S=FEI A A 23 A A 2 5 (20108 69)
J. Miner. Soc. Korea, 23(2), 125-139 (June, 2010)

SR FP] o) 3% % vk AF 54

Characterization on the Behavior of Heavy Metals and Arsenic
in the Weathered Tailings of Songcheon Mine
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ABSTRACT : Behavior of heavy metals and arsenic in the tailings of Songcheon Au-Ag mine was charac-
terized via both mineralogical and geochemical methods. Mineral composition of the tailings was
investigated by X-ray diffractometry, energy-dispersive spectroscopy, and electron probe micro-analyzer
(EPMA) and total concentrations of heavy metals and arsenic and their chemical forms were analyzed by
total digestion of aqua regia and sequential extraction method, respectively. The results of mineralogical
study indicate that the tailings included mineral particles of resinous shape mainly consisting of galena,
sphalerite, pyrite, quartz, and scorodite, and specifically socordite was identified in the form of matrix.
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EPMA quantitative analyses were performed to evaluate the weatherability of each mineral, and the results
suggest that it decreased in the sequence of arsenopyrite > galena > sphalerite > pyrite. The weathering
pattern of galena was observed to show distinctive zonal structure consisting of secondary minerals such as
anglesite and beudantite. In addition, almost all of arsenopyrite has been altered to scorodite existing as
matrix and galena, sphalerite, and pyrite which have lower weatherability than arsenopyrite were identified
within the matrix of scorodite. During the process of alteration of arsenopyrite into scorodite, it is likely
that a portion of arsenic was lixiviated and caused a great deal of detrimental effects to surrounding
environment. The results of EPMA quantitative analyses verify that the stability of scorodite was relatively
high and this stable scorodite has restrained the weathering of other primary minerals within tailings as a
result of its coating of mineral surfaces. For this reason, Songcheon tailings show the characteristics of the
first weathering stage, although they have been exposed to the surface environment for a long time. Based
on the overall results of mineralogical and geochemical studies undertaken in this research, if the tailings
are kept to be exposed to the surface environment and the weathering process is continuous, not only
hazardous heavy metals, such as lead and arsenic seem to be significantly leached out because their larger
portions are being partitioned in weakly-bound (highly-mobile) fractions, but the potential of arsenic
leaching is likely to be high as the stability of scorodite is gradually decreased. Consequently, it is
speculated that the environmental hazard of Songcheon mine is significantly high.
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Table 1. Introduction of the Songcheon mine

Location Gujulri,Yungokmyun,

Gangneungsi, Gangwondo
Period of Japanese invasion period ~
operation late 1970

Target element Gold, Silver, Molybdenum
Amount of tailing 4,240 m’

dumps
Geological Granitic gneiss of precambrian
feature period

Ore deposit form Gold-silver bearing quartz vein
filling in breccia and crush
zones

Major Petrology  Gneiss, Granite

Abundant ore
minerals

Pyrite, Sphalerite, Galena,
Gold, Arsenopyrite

Source : Ore deposit of Korea (No. 5) (Korea Mining Pro-
motion Corporation, 1973), Im et al., 2004
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Table 2. Abundance of metallic luster (ml) and mineral color from magnetic and non-magnetic samples

Magnetic Non-magnetic
0~0.1 ~02 ~03 ~04 ~05 ~06 ~07 ~08 H I L
Black ml O (D) [ D) O [ D) (D) O O L)) [ D) O
Black O O O
White ml () O [ D)
White O [ ) @
Silver ml [ ] [ ] [
Gold ml O (D) L)) [ L))
Red ml O (D) O O
Red O O
Gray ml [ ) [ [ )
Yellow ml O
Old gold ml O

— Abundance : @ > © > O
— Magnetic strength (AMPS) : 0~0.1, 0.1~0.2, 0.2~0.3, 0.3~0.4, 0.4~0.5, 0.5~0.6, 0.6~0.7, 0.7~0.8
— Distribution grade of mineral color : High (H) > Intermediate (I) > Low (L)
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Table 3. Sequential extraction method used to examine chemical speciation of arsenic in tailing (Wenzel et al.,

2001)

Arsenic

Step (Taget phase)

Extractant (step time)

[ . non-specifically sorbed phases 1 g of soil, 25 ml of 0.05 M (NH4),SOs, 20C, 4 h continuous agitation (4 h)

