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Article

Geochemical characteristics determined
by multiple extraction from ion-adsorption type REE ores
in Dingnan County of Jiangxi Province, South China

12 . . 1
Kenzo Sanematsu’,”* and Yoshiaki Kon

Kenzo Sanematsu,(2013) Geochemical characteristics determined by multiple extraction from ion-
adsorption type REE ores in Dingnan County of Jiangxi Province, South China. Bull. Geol. Surv. Japan,
vol. 64 (11/12), p. 313-330, 5 figures, 5 tables, 1 appendix.

Abstract: This article reports results of the multiple six-step extraction and single step extraction
experiments conducted on five ion-adsorption ores and three weathered granite samples collected from
the Dingnan County in Jiangxi Province, China. The six-step extraction consists of ion-exchangeable
(reacted with sodium acetate) fraction, organic-matter (sodium pyrophosphate) fraction, amorphous Fe
oxide and Mn oxide (hydroxylamine at 30°C) fraction, Fe and Mn oxides (hydroxylamine at 60 “C)
fraction, clays-sulfide (aqua regia) fraction and silicates (mixture acid) fraction. The five ion-adsorption
ores from a mining site contained the ion-exchangeable elements by sodium acetate solution ranging
from 174 to 388 ppm REY (43 — 68 % relative to whole-rock contents), from 1.1 to 3.5 ppm Th (3.7 —
9.4 %) and from 0.44 to 1.0 ppm U (14 — 25 %). Concentrations of the extracted elements from the ores
by ammonium sulfate solution (single step) range from 170 to 346 ppm REY (42 — 64 %), from 0.03 to
0.31 ppm Th (0.1 — 0.8 %) and from 0.25 to 0.71 ppm U (8 — 18 %). The ion-exchangeable fraction is
remarkably depleted in Ce relative to the other REY, and is slightly depleted in HREE and Y, compared
with the whole-rock compositions. Thorium is dominantly present in the organic-matter fraction, and is
moderately contained in the clay-sulfide fraction and in residue. Uranium is extensively present in the
residue, silicates fraction, ion-exchangeable fraction, clays-sulfides fraction, and organic-matter fraction.
Results of three weathered granite samples outside of a mine are not significantly different although the
REY contents or percentages of ion-exchangeable REY are lower than the ores.

Keywords: REE, Th, U, ion-adsorption ore, granite, weathering, adsorption, extraction, South China

1. Introduction

Rare earth elements (REE: La - Eu) can be classified into light
REE (LREE: La - Eu) and heavy REE (HREE: Ga - Lu), and
HREE-producing deposits are mostly confined to ion-adsorption
type in the world (Roskill, 2011). The ion-adsorption type REE
deposits have been economically mined in South China, consist-
ing of weathered granite which is called an ion-adsorption ore.
The ore grade is generally several hundred ppm and locally
reaches up to 3800 ppm (Wu et al., 1990; Bao and Zhao, 2008).
Since REE and Y (REY) are adsorbed on weathering products
such as kaolin in the ore, they are extracted by ion-exchange with

electrolyte solution like ammonium sulfate solution (Chi and

Tian, 2009). The percentage of ion-exchangeable REY relative
to the whole-rock grade is generally over 50% (Wu et al., 1990;
Bao and Zhao, 2008; Chi and Tian, 2009).

Several publications have reported the results of extraction
experiments on the ion-adsorption ores from South China (Wu
et al., 1990; Chi and Tian, 2009; Moldoveanu and Papangelakis
2012; 2013a), from Southeast Asia (Sanematsu et al., 2009;
2013; Imai et al., 2013), and from Africa (Le Couteur, 2011;
Moldoveanu and Papangelakis, 2013b). Wu et al. (1990)
conducted extraction experiments and discussed the genesis
of ion-adsorption ores. Chi and Tian (2009) summarized the
extraction experiments and metallurgical process of the ores.

Recently, Moldoveanu and Papangelakis (2012; 2013a) con-
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ducted the extraction experiments to compare the results in
different reagents, pH, concentrations and temperatures. Their
results suggest that LREE are more adsorbed than HREE and Y.
Few previous works except Hoang ez al. (1989) and Sanematsu
et al. (2009; 2013) reported the REE-source minerals in the
parent rocks. Mineral assemblage of the REE-bearing minerals
is important because it strongly influences the fractionation of
REE in the ore formation process (Hoang et al., 1989; Sanematsu
et al., 2013). Considering the variety of ion-adsorption ores in
different localities, specific geochemical data and mineralogical
description are still insufficient to understand a proportion of ion-
exchangeable REY, fractionation between LREE and HREE, and
impurities in the extracted solutions. It is necessary to investigate
the fractionation of REE, because HREE are more precious than
LREE. Impurities, particularly Th and U, are not desirable in the
extracted solutions.

In this article, we report the extraction results of the six-step
and single step extraction experiments on five ion-adsorption
ores from a REE mine and three weathered granite outside of
the mine in South China, in order to discuss the geochemical
characteristics of the ion-adsorption ores and extracted solu-
tions. Residual REE-bearing minerals are also described using
a SEM-EDS so that we can presume the REE-source minerals

in the ores.

2. Geological background of the studied samples

The Phanerozoic igneous rocks are distributed in South China,
and were formed by three major tectonic events: the Middle Pa-
leozoic Kwangsian, Triassic Indosinian and Jurassic-Cretaceous
Yanshanian events (e.g., Zhou et al., 2006; Wang et al., 2011;
Zhang et al., 2012). The productive ion-adsorption type REE
deposits were found in the Nanling Range of the Yanshanian
granitoid area, however they are not common in the Kwangsian
and Indosinian granitoid areas.

The Yanshanian magmatism is spatiotemporally related to
metallogeny in South China, resulting from the southwestward
subduction of the Pacific Plate and intraplate tectonics (Wang
et al., 2011). The Yanshanian period is divided into the Early
Yanshanian (180 — 142 Ma) and Late Yanshanian (142 — 67
Ma) periods (Zhou et al., 2006). Major REE deposits were
found in the Early Yanshanian granite area rather than the
Late Yanshanian one. The HREE-rich deposit area in the Early
Yanshanian age is confined to the middle (southern Jiangxi and
northern Guangdong) and south of the Nanling Range (Wu et
al., 1992). Some of the Early Yanshanian granite plutons were
formed by extensional rift-type intraplate magmatism, consist-
ing of calc-alkaline granite, A-type granite, alkali granite, and
syenite (Zhou et al., 2006; Guo et al., 2012). Parent granites

of the ion-adsorption ores consist mainly of calc-alkaline
granite and alkali granite based on the chemical compositions
(Huang et al., 1989; Bao and Zhao, 2008; Ishihara ez al., 2008).

3. Experimental and Analytical Methods

3.1 Sample descriptions

A total of eight weathered granite samples including ion-
adsorption ores were selected from the previously studied
samples of Murakami and Ishihara (2008). They were collected
from weathering profiles of granite in Dingnan County, Jiangxi
Province, China. Three samples of 1130S0 to 1130S2 (abbrevi-
ated to SO — S2) were collected from a weathering profile outside
of an ion-adsorption type deposit. Five samples of 1130S3 to
1130S7 (abbreviated to S3 — S7) are “ion-adsorption ores” taken
from two different weathering profiles are collected from the
ion-adsorption type deposit. These sampling locations are in the
Early Yanshanian granite area (Murakami and Ishihara, 2008).

The weathered granite samples consist mainly of quartz, K-
feldspar and kaolinite, and biotite and plagioclase were rarely
identified by X-ray diffraction (Murakami and Ishihara, 2008).
Whole-rock chemical compositions (REY, Th and U) of the

studied samples are listed in Table 1.

3.2 Conditions of SEM-EDS

Polished mounts of ion-adsorption ores were prepared to
observe the occurrences of REE-bearing minerals by using the
JEOL JSM-6610LV scanning electron microscope. A qualitative
and semi-quantitative analysis was performed by using the Ox-
ford Instruments X-max energy dispersive X-ray spectroscopy

system at an accelerating voltage of 15 kV.

