2.86 | 0.114 | 0.300 | 3.39 | 0.964 | 0.085 | 13.60 | 11.22 0.68 0.29 0.80 35.95
ZK1707-H1 2420 | 16.18 | 1.51 | 1.15 | 12.90 | 138 | 0.390 | 0.076 | 14.03 | 0.328 | 0.108 | 17.22 | 21.04 0.08 0.03 0.51 460.13
ZK1707-H4 63.16 | 13.50 | 1.19 | 2.60 | 1.20 | 1.07 | 0.046 | 0.149 | 2.52 | 0.966 | 0.190 | 1224 | 2429 0.68 0.28 0.91 40.56
ZK1707-H5 3920 [20.06 | 3.64 | 5.90 | 1.91 | 1.63 | 0.084 | 0.311 | 473 | 133 | 0.684| 1937 |  6.64 0.76 0.33 0.76 33.61
ZK1707-H7 63.50 | 13.10 | 1.54 | 3.00 | 0.51 | 1.91]0.043 | 0.126 | 2.91 | 0.841|0.053 | 1233 | 21.17 0.86 0.28 0.90 54.19
7K2206-H1 41.18 | 18.87 | 3.53 | 7.41 | 2.38 [ 1.83 | 0.073 [ 0297 | 3.26 | 2.68 | 0.169 | 17.76 |  5.56 0.76 0.41 0.73 3152
ZK2206-H4 7102 10.25 | 1.76 | 2.87 | 0.69 | 1.44 | 0.062 | 0.170 | 1.64 | 0.661 | 0.100| 9.59 | 24.75 0.81 0.35 0.91 2821
7K2206-H5 43.97 2625 [0.981 | 1.70 | 0.58 [ 1.20 | 0.043 [ 0.084 | 239 | 0.366 | 0.080 | 2221 | 25.86 0.75 0.22 0.90 6330
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FXAH | RS | RESSTR | Si0, | CaO | MgO | ALO; | Fe,05 | FeO | P,Os | TiO, | MnO | K:O | NaO | L.OI | SiOyALO; ALOJALOs* | AV(ALF | SISit (Fe+Mn)/Ti
Fe;03) Fe+Mn) | Al+Fe)
7K2206-H8 46,62 10.71 | 452 | 9.94 | 137 | 2.92|0.104| 0.414 | 463 | 3.58 | 0.327 | 13.16 |  4.69 0.88 0.44 0.72 27.46
Shik WE-HI | BE%Es | 1673 | 13.80 | 3.48 | 1.79 | 0.13 | 623 | 047 | 0.10 [25.09| 0.23 | 0.03 | 2879 | 935 0.93 0.04 0.57 398.55
WEF-H2 841 | 1433 | 3.49 | 1.07 | 0.52 [ 828 0.61 | 0.10 [27.88] 0.07 | 0.04 | 3151 7.90 0.67 0.02 0.35 468.97
AR KB
WF-H3 8.59 | 12.51 | 3.25 | 1.00 | 0.94 |8.03| 0.56 | 0.08 |29.70 | 0.03 | 0.03 | 31.63 8.61 0.51 0.02 0.35 608.34
ZYS-HI 1112 20,58 | 3.11 | 027 | 033 | 433 | 1.32 | 0.08 | 2332 0.05 | 0.04 | 3042 | 40.58 0.45 0.01 0.58 469.23
Prupil | ZYS-H2 | BR[| 1128 | 951 | 5.26 | 0.45 | 0.16 [10.22| 0.51 | 0.06 | 26.88 | 0.04 | 0.06 | 31.66 | 24.85 0.74 0.01 0.39 845.01
ZYS-H3 7.95 [13.30 | 458 | 037 [ 0.17 [ 7.81| 0.33 | 0.07 | 2821 0.06 | 0.06 | 32.85 | 2126 0.68 0.01 0.37 640.78
XT-HI 3811 | 5.66 | 2.33 | 2.86 | 2.88 [3.18| 0.17 | 0.16 |24.02 | 1.33 | 1.05 | 1577 | 1333 0.50 0.06 0.75 240.75
XT-H2 19.96 | 10.63 | 2.41 | 136 | 625 | 2.79 | 0.17 | 0.16 | 32.22] 0.84 | 0.52 | 20.01 | 14.68 0.18 0.02 0.56 336.80
Wit XT-H3 | BEAEER | 52.11 | 6.85 | 1.04 | 0.87 | 143 | 5.68 | 0.42 | 0.08 | 15.87| 0.40 | 0.06 | 1237 | 59.62 0.38 0.03 0.81 364.68
XT-H4 621 [2025| 277 | 157 [21.67[1.99 | 0.24 | 0.15 | 9.13 | 039 | 0.04 | 1570 |  3.96 0.07 0.03 0.14 260.95
XT-H5 1882 | 9.10 | 2.42 | 1.02 | 423 |15.81] 0.34 | 0.08 | 17.90| 0.10 | 0.03 | 26.38 | 18.45 0.19 0.02 0.36 626.66
PG-HI 24.66 | 5.04 | 134 | 1.02 | 568 [425| 0.51 | 0.04 |37.05| 0.18 | 020 | 1554 | 24.18 0.15 0.01 0.60 1395.57
PG-H2 53.86 | 5.00 | 1.04 | 2.30 | 12.02 547 0.14 | 0.10 | 851 | 022 | 003 | 878 | 2342 0.16 0.06 0.64 308.80
g PRIRARA™
PG-H3 3236 | 10.18 | 3.64 | 7.26 | 1.58 [5.72] 0.09 | 033 | 14.53 | 2.41 | 1.93 | 1690 |  4.46 0.82 0.19 0.62 85.47
PG-H4 2438 [ 1547 | 2.61 | 179 | 070 [3.09 | 0.25 | 0.10 [ 21.98| 025 | 0.19 | 2622 | 13.62 0.72 0.05 0.75 349.70
NE-HI | FEffse | 7100|1127 0.74 | 195 | 0.10 | 1.58 | 0.04 | 0.10 | 132 | 0.65 | 0.07 | 1007 | 36.41 0.95 0.31 0.93 37.20
NF-H2 2065 | 9.04 | 3.71 | 115 | 3.72 [ 858 | 0.55 | 0.06 | 22.64 | 0.08 | 0.05 | 26.58 | 17.96 0.24 0.02 0.49 74532
AR NF-H3 | BERbGs™ | 39.07 | 1115 | 2.64 | 5.09 | 0.54 | 457 | 0.12 | 024 | 12.67| 274 | 0.05 | 19.13 |  7.68 0.90 0.16 0.73 95.92
NF-H4 2424 | 3.96 | 200 | 1.02 | 7.19 [16.66] 0.29 | 0.07 [17.55| 0.17 | 0.02 | 23.82 | 23.76 0.12 0.02 0.38 721.51
NE-HS | FEf | 64.50 | 9.08 | 141 | 2.35 | 056 | 322 0.06 | 0.12 | 469 | 130 | 0.03 | 11.79 | 27.45 0.81 0.16 0.88 92.24