II. specifically-sorbed phases

IIl. amprphous and
poorly-crystalline hydrous
oxides of Fe and Al phases

IV. well-crystallized hydrous
oxides of Fe and Al phases

V. residual phases

25 mL of 0.05 M (NH4)H,PO4, 20 * C, 16 h, continuous agitation (16 h)

25 mL of 0.2 M NHs-oxalate butter, pH 3.25, 20C, 4 h, continuous
agitation in the dark (16 h)

25 mL of 0.2 M NHgs-oxalate butter, pH 3.25, in a water basin at 96 + 3C,
30 min, continuous agitation in the light (30 min)

7.5 mL of HCI + 2.5 mL of HNO;, 70C, 1 hr, continuous agitation (1 h)

Table 4. Sequential extraction method used to examine chemical speciation of heavy metals in tailing (Tessier et

al., 1979)

Metal

Step (Taget phase)

Extractant (step time)

[ . Exchangeable fraction

II. Carbonate and specifically
adsorbed fraction

[l[. Fe-Mn (hydro)oxides

V. Organic matter and sulfide

V. Residual fraction

1 g of soil 10 mL of 0.5 M MgClL, pH 7, 1 h, 25C, continuous agitation
2 h

10 mL of 1 M NaOAc, pH 5 (adjusted with HOAc), 5 h, 25C (6 h)

(1) 20 mL of 0.04 M hydroxyl-ammonium hydrochlorite (NH,OH HCI) in
25% HOAc, 95C, 6 hr, occasional agitation

(2) After extraction, extractant solutions were diluted to 20 mL with DW and
continuous agitation for 10 min (7 h)

(1) 3 mL of 0.02M HNO; and 5 mL of 30% H.O, (adjusted to pH 2 with
HNO:s), 85C, 2 hr, occasional agitation

(2) 3 mL of 30% HO: (adjusted to pH 2 with HNO;) added, 85C, 3 hr,
occasional agitation

(3) After cooling, 5 mL of 3.2 M ammonium acetate (NHsOAc) in 20%
(v/v) HNO; added

(4) Dilution to a final volume of 20 mL with DW and agitation for 30 min
(8 h)

7.5 mL of HCI + 2.5 mL of HNO;, 70C, 1 hr, continuous agitation (1 h)
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Table 5. Physicochemical properties, elemental concentrations, and mineralogy within the tailing samples used

Property Value Mineralogy

pH 5.7
Texture (%)"

Sand 55.5
Silt 41.74
Clay 2.76

Element Concentration (mg/kg) Primary Secondary
Al 1,485 Quartz Illite
Cd 41 Muscovite Kaolinite
Cu 148 Magnetite Hematite
Pb 1,763 Pyrite Goethite
Zn 486 Arsenopyrite Scorodite
Cr 4.77 Galena
Ni 12.33 Sphalerite
Mn 189
Fe 21,749
As 3,380

* Sand 50~2,000 um; silt 5~50 um; clay < 2 pm
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Fig. 1. Photograph of the resinous minerals.
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Fig. 2. X-ray diffractogram of bulk tailing samples
(A), non-magnetic mineral samples (B) and magnetic
mineral samples (C). Abbreviations: Q: quartz, Mv:
muscovite, Ka: kaolinite, Mo: montmorillonite, I: illite,
S: scorodite, C: calcite, G: galena, P: pyrite, Ap: arse-
nopyrite, Sp: sphalerite Mn: magnetite, He: hematite,
Gt: goethite.
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Fig. 3. Chemical speciation of As, Cd, Cu, Pb, Fe,
and Mn in the tailing soil analyzed by sequential
extraction method.
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Resinous minerals
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Fig. 4. Back-scattered electron (BSE) images (top) and the energy dispersive spectroscopy (EDS) spectra of

galena, Sphalerite and resinous minerals.
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Fig. 5. Electron probe micro-analysis (EPMA) X-ray
lines showing the distributions of Fe, S, O, As and Pb
within galena.
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Fig. 6. Back-scattered electron (BSE) images (top) and
the electron probe micro-analysis (EPMA) X-ray maps
showing the distributions of S, Fe, As, O, Pb, Zn, and
Si within galena and resinous minerals.
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Table 6. EPMA analytical results (wt%) for galena (Ga), pyrite (Py), sphalerite (Sp) and scorodite (Sc)