3.3 Multiple six-step extraction

Multiple six-step extraction and single step extraction ex-
periments were conducted on the pulverized weathered granite
and ion-adsorption ore samples. The extraction experiments
and ICP-MS analysis of extracted solutions were conducted in
Activation Laboratories Ltd. Procedure of the six-step extraction
is shown in Table 2. At the step 1, firstly, exchangeable ions
were extracted by 1 M sodium acetate (CH,COONa) solution
of pH = 5 for 1 hour. At the step 2, elements were extracted
predominantly by decomposing humic and fulvic acids with
alkaline (pH = 10) 0.1 M sodium pyrophosphate (Na,P,0.) solu-
tion for 1 hour. This alkaline solution may decompose silicate
minerals because the solubility of silicate minerals is high in
alkaline solution. At step 3, elements were extracted by pre-
dominantly leaching amorphous Fe oxides and Mn oxides with
1.24 M hydroxylamine (NH,OH) at 30 °C for 2 hours. Because

the hydroxylamine is a reducing agent, it may dissolve the solids
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Table. 1 REY, Thand U contents of studied samples collected from Dingnan County
of Jiangxi Province, South China (Murakami and Ishihara, 2008).

Sample # Rock type Depth Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho

(m) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
1130S0  Weathered granite 03 649 424 100 7.62 287 6.83 0.45 7.54 1.53 10.6 2.15
1130S1  Weathered granite 06 712 786 235 137 493 10.1 0.65 10.8 1.85 11.6 2.31
1130S2  Weathered granite 1 595 790 205 134 484 9.82 0.59 9.51 1.56 9.68 1.89
1130S3  Ion-adsorption ore 025 498 487 204 10.1 424 10.1 1.99 9.58 1.73 10.1 1.89
1130S4  Ion-adsorption ore 0.1 56.6 126 149 260 102 200 3.28 17.1 2.39 12.6 2.19
1130S5 Ion-adsorption ore 03 460 589 207 127 516 105 191 9.66 1.48 8.54 1.60
1130S6  Ion-adsorption ore 0.1 620 968 172 222 920 183 2.98 15.6 2.18 11.8 2.14
1130S7  Ion-adsorption ore 02 623 113 300 228 895 17.6 2.82 15.3 2.18 11.7 2.06
Sample # Er Tm Yb Lu Th U LREE HREE REE REY Ce/Ce* EuwEu* Lay/Yby

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

1130S0 630 0993 6.13 0.835 499 54 186 36.1 222.1 287 1.36 0.19 4.96
1130S1 6.81 105 641 0877 512 5.1 387 41.7 429.1 500 1.76 0.19 8.80
1130S2 546 0.834 498 0.692 513 4.8 356 346 390.8 450 1.54 0.19 114
1130S3 543 090 593 0.858 36.8 4.7 317 364 3537 404 226 0.62 5.89
1130S4 6.11 0907 5.80 0.828 30.2 3.2 426 479 4742 531 0.64 0.54 15.6
1130S5 446 069 428 0.608 36.8 4.2 343 313 3739 420 1.86 0.58 9.87
1130S6 581 0.851 5.15 0.709 342 3.8 404 442 4485 511 091 0.54 13.5
1130S7 545 0774 459 0614 286 2.8 546 427 5884 651 145 0.53 17.7

Ce/Ce* = Cey/(LayxPry)"? and Eu/Eu* = Euy/(SmyxGdy)"?, where subscript N represents normalization by C1-

chondrite (Sun and McDonough, 1989).

Table. 2 Experimental conditions of the multiple six-step extraction. The series of these
experiments were conducted in Activation Laboratories Ltd. in Vancouver, Canada.

Extraction Reagent pH Reactlon Dominantly reacting materials
step # time (hrs)
1 1M sodium acetate 5 1 lon-exchangeable materials
2 0.1M sodium pyrophosphate 10 1 Organic matter (humic and fulvic substances)
3 1.24M hydroxylamine (30°C) 1 2 Amorphous Fe oxide and Mn oxide
4 1.24M hydroxylamine (60°C) 1 2 Fe and Mn oxides
5 Aqua regia - 2 Clays and sulfides
6 Mixture acid (HF, HNO;, HCIO, and HCI) - 19 Acid-soluble silicates and remaining materials

whose solubilities are high in reduced conditions. At step 4,
elements were extracted by leaching remaining crystalline Fe
and Mn oxides with 1.24 M hydroxylamine at 30 °C for 2 hours.
At the step 5, elements incorporated in clays, sulfides and some
remaining materials were leached by aqua regia for 2 hours.
Because the aqua regia is an oxidizing agent, it may dissolve
the solids whose solubilities are high in oxidized conditions.
Lastly, at the step 6, elements incorporated in silicates and some
remaining materials were leached by mixture acid consisting of
HF, HNO,, HCIO, and HCl after 19-hours reaction. We are able

to estimate the dominantly-reacted materials from the results of

the individual extraction steps, however it is generally difficult to
clarify the reacted materials and to know whether the materials

are reacted completely.

3.4 Single-step extraction

In order to check the concentrations of ion-exchangeable
elements using a different electrolyte solution, a single step
extraction and solution ICP-MS analysis were done by authors
in Geological Survey of Japan, AIST. Procedure of the single-
step extraction is shown in Table 3. Weathered granite samples

were pulverized by an agate mortar and were dried at 105 °C
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Table. 3 Experimental condition of the single step extraction
using ammonium sulfate solution.

Extraction Reagent pH Reactlon Dominantly reacting materials
step # time (hrs)
1 0.5M ammonium sulphate 5.7 24 Ton-exchangeable materials

for 12 hours to evaporate water. The individual samples of 1 g
was soaked in 40 ml volume of 0.5 M (6.6 wt%) ammonium
sulfate [(NH,),SO,] solution of pH =~5.7 in a 50 ml centrifuge
tube. The centrifuge tubes were mechanically shaken at room
temperature for 24 hours so that the solid sample can react with
solution sufficiently. The extract was separated from the solid
samples by centrifugation for 15 minutes. The supernatant solu-
tion was filtered by using a cellulose acetate-type membrane
filter (p=0.22 um), and the membrane filter was rinsed repeat-
edly with 50 ml of ultra pure water. The filtered solution was
acidified using HNO, and was kept in a polypropylene container.
Ultra pure water and In standard solution (Wako) as an internal
standard was added to the acidified sample solution, and it was
prepared to 1 % HNO, equivalent before analysis.
Concentrations of extracted elements at the single step ex-
traction were determined by the Agilent Technologies 7500cx
ICP-MS at the Geological Survey of Japan, AIST. Flow rates of
carrier gas and the ion-lens setting of the ICP-MS were optimized
to maximize the signal intensity of Ce and to minimize the oxide
production rate ("°Ce!®Q/**°Ce < 0.01). We monitored ’Li, *Na,
24Mg7 27A1’ 29Sij 31P) 39K’ 43Ca’ ASSC, 47Ti’ 51\]’ 53Cr’ SSMH, 57F67 59CO’
60Ni’ 63Cu’6()Zn’ 69Ga7 72Ge, 75AS, SSRb’ SSSr, 89Y" 9OZr’ 93Nb’ QSMO,
17Ag, "'Cd, "*In (internal standard), '**Cs, '¥"Ba, '¥La, “*Ce,
4Py, 1°Nd, '*’Sm, '**Eu, '’Gd, '*Tb, %Dy, '*Ho, '*Er, '“Tm,
172Yb, 'Lu, '8'Ta, '$2W, 2°°T1, 2°8Pb, 2*Bi, >*Th and **U. Calibra-
tion lines were made by multi-element standard solutions of
XSTC-1, -8 and -15 (SPEX). The combination of analogue and
pulse-counting mode of the ICP-MS was used for monitoring
the minor elements and the detector mode was switched to the
analog-counting mode automatically when abundant elements

were monitored.