Je3f | LBPDI-HI | REFZCE | 7.00 [46.37 | 1.01 | 1.29 | 1.90 | 0.06 | 0.04 | 0.06 | 3.68 | 0.17 | 0.03 | 3839 |  5.43 0.40 0.14 0.61 119.57
LBPDI-H2 | pifséii | 4.98 |46.64| 1.12 | 1.25 | 1.10 | 0.05 | 0.04 | 007 | 483 | 0.11 | 0.30 | 3852 |  3.98 0.53 0.13 0.61 103.99
LBPDI-H3 3095 | 15.96 | 2.33 | 1.44 | 6.16 | 0.06| 0.13 | 0.09 | 1839 | 0.19 | 0.44 | 2041 | 21.49 0.19 0.04 0.74 344.80
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FXAH | RS | RESSTR | Si0, | CaO | MgO | ALO; | Fe,05 | FeO | P,Os | TiO, | MnO | K:O | NaO | L.OI | SiOyALO; ALOJALOs* | AV(ALF | SISit (Fe+Mn)/Ti
Fe;03) Fe+Mn) | Al+Fe)
LBPDI1-H4 2740 | 6.74 | 481 | 0.63 | 8.64 | 0.06| 0.32 | 0.05 |26.01 | 0.08 | 1.80 | 10.99 43.77 0.07 0.01 0.67 951.55
LBPDI-H5 | EEJfifk%A | 14.42 | 41.53 | 1.27 | 2.86 | 1.10 | 0.06 | 0.05 | 0.12 | 1.69 | 0.60 | 0.12 | 34.28 5.04 0.72 0.42 0.74 30.87
LBPD2-HI | f:ffikes | 891 [4593| 1.16 | 2.15 | 1.12 [ 0.06 | 0.05 | 0.12 | 2.92 | 0.18 | 0.95 | 36.63 4.14 0.66 0.27 0.68 44.89
LBPD2-H2 | mRER4HA™ | 8.48 | 13.26 | 0.69 | 0.63 | 9.91 | 0.06 | 0.47 | 0.05 | 30.82 | 0.02 | 0.09 | 13.08 13.54 0.06 0.01 0.35 1095.01
LBPD2-H3 | fJfiks | 9.31 | 4432 0.89 | 1.14 | 1.47 [ 0.06 | 0.07 | 0.05 | 2.57 | 0.10 | 0.43 | 35.78 8.17 0.44 0.16 0.72 111.28
T EACYIR LOI B8y BUR A A% & IuER R U TR
Btk 2 B XARA 0 K E E TR 4 R] (<10°)
Table 2 Analysis results of trace elements in manganese ore and surrounding rocks in the research area (x10°)
XA HRwmeS | MR | B Ba | Co|[Cu|{Cr| Cs|Ga|Mo| Ni [ Pb|RDb Sc Sr Th | U vV | W Zn Zr | V/Cr|V/(V+Ni)|Ni/Co| U/Th (;(:1/
% | ZK1702-H2 7.57| 171 | 106 | 13.2|10.8|0.266| 5.82|9.14 | 68.1 [32.8(1.22]|0.767 | 657 |0.521| 1.38 [35.91| 18.3| 213 81 |3.32 0.35 0.64 | 2.65 | 0.50
ZK1707-H2 44711726 [ 81.2125.1|13.0| 147 11.6|5.92| 175 |66.2|87.8| 2.35 | 171 [2.94(0.905(43.50| 11.7 | 12613 | 38 | 3.34 0.20 2.15 1031 0.01
ZK1707-H3 38.8| 526 [98.1(28.2(13.3|3.87|794|239| 177 [859|51.1| 3.12 | 166 |4.34|1.05(69.61|10.4| 1390 | 55 |5.24 0.28 1.80 | 0.24 | 0.07
ZK1707-H6 121 | 107 |78.8|7.05[6.33|8.72|9.64|4.17 | 32.4 [255|12.2| 1.37 | 94.8 | 1.64 |0.497(13.54|9.34| 129 25 [2.14 0.29 0.41 |1 0.30 | 0.61
ZK2206-H2 202 | 644 | 143 ({7.94|7.08|8.74|12.3 | 12.6 | 242 [26.2|354| 1.59 | 193 |2.36|1.98 [70.95/26.4| 119 34 {10.03] 0.23 1.69 | 0.84 | 1.20
ZK2206-H3 34.4| 2501 | 156 {9.34|16.6| 18.3|9.03|4.51 | 177 [28.8(40.5| 1.37 | 219 |2.00| 1.11 [91.15{11.3| 110 38 [5.50 0.34 1.13 | 0.55 | 1.42
ZK2206-H6 | fEg4m~ |12.7| 120 |38.5(5.47|12.4(6.79 (9.11|2.30 | 342 | 17.0 [8.17| 3.31 | 241 |4.24|0.506|16.86(11.4| 52.5 54 |1.36 0.33 0.89 | 0.12 | 0.73
ZK2206-H7 172 215 | 114 |6.78 | 7.08 | 14.2 | 11.1| 4.55 | 35.7 | 13.7(6.64| 1.76 | 74.5 | 2.15|0.389[10.55| 14.1 | 49.2 28 | 1.49 0.23 0.31 | 0.18 | 2.32
XL-CK2 28.5(12061 | 119 112.2|15.6|21.8 13.3|3.04| 241 |36.4| 187 | 4.01 | 77.6 | 595 | 1.05 (34.97| 15.7| 152 46 |2.25 0.13 2.02 1 0.18 | 0.78
XL-CKS5 5.11| 1367 | 97.0(6.25|12.9|3.05 | 11.3 | 3.17 | 294 [26.7|22.6| 3.40 | 132 |5.54|1.72 (25.48|8.71 | 132 43 | 1.98 0.08 3.031031|0.73
XL-CK6 2241 972 [95.818.06(9.41|7.29|8.83]3.32| 207 |26.6[{20.6| 1.28 | 115 | 1.68 [0.643(43.42|19.33 | 147 30 |4.62 0.17 2.16 | 0.38 | 0.65
XL-CKS8 18.0| 419 | 65.8|4.55(14.6(2.95|12.6|3.46 | 237 |24.1|8.19| 3.86 | 130 |5.77 | 1.51 |36.23|10.1 | 110 42 249 0.13 3.610.26 | 0.60
XL-CK11 13.8] 1046 | 50.7|14.4]6.78 | 2.15 | 8.21 | 2.87 | 94.1 | 231 |16.7| 1.24 | 170 | 1.97|0.756|63.06| 9.70 | 217 37 19.31 0.40 1.86 | 0.38 | 0.23
ZK1702-H1 |45 JFfd i | 13.4] 51.5 | 8.88(34.0|12.4|1.02 [ 3.14| 1.83 | 30.4 |45.7(8.02| 2.95 | 322 [2.09|1.26 |14.44|7.15| 343 60 |1.17 0.32 3.4310.60 | 0.03
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Co/