Minerals Sample No. S (0] Fe As Pb 7n Al Si Total EDS’
Reference” 134 86.6 100.0
Ga-01 1375 036  0.01 - 84.89  0.07 - - 99.08 A, 1
Ga-02 13.62 022 0.04 - 85.70 - - - 99.58 A, 1
Ga-03 11.00  22.00 196 053 64.15 - - 0.03 99.64 A 2
Ga-04 9.61 16.16 0.52 - 71.40 - - - 97.69 A, 2
Ga-05 636 2880 893 852 36.50 - 193 087 9190 A, 3
Galena Ga-06 462 2127 973 798 40.52 - - - 8411 A3
Ga-07 584 1370 4.62 530 36.01 0.08 - - 6556 A, 3
Ga-08 974 21.16 344 207 64.39 - 0.21 0.05 100.05 C,1
Ga-09 834 1517 0.80 - 64.46 - - - 88.76 C, 1
Ga-10 9.02 14.89 0.89 - 66.46 - - - 9126 C, 1
Ga-11 959 1478 0.28 - 68.06 - - - 9272 C, 1
Ga-12 757 17.06  1.77 1.53  50.70 - - - 7862 C, 1
Ga-13 735 2030 12.80 430 2749 - - - 7224 C, 1
Reference”  53.45 46.55 100.0
Py-01 5229 036 46.19 149 0.04 - - 0.05 10042 C, 3
Py-02 5232 040 46.11 1.02 008 0.09 - 0.03 10005 C, 3
Pyrite Py-03 5142 030 4692 150  0.03 - 0.02 0.03 10021 C,3
Py-04 5123 027 4475 090 005 0.16 - 002 9739 C,3
Py-05 51.66 021 4525 0.81 0.04 - - 002 9798 C, 3
Py-06 51.68 030 45.62 191 0.12 0.14 0.01 006 9985 C, 3
Reference’  33.06 2.88 64.06 100.0
Sp-01 3310 0.54 371 - - 62.13 0.04 003 9955 B, 1
Sp-02 3427 076 254 - - 62.89 - - 10046 B, 1
Sp-03 33.84  0.60 2.09 0.02 - 64.28 - - 100.83 B, 1
Sphalerite Sp-04 3346 071 230 - - 64.46 - - 10093 B, 1
Sp-05 3348 050 229 - 0.04  64.87 - - 101.17 B, 1
Sp-06 3244 053  3.78 - 0.11 60.66 003 005 9758 C,2
Sp-07 3355 0.64 3.84 - 0.05  60.60 - - 98.68 C,2
Sp-08 3192 249 259 002 0.04 60.71 - - 9776  C, 2
Reference’ 2773 242 3246 84.39
Sc-01 034 2449 2569 2561 0.05 - 075 097 7790 C, 4
Sc-02 094 23,65 2543 26.08 0.17 - 045 018 76.89 C, 4
Sc-03 0.58 2270 24.89 2647 0.21 - 004 026 7514 C, 4
Scorodite Sc-04 047 2481 2592 2823 0.22 - 036 055 8056 C, 4
Sc-05 1.27 2771 2530 2847 0.16 - 0.64 1.28 8482 C, 4
Sc-06 046 23.71 2530 27.86 0.16 - 032 021 7803 C, 4
Sc-07 0.57 2259 2499 2653 0.21 - 007 0.14 7510 C, 4
Sc-08 1.10 2338 25.04 24.08 4.61 - 0.11 063 7894 C, 4
* Analytical points for EDS of each mineral shown in Fig. 4. ® Mineral Database (2010)
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Table 7. Elemental composition analyzed by EPMA for galena (1), sphalerite (2), and pyrite (3) shown in Fig.

4(C)
wt % Cation
Sulfide Analyzed  Reference Percentage of
minerals  As S Fe Pb Zn O Al Si  (w%/mol) (wi%mol) . e ©,
b leaching (%)
(a) (b)
Galena 263 860 333 5693 000 1723 021 0.05 0.27 0.42 35.71
Sphalerite  1.75 22.85 4.72 14.11 4598 7.70 0.12 0.05 0.93 0.98 5.10
Pyrite 1.27 51.77 4581 0.06 0.13 031 0.02 0.04 0.82 0.83 1.20
"Calculated for Pb, Zn, and Fe contained in galena, sphalerite, and pyrite, respectively, by 100 * [(b-a)/b] (%).
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Fig. 7. Ternary diagram for S-Fe-As from EPMA data.
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