4. Results

4.1 Results of SEM-EDS

Backscattered electron images of residual or secondary REE-
bearing minerals are shown in Figure 1. Zircon (ZrSiO,) is the
most common REE-bearing mineral in the studied ion-adsorption
ores. It is rarely altered and the grain size ranges from 10 to 100
um (Fig. 1A, 1B, 1Cand 1F). Thoriumssilicate (ThSiO,: thorite or
huttonite) is partly found (Fig. 1B). Monazite-(Ce) [(Ce,Th)PO,]

is relatively uncommon and this is not significantly altered (Fig.

1D and 1E). Apatite [Ca,(PO,),(F,C])] is uncommon as well and
is partly weathered and degraded (Fig. 1F). Xenotime (YPO,) is
more scarce than monazite and apatite. REE phosphate-silicate is
found (Fig. 1F and 1G) and is likely britholite-(Ce) [(Ce,Ca,Th)
(8i0,,PO,)(OH,F)]. REE fluorocarbonates are partly observed
and they are considered to be synchysite-(Ce) [CaCe(CO,),F],
parasite-(Ce) [CaCe,(CO,),F,] and/or bastnasite-(Ce) [Ce(CO,)
F]. These carbonates exhibit fine-grained (<20 pum) anhedral
shape and occur in the cavities and fractures in K-feldspar.
K-feldspar is partly or wholly kaolinitized (Fig. 1H and 1I).
Secondary REE-bearing minerals consist of CeO, and Mn oxy-
hydroxide. They are enriched in Ce(IV) but other REE(III) are
rarely incorporated in these materials. CeO, is considered to
Th-poor cerianite (if it is crystalline) and occurs as aggregates
of fine-grained particles. The aggregates of CeO, are commonly
found with kaolinite, K-feldspar or Mn oxy-hydroxide (Fig. 1K
and 1J). Ce-bearing Mn oxy-hydroxide occurs as aggregates of

platy crystals (Fig. 1J) or exhibits dendritic texture (Fig. 1L).

4.2 Results of extraction experiments

Results of the extraction experiments are summarized in
Tables 4 and 5, and individual element data are presented in
Appendix. Percentages of extracted REY, Th and U relative to
whole-rock contents are show in Figures 2, 3 and 4, respectively.
Results of the six-step extraction indicate that REY were ex-
tracted predominantly from the ion-exchangeable fraction (step
1) and from the organic-matter fraction (step 2) in most of the
samples (Fig. 2). The other fractions were relatively poor in REY
although the Fe-Mn-oxides fractions (steps 3 and 4) were rich
in Ce. Thorium was extracted predominantly from the organic-
matter fraction and from the clays-sulfides fraction (step 5), and
was present in a residual fraction (Fig. 3). The residual fraction
was estimated by subtracting the extracted concentrations (step
1 to step 6) from the whole-rock contents (Table 4). Negative
values of the residual fraction in the weathered granite (SO, S1
and S2) and ion-adsorption ore (S6) were attributed to sampling
the heterogeneous portions between the whole-rock analysis and
extraction experiment. Uranium was extracted from the ion-
exchangeable fraction, organic-matter fraction, Fe-Mn-oxides
fractions, clays-sulfides fraction and silicates fraction, and was

also present in the residual fraction.
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Fig. 1 Backscattered electron images of the ion-adsorption ores. The residual REE-bearing minerals consist
mainly of (A, B, C) zircon with lesser amounts of (D, E) monazite-(Ce), (F) apatite, (G) britholite-
(Ce) and (H, I) REE fluorocarbonates. The secondary Ce-bearing minerals consist of (J, K) CeO2
(probably cerianite) and (J, L) Mn oxyhydroxide. Sample numbers (#s) are shown on the individual

images. Abbreviations: Zrn, zircon; Kln, kaolinite; Qtz, quartz; Fe-Ox, Fe oxyhydroxide; Bt, biotite;
Kfs, K-feldspar; Mnz, monazite-(Ce); Fl, fluorite; Apt, apatite; Brt, britholite-(Ce); REE-Cbn, REE

fluorocarbonate-(Ce); Mn-Ox, Mn oxyhydroxide.

4.2.1 Ion-exchangeable fraction

Concentrations of the extracted elements from the five ion-
adsorption ores by sodium acetate solution (step 1) range from
174 to 388 ppm REY (43 — 68 % relative to whole-rock contents;
the same shall apply hereafter), from 1.1 to 3.5 ppm Th (3.7-9.4
%) and from 0.44 to 1.0 ppm U (14 — 25 %). Concentrations

of the extracted elements from the ores by ammonium sulfate
solution (single step) range from 170 to 346 ppm REY (42 — 64
%), from 0.03 to 0.31 ppm Th (0.1 — 0.8 %) and from 0.25 to
0.71 ppm U (8 — 18 %).

Concentrations of the extracted elements from the three

weathered granite samples by sodium acetate solution (step 1)
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Table. 4 Results of the six-step extraction experiment. The other elements are listed in Appendix. Note that negative
values of the estimated residual fraction are attributed to sampling the heterogeneous portions between

the whole-rock analysis and extraction experiment. See Table 2 for the experimental conditions.