' X&H| fERdms | MR | B Ba | Co|[Cu|Cr| Cs | Ga|Mo| Ni | Pb|RD Sc Sr Th | U vV | W Zn Zr | V/Cr|V/(V+Ni)|Ni/Co| U/Th -
ZK1702-H3 23.6| 268 |24.8]36.2(27.8(2.43|7.50|3.38| 47.0 {46.9|34.0| 5.65 | 231 [4.70 | 1.05|35.60| 12.1 | 343 74 |1.28 0.43 1.89 | 0.22 | 0.07
ZK1707-H1 37.9| 625 | 114 |55.3(27.0|4.61 |6.13|27.8 | 125 [91.3|17.3| 1.61 | 389 | 1.54|2.29(72.55| 13.8| 638 55 12.69 0.37 1.10 | 1.48 | 0.18
ZK1707-H4 269| 534 |17.9|51.8{991|2.64 |4.11|1.84| 37.8 {54.0[30.8| 3.03 | 316 |2.98(0.750{17.95| 11.4| 400 62 |1.81 0.32 2.11 [ 0.25 | 0.04
ZK1707-HS 36.5| 1064 | 19.4125.7|17.919.89|9.02| 12.0 | 33.7 [33.8|48.5| 6.75 | 209 | 7.79|2.14 (40.12| 834 | 174 75 12.25 0.54 1.74 | 0.27 | 0.11
ZK1707-H7 30.4| 257 |13.2]21.5(10.5|2.58|4.97]0.950| 22.7 [40.7(29.6| 3.36 | 172 |3.58 (0.549(17.69| 10.2 | 163 50 | 1.68 0.44 1.73 | 0.15 | 0.08
ZK2206-H1 48.1| 1778 1227|382 (16.5| 109 | 11.3|2.67 | 422 |41.9| 115 | 7.61 | 196 [9.94 | 1.54 |44.19| 13.8| 117 89 |2.68 0.51 1.86 | 0.16 | 0.19
ZK2206-H4 16.3]| 310 |15.9(28.5/10.0|1.90 |4.41| 1.29 | 33.1 [33.2|16.8| 3.17 | 165 |3.00 |0.780(24.72{9.75| 98.5 49 | 2.46 0.43 2.08 | 0.26 | 0.16
ZK2206-HS 8.35| 151 |10.2]18.3(6.43|1.28|3.22]0.619| 25.6 [23.0|13.3| 2.63 | 233 |2.47(0.415[11.72{7.49| 66.8 52 1.82 0.31 2.51 | 0.17 | 0.15
ZK2206-H8 88.0| 2580 |29.5(57.3|25.0| 14.7|15.8|2.08 | 41.6 [33.3| 156 | 10.1 | 135 | 14.2|2.07 [60.67|6.39 | 127 93 (243 0.59 1.41 | 0.15 | 0.23

WF-H1 16.8| 209 | 100 |45.0|18.9|2.0420.4|0.87 | 111 |[11.7[13.1| 1.43 | 251 [3.06|1.09|282|11.8| 43.8 52 |1.49 0.20 1.11 | 0.36 | 2.28

MR WF-H2 FRERERAT [12.3] 102 |59.1(24.5|18.4|0.49 [21.0|0.88 | 77.1 | 7.51(3.97| 0.95 | 256 |2.32]0.62|24.7|6.78| 31.3 47 | 1.34 0.24 1.30 | 0.27 | 1.89
WF-H3 8.90| 84.2 |54.6(17.1(23.4|0.73|23.0|0.58 | 122 [4.31(2.45]| 0.72 | 226 |1.52|0.61 [ 46.8 {580 39.0 | 42 |2.00 0.28 2.23 (040 | 1.40

ZYS-H1 . 23.6| 95.0 {62.4]1324|17.3]0.29|19.6|2.27| 31.2 |6.15({4.31| 1.20 | 575 [0.89|2.50|35.6|5.18| 15.7 60 | 2.06 0.53 0.50 | 2.80 | 3.97

el ZYS-H2 R 23.3| 543 | 107 |19.5[14.5(0.19 199 11.3 | 155 |5.12]3.00| 0.34 | 329 [0.62|1.18|46.2|9.70| 364 | 46 |3.18 0.23 1.44 | 1.90 | 2.94
ZYS-H3 13.6| 738 | 123 |17.7(17.9(0.21 |19.2| 14.1 | 115 [549({3.90| 0.28 | 493 | 0.55|0.83 | 34.6 | 8.67| 36.5 60 |1.94 0.23 0.93 | 1.51 | 3.37

XT-H1 38.7| 518 |58.844.4(20.9|3.57|222|2.14| 167 [6.65[60.7| 238 | 127 |4.57/0.93 |245[820| 759 37 |1.17 0.13 2.84 | 0.20 | 0.77

XT-H2 20.4| 477 196.2|34.3(22.1(9.52(24.6|1.13| 310 |11.1]60.2| 2.08 | 213 [2.61|1.01|27.1|10.8| 549 | 49 |1.23 0.08 3221039 | 1.75

L XT-H3 TRERERA™ |36.6| 848 |54.9147.0|17.9|26.4(13.3|1.61| 185 |8.15[42.8|0.0002| 144 |1.09|0.88 |17.6 [11.4| 32.4 | 28 |0.98 0.09 3371081 | 1.69
XT-H4 51.4| 103 | 117 {63.2(190.8|2.01 |13.6| 104 | 193 | 135 |19.5]| 2.61 | 227 |2.79|11.2| 153 [8.50| 29.8 38 | 1.69 0.44 1.65 | 4.01 | 3.93

XT-H5 26.4| 478 [39.21369|18.1(22.4|145|9.84| 137 |144(740| 1.17 | 109 |[1.47|4.72|32.6|7.33| 29.8 24 | 1.80 0.19 3.50 | 3.22 | 1.32

PG-H1 83.3| 887 |55.7]36.0(16.3|10.4|28.0|3.67| 337 [11.7(17.6]| 039 | 126 |1.57|1.21[22.7[19.2| 53.6 33 | 1.39 0.06 6.0510.77 | 1.04