Sample Fraction LREE HREE REE Y REY Th U Ce/Ce* EwEu* Lay/Yby
(ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%)
Ior t ble (Na acetate) 76.7 412 12.8 354 89 403 203 313 110 382 33 6.7 085 157 035 0.16 15.7
2 Organic matter 107 573 23 64 109 490 28 43 112 389 223 447 0.7 129 133 0.13 104
§ Amorphous Fe-Ox & Mn-Ox 89 48 034 094 92 42 049 07 97 34 014 03 005 09 6.6 0.16 127
g Fe and Mn oxides 205 11.0 0.19 052 207 93 016 02 209 73 011 02 007 13 152 014 138
T S0
_{1:3) Clays and sulfides 48 26 12 34 60 27 20 31 80 28 115 230 0.7 129 1.8 nd. 2.9
B Silicates 44 23 34 94 78 35 43 66 121 42 28 56 12 222 1.2 062 0.81
= Estimated residual -36 -19 16 44 -20 -9.0 35 54 15 52 97 19 18 34 nd  nd n.d.
Whole-rock content 186 100 36 100 222 100 65 100 287 100 50 100 54 100 1.4  0.19 5.0
Tof t ble (Naacetate) 173 44.6 21.1 50.7 194 45 304 43 224 448 36 7.0 094 183 032 016 265
2 Organic matter 163 422 34 82 167 39 40 56 171 341 276 539 0.8 157 108 0.12 l6.1
g
§ Amorphous Fe-Ox & Mn-Ox 132 34 048 1.1 137 32 061 09 143 29 020 04 0.05 1.0 56 018 177
- Fe and Mn oxides 315 81 025 060 318 74 017 02 319 64 0.3 03 009 1.7 155 0.14 16.6
S1
E Clays and sulfides 47 12 11 26 58 14 1.7 23 74 15 108 21 0.7 137 33 nd. 2.2
E Silicates 55 14 31 74 86 20 53 74 139 28 29 57 13 255 1.1 075 1.2
2 Estimated residual -35  -0.9 12 29 87 2.0 29 41 38 76 6.0 12 1.2 24 n.d. n.d. n.d.
Whole-rock content 387 100 41.7 100 429 100 712 100 500 100 51.2 100 5.1 100 1.8 0.19 8.8
Ton-exchangeable (Na acetate) 208 58.4 20.1 582 228 584 26.7 449 255 56.6 54 106 12 243 057 0.16 287
2 Organic matter 133 374 34 99 137 350 44 73 141 313 232 452 08 16.8 6.5 0.13 203
g) Amorphous Fe-Ox & Mn-Ox 76 21 035 10 79 20 043 07 84 19 016 03 0.04 09 3.6 027 19.1
3 g Feand Mn oxides 176 49 023 067 178 46 022 04 180 4.0 0.10 02 006 1.3 84 0.18 195
j‘:" Clays and sulfides 42 12 15 43 57 14 24 40 81 1.8 88 172 08 16.8 1.1 n.d. 2.4
B Silicates 60 17 33 95 93 24 51 86 144 32 39 76 12 252 1.0 0.53 1.3
= Estimated residual =20 -5.7 5.7 16 -15 -3.8 20 34 56 12 9.7 19 0.7 15 n.d. n.d. n.d.
Whole-rock content 356 100 34.6 100 391 100 59.5 100 450 100 51.3 100 4.8 100 1.5 019 114
Tor t ble (Naacetate) 119 37.5 241 663 143 40.5 305 612 174 430 32 87 071 153 0.57 0.51 8.4
% Organic matter 112 354 43 11.8 117 330 43 86 121 300 133 361 04 8.6 8.9 047 6.2
8 Amorphous Fe-Ox & Mn-Ox ~ 18.0 57 086 24 189 53 086 1.7 197 49 0.18 0.5 003 0.7 72 049 7.0
I g3 Fe and Mn oxides 241 76 039 1.1 244 69 035 07 248 6.1 0.05 0.1 005 1.0 11 045 8.0
% Clays and sulfides 119 38 14 38 133 38 17 35 150 37 62 168 08 17.2 1.1 n.d. 6.7
E Silicates 136 43 21 58 157 44 27 54 184 46 27 73 10 215 062 0.89 5.6
= Estimated residual 18 57 33 89 21 61 94 19 31 77 1.2 30 17 36 nd  nd n.d.
Whole-rock content 317 100 364 100 354 100 49.8 100 404 100 36.8 100 4.7 100 23 0.6 59
Tof t ble (Na acetate) 243 57.0 343 71.7 277 585 38.0 679 315 595 1.1 3.7 045 138 0.05 049 26.0
o Organic matter 94 221 47 99 99.0 209 48 86 104 196 114 377 02 62 391 050 113
g Amorphous Fe-Ox & Mn-Ox ~ 17.1 40 14 29 185 39 1.5 27 200 38 017 06 004 13 183 0.51 133
‘é 4 Fe and Mn oxides 358 84 082 1.7 366 7.7 070 12 373 7.0 009 03 006 19 509 047 123
_g Clays and sulfides 175 41 25 51 199 42 23 41 222 42 104 344 07 217 063 041 9.9
Z Silicates 27 06 08 17 35 07 070 13 42 08 040 13 05 155 049 nd 1.9
=2 Estimated residual 159 37 34 71 19 41 80 14 27 51 66 22 13 40  n.d. n.d. n.d.
Whole-rock content 426 100 479 100 474 100 56.0 100 530 100 302 100 32 100 0.64 054 156
Ton-exchangeable (Na acetate) 173 50.5 204 65.1 193 51.7 246 535 218 519 35 94 1.03 247 056 045 21.1
o Organic matter 124 361 35 112 127 340 39 84 131 312 177 481 0.8 192 7.7 044 133
g Amorphous Fe-Ox & Mn-Ox 158 46 054 1.7 163 44 056 12 169 40 015 04 006 14 6.7 044 13.6
‘é ss Fe and Mn oxides 174 51 023 075 177 47 019 04 179 43 0.06 02 007 1.8 10 041 14.8
_§ Clays and sulfides 117 34 10 32 127 34 1.1 23 138 33 74 201 04 9.6 1.2 nd. 9.3
2 Silicates 54 16 13 42 67 18 19 41 86 21 1.1 30 05 120 088 1.68 2.7
= Estimated residual -43 -1.3 44 140 01 0.0 14 30 4 33 69 19 13 3] n.d. n.d. n.d.
Whole-rock content 343 100 31.3 100 374 100 460 100 420 100 36.8 100 42 100 1.9 058 9.9
lon-exchangeable (Na acetate) 268  66.3 37.0 84 305 68.0 434 70.0 349 683 30 87 090 239 024 046 220
o Organic matter 113 279 40 9.1 117 260 49 78 122 238 161 471 06 159 51 046 153
g Amorphous Fe-Ox & Mn-Ox 143 35 066 1.5 149 33 074 12 157 3.1 023 0.7 005 14 41 041 15.1
‘é S6 Fe and Mn oxides 214 53 030 0.68 21.7 48 025 04 219 43 0.07 02 008 22 82 037 148
_§ Clays and sulfides 123 30 1.0 23 133 30 14 22 147 29 82 240 05 132 1.3 nd. 9.3
E Silicates 84 21 20 45 104 23 28 45 132 26 21 6.1 0.8 212 1.0 1.8 2.6
= Estimated residual -33 -8 -0.8 -1.7 -34 -7.5 86 14 25 49 45 13 08 22 n.d. n.d. n.d.
Whole-rock content 404 100 44 100 449 100 62.0 100 511 100 342 100 3.8 100 091 054 135
Tor t ble (Na acetate) 298 54.5 393 92.1 337 573 51.0 819 388 596 1.7 59 044 158 011 045 303
o Organic matter 669 123 32 75 701 119 43 6.8 743 114 91 318 03 10.7 3.0 046 195
2 g
g Amorphous Fe-Ox & Mn-Ox 265 49 1.1 26 276 47 13 21 289 44 027 09 008 28 43 043  19.0
g <7 Fe and Mn oxides 86.0 158 065 1.5 86.7 147 032 05 870 134 0.17 06 0.12 43 170 034 170
g Clays and sulfides 169 31 13 30 181 3.1 1.6 26 198 3.0 10.7 374 05 178 5.8  nd. 2.9
E Silicates 43 08 17 40 60 10 20 32 80 12 12 42 0.7 249 1.4 23 096
= Estimated residual 48 87 4.5 -1 43 73 1.8 29 45 69 55 19 07 24 n.d. n.d. n.d.
Whole-rock content 546 100 427 100 588 100 623 100 651 100 28.6 100 28 100 145 053 177

Ce/Ce* = Cey/(LayxPry)"%, Eu/Eu* = Euy/(SmyxGdy)'.

Whole-rock content data are from Murakami and Ishihara (2008). n.d., Not determined.
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Table. 5 Results of the single step extraction showing extracted element concentrations (ppm) and percentages (%)
to the whole-rock contents. The other elements are listed in Appendix. See Tables 3 for the experimental

conditions.
Sample Fraction LREE HREE REE Y REY Th u Ce/Ce* Euw/Eu* Lay/Yby
(ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%)
?é o SO Ton-exchangeable (ammonium sulfate) 73.3 394 11.6 32.1 84.8 382 184 283 103 36.0 0.23 0.45 0.55 10.1 0.38 0.16 17.2
% E S1 Ion-exchangeable (ammonium sulfate) 160 41.2 19.3 462 179 41.7 28.7 404 208 41.5 0.17 0.33 0.64 12.5 0.35 0.15 269
§ & S2 lon-exchangeable (ammonium sulfate) 187 52.5 18.3 529 205 52.5 26.0 43.6 231 514 0.34 0.67 0.83 174 0.58 0.15 288
E S3 Ilon-exchangeable (ammonium sulfate) 119 37.6 22.1 60.8 141 40.0 28.5 57.3 170 42.1 0.25 0.68 0.37 79 0.70 0.48 9.4
E S4 Ton-exchangeable (ammonium sulfate) 220 51.6 30.9 644 251 529 356 63.5 286 540 0.03 0.10 025 7.7 0.06 048 265
g' S5 lon-exchangeable (ammonium sulfate) 163 47.7 18.3 58.6 182 48.6 23.5 51.2 205 489 031 0.84 0.71 17.1 0.63 045 215
-:"; S6 Ton-exchangeable (ammonium sulfate) 256 63.3 344 77.8 290 64.7 35.1 56.6 325 63.7 020 0.57 0.66 17.5 0.26 045 22.0
E S7 lon-exchangeable (ammonium sulfate) 270 494 36.6 85.7 306 52.1 39.5 634 346 53.1 0.12 0.41 035 124 0.12 044 29.6

Ce/Ce* = CeN/(LaNXPrN)”Z, EwEu* = Euy/(SmyxGdy)' % where subscript N represents normalization by C1-chondrite (Sun and McDonough, 1989).
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Fig. 2

(A) Percentages of extracted LREE, HREE and Y concentrations relative to their whole-rock

contents, determined by the results of (A) the six-step extraction and (B) single step extraction.
See Tables 2 and 3 for the experimental conditions. Note that the multiple-extraction columns
with total concentrations exceeding 100 % are forcibly corrected to 100 % in total.

range from 110 to 255 ppm REY (38 — 57 %), from 3.3 to 5.4
ppm Th (6.7 — 11 %) and from 0.85 to 1.2 ppm U (16 — 24 %).
Concentrations of the extracted elements from the weathered
granites by ammonium sulfate solution (single step) range from
103 to 231 ppm REY (36 — 51 %), from 0.17 to 0.34 ppm Th
(0.3 -0.7 %) and from 0.5 to 0.8 ppm U (10 — 17 %).

Depletion of Ce is significant in the ion-exchangeable fraction

and is represented by negative Ce anomalies (Ce/Ce* = Ce /
(LaxPr)"? = 0.05 — 0.57, where the subscript N represents
normalization by C1-chondrite hereafter; Sun and McDonough,
1989). Percentages of extracted Ce concentrations relative to the
whole-rock contents are less than 35 %. La,/Yb, ratios, which
indicate the fractionation between LREE and HREE, in ion-

exchangeable fraction range from 8.4 to 30 in all the samples.
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Fig. 3 Percentages of extracted Th concentrations relative to the whole-rock Th contents, determined by
the results of (A) the six-step extraction and (B) single step extraction. See Tables 2 and 3 for the
experimental conditions.
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Fig. 4 Results of the sequential extraction showing percentages of extracted U concentrations relative to their
whole-rock U contents, determined by the results of (A) the six-step extraction and (B) single step
extraction. See Tables 2 and 3 for the experimental conditions.
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4.2.2 Organic-matter fraction

In the organic-matter fraction (step 2), concentrations of
extracted elements from ion-adsorption ores range from 74 to
131 ppm REY (11 — 31 %), from 9.1 to 18 ppm Th (32 — 48
%) and from 0.2 to 0.8 ppm U (6 — 19 %). Concentrations of
extracted elements from weathered granite samples range from
112to 171 ppm REY (31 -39 %), from 22 to 28 ppm Th (45— 54
%) and from 0.7 to 0.8 ppm U (13 — 17 %). All the samples show
positive Ce anomalies (Ce/Ce* = 3.0 — 13) and La /Yb ratios
ranging from 6.2 to 20.

4.2.3 Fe-Mn-oxides fraction

Concentrations of REY, Th and U extracted in Fe-Mn-oxides
fractions (steps 3 and 4) of all the samples are lower than the first
two fractions (steps 1 and 2) except for Ce (Table 4). Cerium is
enriched in the steps 3 and 4, showing positive Ce anomalies (Ce/
Ce* = 1.8 - 17). La /YD, ratios range from 7.0 to 20. Results of
the step 4 (reaction temperature 60 °C) give higher concentra-
tions of REY and U and lower concentrations of Th than those

of the step 3 (reaction temperature 30 °C).

4.2.4 Clays-sulfides fraction

In the clays-sulfides fraction leached by aqua regia (step 5),
the ion-adsorption ores show the element concentrations ranging
from 14 to 22 ppm REY (3 — 4 %), from 6.2 to 11 ppm Th (17
—37 %) and from 0.4 to 0.8 ppm U (10 — 22 %). The weathered
granites show the element concentrations ranging from 7.4 to 8.1
ppmREY (1-3 %), from 8.8 to 12 ppm Th (17 —23 %) and from
0.7t0 0.8 ppm U (13 — 17 %). La /Yb ratios range from 2.2 to
9.9, and they are significantly lower than the previous fractions

of the extraction steps 1 — 4 in most of the samples.

4.2.5 Silicates fraction

The last step of the six-step extraction is the silicates fraction
leached by mixture acid (step 6). lon-adsorption ores show the
concentrations of leached elements ranging from 4 to 18 ppm
REY (1 =5 %), from 0.4 to 2.7 ppm Th (1 — 7 %) and from
0.5 to 1.0 ppm U (12 — 22 %). Weathered granites show the
concentrations of leached elements ranging from 12 to 14 ppm
REY (3 —4 %), from 2.8 to 3.9 ppm Th (6 — 8 %) and from 1.2
to 1.3 ppm U (22 — 25 %). Eu anomalies (Eu/Eu* = 0.53 — 2.3
except the sample S3) are significantly higher than those of the
other fractions. La /Yb ratios range from 0.81 to 5.6, and they

are lower than the ratios of the other fractions.

5. Discussion

5.1 REE and Y in ion-adsorption ores

Extracted REY concentrations by ammonium sulfate solution

(pH =5.7) are systematically lower than those by sodium acetate
solution (pH = 5.0). This difference in the extracted concentra-
tions is attributed to the differences in ion-exchangeable reagents,
solution pH and/or drying temperatures before the experiments.
An experimental study indicated that REY are more exchanged
by NH," than by Na" from ion-adsorption ores (Moldoveanu
and Papangelakis, 2012). This is inconsistent with our extrac-
tion results (Fig. 3; Table 4). Extracted REY concentrations are
influenced not only by the exchangeable cations (NH,, Na,
etc) but also by the reagents (sulfate, acetate, chloride, etc). It is
difficult to compare the ion-exchange efficiency of ammonium
sulfate and sodium acetate. Moldoveanu and Papangelakis
(2012) also indicated that more REY are extracted from the
ores with decreasing pH of solutions. In the present study, the
difference in extracted REY concentrations is likely to result
from the differences in the reagents and solution pH between
sodium acetate solution (pH = 5) and ammonium sulfate solution
(pH=5.7).

The analytical results of all the samples indicate that the
majority of REY except Ce is present in the ion-exchangeable
fraction (Fig. 2; Table 4). Ion-exchangeable REY excluding Ce
range from 136 to 363 ppm (68 - ~100 % relative to whole-
rock contents). The significant depletion of ion-exchangeable
Ce is recognized in all the samples and it is common in the
ion-adsorption type ores (Wu et al., 1990; Sanematsu et al.,
2013). The depletion of Ce can be explained by the precipita-
tion of CeO, under oxidized conditions (Fig. 1J and 1K) during
weathering because the solubility of CeO, is lower in oxidized
conditions than in reduced conditions in the pH range of soil wa-
ter (Brookins, 1988). Ce(IV) is present in Mn oxyhydroxide (Fig.
1L), because Ce(Ill) is commonly adsorbed on Mn oxide and
the oxidized Ce(IV) is incorporated in the Mn oxide (Ohta and
Kawabe, 2001). Cerium is most abundant in the organic-matter
fraction (step 2), and this result implies that CeO, was leached
by sodium pyrophosphate solution. This fraction has the second
highest REY concentrations following the ion-exchangeable
fraction (step 1), however Ce accounts for the majority of REY.
Cerium is enriched in Fe-Mn-oxides fractions (steps 3 and 4) as
well. This Ce enrichment is probably due to the incorporation
of Ce into Mn and Fe oxides.