) PG-H2 . 24.6| 190 |18.6]10.2(17.7|1.61 [9.63 | 1.58 | 104 |8.71|5.64| 1.17 | 96.7 | 3.69|1.26 |46.2|15.6| 424 39 |2.61 0.31 5591034 | 0.44
s PG-H3 R 8.44| 5669 | 75.5]12.6|34.4| 116 |22.3|0.60 | 159 (155|197 | 730 | 299 |11.2|1.32 (683 (533 | 104 86 | 1.99 0.30 2.11 | 0.12 | 0.73
PG-H4 6.81| 734 |83.3|21.6(17.5|13.9|19.7| 1.96 | 136 [16.0(20.5| 1.87 | 361 |2.96|1.11|28.6(4.90| 474 65 |1.63 0.17 1.63 | 0.37 | 1.76
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Co/
' X&H| fERdms | MR | B Ba | Co|[Cu|Cr| Cs | Ga|Mo| Ni | Pb|RD Sc Sr Th | U vV | W Zn Zr | V/Cr|V/(V+Ni)|Ni/Co| U/Th

Zn

NF-H1 HEE  |18.1] 266 |10.8(22.4(13.5(3.52(3.93|1.42| 239 [6.00(27.4| 2.08 | 189 |2.58|0.59|15.1|5.77| 174 | 38 |[1.12| 0.39 220 (0.23 | 0.62

NF-H2 12.8] 145 | 116 | 109 18.7|5.71|17.8 [ 1.93 | 142 [6.62|552| 0.68 | 265 | 1.95|1.44 [42.1 |6.24| 47.0 | 46 [225| 023 1.23 1 0.74 | 2.47

AR NF-H3 WRIRERH 27.9] 1596 | 96.6|69.629.3|8.39|15.7|1.05| 238 (8.65| 104 | 4.57 | 316 |7.99|3.95|462|476| 69.8 | 65 |[1.58| 0.16 2471049 | 1.38
NF-H4 2.45| 241 582|134 (13.2|1220|12.4|1.53] 99.2 [8.78|7.77| 0.57 | 91.6 | 1.25|2.26 |27.9|15.1| 26.8 | 29 |2.11 0.22 1.71 | 1.80 | 2.17

NF-H5 A |8.22| 701 |85.9(55.7|17.4|2.70|6.31|2.23 | 368 |[10.8[41.1| 2.14 | 207 |3.15[2.90|283|6.21| 23.7 | 40 |[1.62| 0.07 4.28 |1 0.92 | 3.62

LBPDI-HI | #: iK% |0.70| 221 |11.0(27.2|14.8|6.11 435|032 | 254 |6.55[14.1| 0.92 | 550 [1.93]|0.27|4.06|2.82| 9.26 | 76 |027| 0.14 232 10.14 | 1.19

LBPD1-H2 1.00 208 |11.9]12.6]16.1|14.6[521|0.21 | 144 |6.59|9.23| 0.55 | 679 |2.05|0.15|2.97(2.30| 837 | 91 |0.18 0.17 1.22 1 0.07 | 1.42

LBPDI1-H3 | BREREGAA™ [37.9| 754 |91.9|14.6|16.6|31.1|17.1|0.28 | 52.0 {24.7 |21.1| 1.03 | 631 |241[091|7.30|17.2| 49.6 | 69 |[044| 0.12 0.57 | 0.38 | 1.85

LBPD1-H4 51.7| 1238 [ 60.7 | 21.3 | 14.4| 155 |23.6| 0.51 | 51.9 [9.41|9.84|0.0006| 263 |0.77|1.00 | 8.11|12.2| 253 | 31 [0.56| 0.14 0.86 | 1.30 | 2.40

JH
LBPDI-H5 | #FikA |12.6| 349 |12.8]79.8|16.1|22.3|6.60|0.25| 16.4 |6.63[39.3| 2.63 | 385 [4.52|0.46|53.3|2.44| 157 | 65 |332| 0.76 1.28 | 0.10 | 0.82

LBPD2-HI | #EffikA |0.88| 116 {8.73(20.3|15.5]9.084.93|0.18 | 11.6 [4.66[15.0| 2.03 | 1025 |3.06 | 0.23 | 10.0 | 1.67| 12.3 | 120 [ 0.65| 0.46 1.32 1 0.08 | 0.71

LBPD2-H2 | BxREny |85.4| 424 |69.1]23.6|14.6|1.50|36.6|0.48 | 35.7 [10.32.43| 0.15 | 1108 | 1.01 | 1.27 | 9.65 | 14.4| 25.1 | 120 | 0.66 0.21 0.52 | 1.25 | 2.75
LBPD2-H3 | #EffikAE |1.17| 213 |12.9]30.4|11.8|5.66|5.28|0.30| 11.4 [6.74(7.28| 0.67 | 581 |1.85|0.35|8.29|3.00| 12.0 | 71 [0.70 0.42 0.88 | 0.19 | 1.08