La /Yb, ratios of the ion-exchangeable fraction are signifi-
cantly higher than those of the other fractions and whole-rock
compositions, suggesting that ion-exchangeable REY except
Ce are enriched in LREE and depleted in HREE and Y. The
depletion of HREE can be recognized in chondrite-normalized
REE patterns (Fig. 5), and this mainly results from a difference of
weathering resistances between REE fluorocarbonate and zircon.
REE fluorocarbonate enriched in LREE was mostly degraded

by chemical weathering (Fig. 1H and 11), in contrast, zircon
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did not undergo chemical weathering significantly (Fig. 1A,
1B, 1C and 1F). The enrichment of HREE can be seen in the
silicates-fraction (step 6), represented by low La /Yb ratios of
1.0 — 5.6 and chondrite-normalized REE patterns (Fig. 5). This
is likely to result from zircon partly leached by the mixture
acid. Since zircon was not totally degraded by the acid, large
amounts of HREE are present in the estimated residual fraction
(Table 4). Huang ef al. (1989) indicated that typical HREE-rich
ion-adsorption ores in Longnan were derived from fraction-
ated granite abundant in synchysite-(Y), which is HREE-rich
fluorocarbonate. The ion-exchangeable fraction of these ores
would be enriched in HREE because synchysite-(Y) was soluble
in soil water and HREE were adsorbed on clays. Sanematsu
et al. (2013) indicated that LREE-rich ion-adsorption ores in
Phuket of Thailand were formed by the parent granite containing
abundant fluorocarbonate which is enriched in LREE. These
results suggest that the fractionation between LREE and HREE
in ion-adsorption ores is constrained by LREE or HREE abun-
dances in primary REE-bearing minerals and their resistances
to chemical weathering.

Whole-rock contents of Eu and ion-exchangeable Eu concen-
trations are low in all the samples. This is consistent with typical
ion-adsorption ores depleted in Eu (Wu et al., 1990; Bao and
Zhao, 2008). A significant amount of Eu was extracted from the
mixture acid fraction (step 6) as well (Table 4), and this suggests
that residual plagioclase, the dominant Eu-bearing mineral, was
leached by the acid.

Scandium can be included in one of rare earth elements in a
broad sense, however the ion-exchangeable Sc concentrations
are estimated to be low (up to 0.3 ppm Sc; Appendix). In general,
Sc is incorporated in pyroxene and amphibole of ultramafic or
mafic rocks, and granite is not enriched in Sc (Sanematsu et
al., 2012). These results suggest that ion-adsorption ores rarely
have a potential to recover Sc with REY in terms of amount of
resource.

These geochemical features of the ion-adsorption ores are not
significantly different from the three weathered granite samples
collected outside from a mining site. The grades of the studied
ion-adsorption ores are lower than the typical ores of South
China, reported by Wu et al. (1990) and Bao and Zhao (2008).

5.2 Th and U in ion-adsorption ores

Thorium was ion-exchanged by sodium acetate solution (3.7
— 9.4 % of whole-rock content), but was rarely ion-exchanged
by ammonium sulfate solution (<1 % of whole-rock content) as
shown in Figure 3. This significant difference in the concentra-
tions is presumably due to the different ligands of acetate and
sulfate ligands rather than to different pH. Thorium is predomi-

nantly present by complexing with organic and inorganic ligands

in solution at a room temperature (Langmuir and Herman, 1980).
Thorium(IV) is complexed with acetate at a wide range of pH
(Portanova et al., 1975; Rao et al., 2004). In contrast, Th-sulfate
complex is insignificant at pH > ~5.5 (Langmuir and Herman,
1980), and this caused low Th concentrations extracted by am-
monium sulfate solution of pH=5.7.

Thorium is dominantly present in the organic-matter fraction,
and is moderately contained in the clays-sulfides fraction and
estimated residual fraction (Fig. 3). The residual fraction may
suggest the occurrence of insoluble Th silicates (thorite and/ore
huttonite). The host materials of Th are not well understood in
the organic-matter fraction and clays-sulfides fraction.

Uranium was ion-exchanged by both sodium acetate and am-
monium sulfate solutions and the extracted concentrations are
lower in the ammonium sulfate solution. This difference results
from the differences in reagents and pH. Uranium(VI) is likely
to exist as uranyl (UO,*) ion, uranyl-acetate complex or uranyl-
sulfate complex in the extracted solutions, because these ion and
complexes are common as well as other organic and inorganic
complexes at room temperature (Langmuir, 1978; Nguyen-Trung
et al., 1992). Since the stability constants of uranyl-acetate and
sulfate complexes are not significantly different (Nguyen-Trung
et al., 1992), the difference in pH (5.0 and 5.7) may have more
influenced the extracted REY concentrations.

Uranium is extensively present in the estimated residual
fraction, silicates fraction, ion-exchangeable fraction, clays-
sulfides fraction, and organic-matter fraction, however it is
rarely present in the Fe-Mn-oxides fractions (Fig. 4). Uranium
in the residual and silicates fractions may be derived from zircon
and other minerals. Fergusonite (YNbO,), uraninite (UO,) and
coffinite[(U,Th)SiO,-nH,O] are relatively common U-bearing
minerals in granites, however they were not found on the pol-
ished mounts by SEM-EDS. The host materials of U are not
well understood in the clays-sulfides fraction and organic-matter

fraction.

6. Conclusions

Extraction experiments were conducted on the five ion-
adsorption ore samples from South China. The concentrations
of ion-exchangeable elements by 1 M sodium acetate solution
(pH = 5) range from 174 to 388 ppm REY (43 — 68 % relative
to whole-rock contents), from 1.1 to 3.5 ppm Th (3.7 — 9.4 %)
and from 0.44 to 1.0 ppm U (14 — 25 %). The concentrations of
the ion-exchangeable elements by ammonium sulfate solution
(pH = 5.7) range from 170 to 346 ppm REY (42 — 64 %), from
0.03 to 0.31 ppm Th (0.1 — 0.8 %) and from 0.25 to 0.71 ppm
U (818 %).

The ion-exchangeable fraction is significantly depleted in
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Ce because Ce was immobilized as Ce(IV) during weathering
before the other REE(III) and Y were adsorbed on weathering
products in the ores.

The ion-exchangeable fraction is slightly depleted in HREE
and Y relative to whole-rock compositions. The fractionation
between LREE and HREE is most likely to be constrained by
weathering resistances of primary REE-bearing minerals in the
studied samples.

Non-ion-exchangeable REY in the ores are present in residual
minerals such as fluorocarbonates-(Ce), monazite-(Ce), REE
phosphate-silicate (probably britholite-(Ce)), cerianite and
zircon. HREE and Y are dominantly contained in zircon.

The majority of Th and U in the ores are present in organic
matter, acid-leachable minerals (e.g., clays, sulfides, silicates)
and insoluble minerals. The extracted Th and U concentrations

are influenced by the reagents and solution pH.
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Appendix Concentrations of extracted elements in the six-step and single step extraction experiments.

Fraction Li Na Mg Al Si P K Ca Sc Ti \% Cr Mn
ppm _ ppm _ ppm ppm ppm ppm ppm ppm _ppm ppm _ppm ppm _ ppm
Ton-exchangeable (sodium acetate) <0.1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. <0.2 <0.4 <0.02 <0.1 22
Organic matter 1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2.3 n.a. 1.6 <0.5 106
Amorphous Fe oxide and Mn oxide 0.11 n.a. n.a. n.a. n.a. n.a. n.a. na.  <0.2 0.6 <0.5 <5 34
0 Fe and Mn oxides 0.16 n.a. n.a. n.a. n.a. n.a. n.a. na <02 <05 <0.5 <5 4
Clays and sulfides 1.5 20 20 840 n.a. n.a. 20 n.a. 0.3 n.a. 3 3 13
Silicates 6.4 310 80 2680 n.a. n.a. 1330 n.a. n.a. n.a. 3 4.1 14
Whole-rock content na. 1039 1210 75700 361000 87 34700 140 na. 1500 15 <20 85
lon-exchangeable (ammonium sulfate) n.a. 12 22 69 226 <18 318 8§ <005 <I5 <02 <02 26
Ton-exchangeable (sodium acetate) <0.1 n.a. n.a. n.a. n.a. n.a. n.a. na. <02 <04 <002 <0.1 17
Organic matter <1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2.2 n.a. 1.8 <05 48
Amorphous Fe oxide and Mn oxide 0.07 n.a. n.a. n.a. n.a. n.a. n.a. na. <0.2 0.5 <05 <5 14
s1 Fe and Mn oxides 0.07 n.a. n.a. n.a. n.a. n.a. n.a. na. <02 <05 <05 <5 2
Clays and sulfides 1.4 10 10 700 n.a. n.a. 20 n.a. 0.2 n.a. 3 1 6
Silicates 8.1 400 90 2680 n.a. n.a. 1370 n.a. n.a. n.a. 6 4.2 8
Whole-rock content na. 1039 1330 76400 364000 87 31500 140 na. 1380 13 <20 116
Ton-exchangeable (ammonium sulfate) n.a. 15 22 76 252 <18 325 5 <0.05 <L.5 <0.2 <0.2 20
Ion-exchangeable (sodium acetate) <0.1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. <0.2 <04 <0.02 <0.1 29
Organic matter 1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2.5 n.a. 2 0.7 56
Amorphous Fe oxide and Mn oxide <0.05 n.a. n.a. n.a. n.a. n.a. n.a. na. <02 <05 <05 <5 20
© Fe and Mn oxides 0.12 n.a. n.a. n.a. n.a. n.a. n.a. na <02 <05 <0.5 <5 2
Clays and sulfides 1.6 10 10 660 n.a. n.a. 20 n.a. 0.2 n.a. <1 0.7 8
Silicates 8.1 410 100 2660 n.a. n.a. 1070 n.a. n.a. n.a. 3 4.4 11
Whole-rock content n.a. 890 1390 79400 356000 87 29800 210 na. 1380 14 <20 93
Ton-exchangeable (ammonium sulfate) n.a. 16 19 92 237 <18 260 4 <0.05 <l1.5 <0.2 <0.2 36
Ton-exchangeable (sodium acetate) 0.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 03 <04 <0.02 <0.1 105
Organic matter 3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2.9 n.a. 2.5 0.8 205
Amorphous Fe oxide and Mn oxide 0.22 n.a. n.a. n.a. n.a. n.a. n.a. na. <0.2 1.2 <05 <5 84
© Fe and Mn oxides 0.42 n.a. n.a. n.a. n.a. n.a. n.a. na.  <0.2 1.1 <05 <5 13
Clays and sulfides 5 10 20 1010 n.a. n.a. 20 n.a. 1.5 n.a. 5 2.9 27
Silicates 14.3 410 110 2740 n.a. n.a. 670 n.a. n.a. n.a. 4 4.6 34
Whole-rock content n.a. 742 1450 89000 326000 87 24200 140 na. 2640 16 <20 503
Ton-exchangeable (ammonium sulfate) n.a. 10 23 85 220 <18 203 2 0.11 <l.5 <02 <02 157
Ton-exchangeable (sodium acetate) 0.3 n.a. n.a. n.a. n.a. n.a. n.a. na. <02 <04 <002 <0.1 34
Organic matter 4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2.4 n.a. 1.7 1.2 136
Amorphous Fe oxide and Mn oxide 0.37 n.a. n.a. n.a. n.a. n.a. n.a. na. <0.2 1.6 <05 <5 69
<4 Fe and Mn oxides 0.67 n.a. n.a. n.a. n.a. n.a. n.a. na. <02 1 <05 <5 10
Clays and sulfides 9.2 10 40 1180 n.a. n.a. 40 n.a. 1.5 n.a. 2 1.7 42
Silicates 13.2 240 30 1280 n.a. n.a. 1640 n.a. n.a. n.a. 6 53 25
Whole-rock content na. 1040 1630 75900 345000 131 34400 140 na. 2460 10 <20 395
Ton-exchangeable (ammonium sulfate) n.a. 13 28 47 254 <18 288 2 <0.05 <L.5 <0.2 <0.2 39
Tos 1 ble (sodium acetate) 0.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.3 <0.4 <0.02 <0.1 35
Organic matter 3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 3.5 n.a. 3.2 0.7 70
Amorphous Fe oxide and Mn oxide 0.2 n.a. n.a. n.a. n.a. n.a. n.a. na. <0.2 0.7 <0.5 <5 26
S5 Fe and Mn oxides 0.39 n.a. n.a. n.a. n.a. n.a. n.a. na <02 <05 <0.5 <5 9
Clays and sulfides 3.7 10 40 810 n.a. n.a. 30 n.a. 0.9 n.a. 3 2.2 26
Silicates 9.1 420 60 2180 n.a. n.a. 1390 n.a. n.a. n.a. 4 3.4 12
Whole-rock content na. 1630 1870 85400 329000 87 32800 140 na. 2340 17 <20 240
Ton-exchangeable (ammonium sulfate) n.a. 13 47 180 248 <18 366 3 0.13 <15 <02 <02 44
Ton-exchangeable (sodium acetate) 0.1 n.a. n.a. n.a. n.a. n.a. n.a. na. <02 <04 <002 <0.1 33
Organic matter 2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2.7 n.a. 2.4 0.5 72
Amorphous Fe oxide and Mn oxide 0.15 n.a. n.a. n.a. n.a. n.a. n.a. na. <0.2 1.1 <0.5 <5 20
6 Fe and Mn oxides 0.32 n.a. n.a. n.a. n.a. n.a. n.a. na. <02 <05 <05 <5 6
Clays and sulfides 4.7 20 40 820 n.a. n.a. 50 n.a. 1.3 n.a. 3 2 32
Silicates 9.6 340 110 3350 n.a. n.a. 1200 n.a. n.a. n.a. 3 5 22
Whole-rock content na. 1930 1390 89700 333000 87 37100 210 na. 2340 14 <20 209
ITon-exchangeable (ammonium sulfate) n.a. 15 35 120 207 <18 350 3 0.09 <15 <0.2 <0.2 49
Ion-exchangeable (sodium acetate) 0.2 n.a. n.a. n.a. n.a. n.a. n.a. na. <02 <04 <0.02 <0.1 34
Organic matter 2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.7 n.a. 1 <0.5 117
Amorphous Fe oxide and Mn oxide 0.44 n.a. n.a. n.a. n.a. n.a. n.a. na.  <0.2 1.1 <0.5 <5 108
57 Fe and Mn oxides 0.72 n.a. n.a. n.a. n.a. n.a. n.a. na. <02 0.6 <0.5 <5 19
Clays and sulfides 7.2 10 60 1070 n.a. n.a. 70 n.a. 1.5 n.a. 5 3.1 47
Silicates 8.7 320 80 3510 n.a. n.a. 1410 n.a. n.a. n.a. 2 6.8 27
Whole-rock content na. 2230 1690 75200 353000 87 42300 140 na. 2160 9 <20 441
Ton-exchangeable (ammonium sulfate) n.a. 18 41 113 174 <18 392 5 <0.05 <1.5 <0.2 <0.2 47