E: EITER TR HERA <10 B ICREER BT E

BYR 3 BT IX AR M A B e R bl

Table 3 Analysis results of rare earth elements in manganese ore and surrounding rocks in the research area (x10°°)
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WXL | Bgs | Res%&F | La| Ce| Pr|Nd|Sm| Eu |[Gd| Tb |Dy| Ho | Er | Tm | Yb| Lu | Y | ¥REE |SLREE|YHREE|YLREE/SHREE | Ce* Eu*
ZK1702-H2 35.6(83.4(6.69|27.0(5.10| 1.23 |5.72]0.950|6.32| 1.30 |3.80|0.513 [2.71]0.385|37.1 [ 217.90 | 159.10 | 21.70 7.33 1.23 1.05
ZK1707-H2 32.3(71.6]5.51|21.7|4.02| 1.28 |4.62]0.723 |4.70{ 0.930 | 2.88| 0.383 | 2.33| 0.364 | 30.3 | 183.63 | 136.45 | 16.93 8.06 1.22 1.37
ZK1707-H3 22.9(55.5(4.65|17.9|3.51|0.833 |3.71{0.599 |3.97| 0.800 |2.30| 0.328 [2.08 | 0.302 | 22.8 | 142.18 | 105.30 | 14.09 7.47 1.23 1.07
ZK1707-H6 13.336.3]2.61[10.4|2.03| 0.458 [2.34| 0.397 [2.58 | 0.551 [ 1.67| 0.231 [1.30| 0.192 [ 16.9| 91.26 | 65.10 | 9.27 7.02 1.41 0.97
7K2206-H2 29.4(67.4|5.44|22.2|4.15| 1.01 |4.66]0.756|5.07| 1.03 |3.04|0.400 [2.25|0.336 | 32.3 | 179.43 | 129.55 | 17.55 7.38 1.22 1.06
ZK2206-H3 36.9193.3]6.48|26.6{4.91| 1.69 |5.86]0.934 6.05| 1.20 |3.57|0.479 |2.88| 0.468 | 36.4 | 227.63 | 169.81 | 21.43 7.92 1.37 1.45
ZK2206-H6 | FRER4ER" |23.3(52.4|4.69|18.4]3.62| 0.705 |3.85| 0.665 [4.29|0.892 [2.57| 0.367 | 2.21| 0.314 | 27.4| 145.72 | 103.13 | 15.16 6.80 1.15 0.87
ZK2206-H7 19.9/58.9]4.14(16.4]3.24| 0.694 [3.70| 0.596 [3.79| 0.783 [2.32| 0.324 [ 1.85| 0.268 | 23.8 | 140.71 | 103.32 | 13.64 7.58 1.49 0.92

XL-CK2 30.6(74.6]6.03(23.3|4.42| 1.36 |4.73[0.779|5.15| 1.02 |3.06|0.431|2.67|0.433 | 29.7 | 188.18 | 140.21 | 18.28 7.67 1.26 1.38

XL-CK5 39.2199.3]7.08|27.3(5.13| 1.32 |5.69|0.884 |5.83| 1.17 |3.51]0.501 |2.96|0.489 | 33.8 | 234.10 | 179.31 | 21.04 8.52 1.36 1.13

XL-CK6 19.9147.0(3.77[15.4|3.02{ 0.924 [3.57| 0.633 [4.13 | 0.855 [ 2.57| 0.356 [ 2.03| 0.315 [ 29.0| 133.45 | 89.99 | 14.46 6.22 1.24 1.29

TE XL-CK8 37.8(88.2(6.78|26.4|5.14| 1.08 |5.57[0.912|5.99| 1.23 |3.63|0.504 |3.07| 0.450 | 35.1 | 221.91 | 165.44 | 21.35 7.75 1.26 0.94
XL-CK11 24.1(64.5]4.25/16.6]3.11[0.891 |3.64|0.584 |3.96|0.790 |2.42|0.349 |2.05| 0.312 | 23.9 | 151.41 | 113.44 | 14.12 8.03 1.45 1.22
ZK1702-H1 14.3]22.0|3.86|16.5(3.98| 0.896 |3.73| 0.620 |3.76 | 0.682 [ 1.95| 0.274 | 1.73| 0.256 | 20.7| 95.27 | 61.61 | 13.00 4.74 0.68 1.08
ZK1702-H3 22.7|47.6|5.74|23.3|4.84| 1.05 |4.53]0.726 |4.49|0.852 [2.57| 0.369 [2.33 | 0.344 [ 22.7 | 144.19 | 105.30 | 16.21 6.49 0.96 1.05
ZK1707-H1 40.3| 114 |8.43|33.2(6.84| 1.70 |7.02| 1.16 |7.35| 1.41 |4.03|0.555|3.23|0.468 | 39.5 | 268.86 | 204.16 | 25.23 8.09 1.42 1.14
ZK1707-H4 11.9(22.0{2.87[11.8|2.58| 0.699 |2.46| 0.424 [2.72| 0.545 [ 1.63| 0.230 [ 1.46| 0.234 | 15.1| 76.69 | 51.86 | 9.70 5.35 0.86 1.29
ZK1707-H5 . |16.8]34.6/4.63119.6/4.31| 1.21 |3.98]0.701 | 4.64| 0.868 |2.60| 0.368 2.28 | 0.360 | 26.0 | 122.96 | 81.16 | 15.80 5.14 0.90 1.36
ZK1707-H7 POIREED 12.6(29.7(3.14[12.7|2.73| 0.623 | 2.65| 0.454 [2.92| 0.589 [ 1.73| 0.259 [ 1.55| 0.250 | 16.1 | 88.10 | 61.54 | 10.41 5.91 1.09 1.08
ZK2206-H1 24.5(56.0(6.04|23.8|4.83| 1.37 |4.74|0.796 | 5.34| 1.09 |3.46|0.519 (3.32]0.529 | 30.3 | 166.64 | 116.56 | 19.80 5.89 1.06 1.33
ZK2206-H4 13.4(24.3|3.23(12.8(2.69| 0.616 | 2.48| 0.430 |2.78 | 0.542 [ 1.61| 0.224 | 1.43| 0.223 | 14.6 | 81.43 | 57.09 | 9.71 5.88 0.85 1.11
ZK2206-H5 13.7]19.1]3.22|13.5(2.96| 0.636 | 2.91| 0.521 | 3.48 | 0.701 | 2.06 | 0.294 [ 1.82| 0.264 | 22.1 | 87.40 | 53.20 | 12.06 4.41 0.66 1.01
ZK2206-H8 34.9(73.5(7.93|30.4|6.14| 1.72 |5.67|0.905|5.80| 1.12 |3.43[0.515[3.47|0.582 | 28.3 | 204.36 | 154.62 | 21.48 7.20 1.02 1.36

AR WF-HI | BE4EH™ |30.6/68.3(5.54(22.5(4.12| 0.92 [4.61| 0.87 [5.37| 1.09 {3.06| 0.41 |2.35| 0.38 |33.0| 183.07 | 131.95 | 18.14 7.27 1.19 0.98
WF-H2 | BREREER™ |34.3|74.6(6.01(24.1|4.48| 1.06 [4.98] 0.93 [5.86| 1.24 |3.41| 0.44 |2.52| 0.42 |36.7|201.04 | 144.56 | 19.80 7.30 1.18 1.03
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WXL | Bgs | Res%&F | La| Ce| Pr|Nd|Sm| Eu |[Gd| Tb |Dy| Ho | Er | Tm | Yb| Lu | Y | ¥REE |SLREE|YHREE|YLREE/SHREE | Ce* Eu*
WEF-H3 31.1[78.8(5.84|23.6|4.41| 1.06 |5.19] 0.90 |5.64| 1.19 |2.94| 0.39 [2.09| 0.34 |32.5|195.97 | 144.76 | 18.69 7.75 1.34 1.02
ZYS-H1 63.7| 161 [12.5|51.6|9.88| 2.46 |11.3| 2.19 |13.6| 2.80 |7.37| 0.99 |5.44| 0.85 | 71.1 | 417.01 [ 301.33 | 44.59 6.76 131 1.07
PriHL ZYS-H2 | BRER%ET |37.4(69.4|5.95(24.54.19| 1.03 [4.99| 0.89 [5.69| 1.14 [3.00| 0.41 |2.24| 0.37 |32.0| 193.16 | 142.43 | 18.75 7.60 1.05 1.03
ZYS-H3 23.0(55.0(4.09|16.3(3.21| 0.95 |3.71] 0.69 |4.43| 0.91 |2.54| 0.33 |1.91| 0.31 |25.1| 142.47 | 102.51 | 14.84 6.91 1.29 1.26
XT-H1 27.3(62.7(5.22|19.8|3.66| 0.83 |3.85| 0.70 |4.31| 0.87 |2.37| 0.34 [1.86| 0.33 |24.3 | 158.41 | 119.52 | 14.62 8.17 1.20 1.02
XT-H2 31.8(57.3(5.54|22.4|4.08| 0.98 |4.29] 0.76 |4.90| 1.00 |2.77| 0.38 |2.20| 0.35 |27.1| 165.83 | 122.08 | 16.66 7.33 0.98 1.09
s XT-H3 | BREREER" |23.7(54.8(4.02{16.2/2.95| 0.68 [3.19] 0.59 {3.83| 0.79 |2.12| 0.28 |1.61| 0.26 |22.3 | 137.24 | 102.29 | 12.67 8.07 127 1.03
XT-H4 99.3(309 [20.0|77.1]14.0| 2.65 |14.1] 2.25 |12.7| 2.31 |6.11| 0.85 |4.75| 0.77 | 54.1| 619.61 | 521.65 | 43.84 11.90 1.59 0.88
XT-H5 36.7(65.0(6.21(25.3|4.43| 1.03 |4.98| 0.91 |5.58| 1.10 |3.05| 0.41 |2.27| 0.36 |28.9 | 186.24 | 138.72 | 18.64 7.44 0.98 1.01
PG-H1 34.2(81.3]6.27|25.54.52| 1.09 |5.17] 0.95 |5.83| 1.14 |3.15| 0.41 |2.26| 0.35 |35.1|207.28 | 152.89 | 19.26 7.94 127 1.04
PG-H2 19.1/43.9(3.64(14.9|3.08| 0.68 [3.23| 0.62 [3.71| 0.78 [2.11| 0.30 [1.67| 0.26 [20.6| 118.54 | 85.21 | 12.68 6.72 1.20 1.01

Wil W R
PG-H3 37.4(75.0{7.24|27.1|4.96| 1.88 |4.72] 0.91 |5.50| 1.25 |3.21| 0.45 |2.74| 0.48 [29.2]201.96 | 153.47 | 19.25 7.97 1.04 1.81
PG-H4 50.0(85.5(8.33|32.9(5.82| 1.44 |6.25| 1.16 |7.27| 1.44 |3.87| 0.54 |2.95| 0.50 |37.4 (24529 | 183.91 | 23.97 7.67 0.95 1.10
NF-H1 RS [12.4]20.8(2.67(10.3]2.22| 0.53 |2.04| 0.36 [2.16] 0.42 |1.18] 0.17 | 1.08| 0.19 [20.6| 77.11 | 48.93 | 7.60 6.43 0.83 1.16
NF-H2 32.5(86.5(5.90|23.8{4.25| 0.79 |4.81| 0.85 |5.03| 0.97 |2.66| 0.34 |1.90| 0.31 |28.1|198.79 | 153.81 | 16.87 9.12 1.43 0.80
SN NF-H3 | BRERAER" |29.6(61.0(5.6621.6/3.97| 0.98 [3.95| 0.74 |4.67| 0.92 |2.60| 0.39 |2.44| 0.38 |24.1|163.10 | 122.87 | 16.09 7.64 1.08 1.15
NEF-H4 28.1/62.5(5.32|21.4|4.05| 0.77 |4.48| 0.83 |4.89| 0.95 [2.48| 0.35 [2.01| 0.31 [23.3|161.74 | 122.14 | 16.31 7.49 1.17 0.84
NF-H5 RS [13.2]27.2(2.76[10.8(2.14| 0.47 |1.97| 0.42 [2.54| 0.53 [1.48| 0.23 |1.38| 0.23 | 12.5| 77.94 | 56.63 | 8.78 6.45 1.03 1.07
##% | LBPDI-HI | BEFiKA [12.8(17.4(2.31[9.28|1.81| 0.44 [1.88] 0.38 [2.37| 0.53 [1.46| 0.21 [1.20| 0.20 | 16.3| 68.59 | 44.06 | 8.23 5.35 0.73 1.10
LBPD1-H2 12.8(16.7]2.18|8.91(1.65| 0.41 |1.75| 0.35 |2.43| 0.49 [1.41] 0.21 [1.24] 0.20 | 163 | 67.09 | 42.71 | 8.08 5.28 0.72 1.12
LBPDI-H3 | Bk~ |28.2]55.1]5.58(|22.7|4.60| 1.11 |4.52| 0.83 |5.30| 0.98 |2.71] 0.34 [1.92] 0.33 |27.0| 161.21 | 117.22 | 16.94 6.92 1.01 1.13
LBPD1-H4 24.5(67.914.23|17.5(3.03| 0.89 |3.63| 0.60 |3.69| 0.75 |1.97| 0.27 [1.47| 0.22 |20.3 | 150.97 | 118.09 | 12.60 9.37 1.51 1.23
LBPDI-H5 | FEffiK4 |18.1]27.24.11]16.2|3.53| 0.74 |3.25| 0.64 |4.07| 0.82 |2.35] 0.32 [2.07| 0.32 | 24.5| 108.32| 70.00 | 13.84 5.06 0.72 1.02
LBPD2-H1 | FEFik: |13.0]16.8(2.32(9.44|1.74| 0.40 [1.83] 0.34 [2.34| 0.50 |1.42| 021 |1.26] 0.22 | 15.4| 67.26 | 43.73 | 8.13 5.38 0.70 1.05
LBPD2-H2 | ik |27.9]107(5.35|22.8|4.21| 1.05 |4.96| 0.86 |5.28| 1.02 |2.77] 0.37 [1.94| 0.30 |30.7 | 216.28 | 168.04 | 17.50 9.60 2.00 1.06
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WXL | Bgs | Res%&F | La| Ce| Pr|Nd|Sm| Eu |[Gd| Tb |Dy| Ho | Er | Tm | Yb| Lu | Y | ¥REE |SLREE|YHREE|YLREE/SHREE | Ce* Eu*
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LBPD2-H3 | fi:fik 13.7121.5(2.91|11.7|2.25]| 0.54 [2.41| 0.47 |3.07| 0.62 |1.71| 0.25 |1.51| 0.25 | 19.5]| 82.36 | 52.56 | 10.30 5.10 0.78 1.07
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