See Tables 2 and 3 for the experiment conditions.
‘Whole-rock content data are from Murakami and Ishihara (2008).
n.a., not analyzed.
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Appendix (continued)
Fraction Fe Co Ni Cu Zn Ga Ge As Rb Sr Y Zr Nb
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm _ ppm ppm
lon-exchangeable (sodium acetate) n.a. 0.53 <0.03 <0.1 <2 0.51 0.05 0.13 2.7 0.3 20.3 <0.08 <0.001
Organic matter n.a. 3.0 <l <0.6 18 28 <03 0.5 27 0.2 2.8 1.2 0.25
Amorphous Fe oxide and Mn oxide na. 073 <0.08 <0.04 <0.5 0.23 <0.01 <0.04 1.0 <0.1 049 <04  0.006
0 Fe and Mn oxides na. 0.08 <0.08 <0.04 0.8 023 <0.01 <0.04 12 <0.1 0.16 <04 0.012
Clays and sulfides 380 0.5 0.5 041 10.9 34  <0.1 5.1 14 1.7 2.0 0.9 0.2
Silicates 190 0.5 0.6 <02 7.2 9.9 0.1 79 74 324 43 60 23.7
Whole-rock content 15700 57 <20 <10 50 25 1.8 <5 291 12 64.9 179 51.8
ITon-exchangeable (ammonium sulfate) <6 0.24 <0.2 <0.4 0.43 2.3 n.a. 0.40 53 0.23 184 <05 <0.004
Ton-exchangeable (sodium acetate) n.a. 0.33 <0.03 <0.1 <2 046 0.12 025 2.5 0.2 30.4 <0.08 <0.001
Organic matter n.a. 1.5 <l <0.6 13 26 <03  0.60 24 0.1 4.0 1.3 0.24
Amorphous Fe oxide and Mn oxide n.a. 0.30 <0.08 <0.04 <0.5 0.22 <0.01 <0.04 09 <0.1 0.61 <0.4  0.006
- Fe and Mn oxides na.  0.05 <0.08 <0.04 <0.5 0.25 <0.01 <0.04 1.1 <0.1 0.17 <04 0.013
Clays and sulfides 260 0.3 04 029 6.9 24  <0.1 2.5 10 1.2 1.65 0.7 0.2
Silicates 140 0.5 0.7 <02 6.2 9.3 0.1 75 76 363 530 63 19.7
Whole-rock content 14100 60 <20 <10 30 25 1.5 <5 253 12 712 172 49.2
Ion-exchangeable (ammonium sulfate) <6 0.12 <02 <04 <03 2.2 n.a. 0.88 56 0.17 28.7 <0.5 <0.004
ITon-exchangeable (sodium acetate) n.a. 0.86 0.04 <0.1 3 1.3 0.12 023 2.9 0.2 26.7 <0.08 <0.001
Organic matter n.a. 3.0 <l <0.6 19 30 <03 0.7 22 0.1 4.4 1.7 0.23
Amorphous Fe oxide and Mn oxide n.a. 0.39 <0.08 <0.04 <05 0.13 <0.01 <0.04 0.8 <0.1 043 <04 0.002
© Fe and Mn oxides na. 0.10 <0.08 <0.04 <0.5 0.18 <0.01 <0.04 09 <0.1 022 <04 0.010
Clays and sulfides 380 0.6 0.5 022 9.8 24 <0.1 1.8 8.5 0.9 2.4 0.7 0.1
Silicates 230 1.1 09 <02 8.7 8.5 <0.1 79 54 31.1 5.1 51 16.2
Whole-rock content 16000 53 140 70 50 25 2 <5 239 12 59.5 143 37.1
Ion-exchangeable (ammonium sulfate) <6 056 <02 0.8 0.71 23 n.a. 0.92 5.7 0.19 260 <0.5 <0.004
Ton-exchangeable (sodium acetate) n.a. 0.47 <0.03 <0.1 <2 0.16 0.09 0.16 34 0.2 30.5 <0.08 <0.001
Organic matter n.a. 2.8 <1 0.7 16 32 <03 0.9 26 0.2 4.3 2.2 0.43
Amorphous Fe oxide and Mn oxide n.a. 1.1 <0.08 0.06 <0.5 032 <0.01 <0.04 1.0  <0.1 0.86 <04  0.009
© Fe and Mn oxides na. 0.09 <0.08 0.06 0.8 031 <0.01 <0.04 1.7  <0.1 035 <04 0.016
Clays and sulfides 840 0.5 0.7 055 19.1 4.7  <0.1 3.2 18 1.6 1.7 2.2 0.3
Silicates 260 0.3 0.8 <02 10.4 8.6 <0.1 67 34 40.1 2.7 41 1.2
Whole-rock content 31300 56 <20 <10 70 29 2.4 <5 189 24 49.8 474 43.9
Ton-exchangeable (ammonium sulfate) <6 055 <02 <04 0.43 0.81 n.a. 0.69 5.1 0.15 28.5 <0.5 <0.004
Ton-exchangeable (sodium acetate) n.a. 0.11 <0.03 <0.1 4 1.2 024  0.51 22 0.2 38.0 <0.08 <0.001
Organic matter n.a. 1.06 <l <0.6 22 35 <03 0.5 12 0.2 4.8 1.1 0.21
Amorphous Fe oxide and Mn oxide n.a. 0.47 <0.08 0.06 1.3 0.47 0.02 <0.04 1.0 <0.1 1.5 <04 0.003
< Fe and Mn oxides na. 0.05 <0.08 0.07 1.7 042 <0.01 <0.04 1.2 <0.1 0.70 <04  0.007
Clays and sulfides 1160 0.6 0.6 034 27 572 <0.1 2.8 12 1.4 2.3 2 <0.1
Silicates 380 0.3 0.7 <02 13.8 12 0.1 78 40  28.2 0.7 39 21.6
Whole-rock content 29200 52 <20 <10 50 24 1.9 <5 183 27  56.6 400 39.9
lon-exchangeable (ammonium sulfate) <6 <0.05 <02 <04 0.57 2.0 n.a. 1.9 36 020 356 <0.5 <0.004
Ton-exchangeable (sodium acetate) n.a. 2.5 0.1 0.1 3 0.44 0.14 0.26 3.5 0.2 24.6 <0.08 <0.001
Organic matter n.a. 6.7 <1 1.3 27 35 <03 1.1 20 0.3 3.9 4.4 0.34
Amorphous Fe oxide and Mn oxide n.a. 1.4 <0.08 0.08  <0.5 0.27 <0.01 <0.04 1.3 <0.1 0.56 <04 0.004
S5 Fe and Mn oxides na. 023 <0.08 0.11 1.1 022 <0.01 <0.04 12 <0.1 0.19 <04 0.010
Clays and sulfides 810 1.0 0.6 1.1 24.9 3.5 <0.1 32 10 1.3 1.05 2.2 0.1
Silicates 160 04 <05 <0.2 6.4 8.4  <0.1 63.7 40  36.6 1.9 40 2.9
Whole-rock content 29200 59 <20 <10 50 27 1.5 <5 213 32 46 358 353
Ton-exchangeable (ammonium sulfate) <6 1.61 <0.2 <0.4 0.78 2.2 n.a. 0.9 8.0 0.19 23.5 <0.5 <0.004
Ton-exchangeable (sodium acetate) n.a. 0.80 0.04 <0.1 2 0.81 026  0.55 3.5 0.3 43.4 <0.08 <0.001
Organic matter n.a. 3.8 <1 1 22 29 <03 0.9 19 0.3 4.9 3.3 0.34
Amorphous Fe oxide and Mn oxide n.a. 1.3 <0.08 0.04 <0.5 0.26 <0.01 <0.04 12 <0.1 0.74 <04  0.004
6 Fe and Mn oxides na.  0.13 <0.08 0.24 1.2 024 <0.01 <0.04 1.3 <0.1 025 <04 0.012
Clays and sulfides 980 0.8 0.8 1.2 26.6 39 <0.1 34 14 1.9 1.36 2.2 0.1
Silicates 240 03 <05 <0.2 9.8 13.8 0.2 74 54 464 2.8 51 7.3
Whole-rock content 25700 61 <20 <10 60 25 1.8 <5 228 37 62 384 35.2
Ion-exchangeable (ammonium sulfate) <6 077 <02 <04 0.58 3.6 n.a. 2.0 6.9 0.21 35.1 <0.5 <0.004
Ion-exchangeable (sodium acetate) n.a. 042 <0.03 <0.1 4 1.5 0.30  0.66 2.8 0.5 51 <0.08  0.006
Organic matter n.a. 2.4 <l <0.6 17 23 <03 0.4 11 0.3 4.3 1.5 0.26
Amorphous Fe oxide and Mn oxide n.a. 2.2 <0.08 0.09 1.8 0.41 0.01 <0.04 14 <0.1 1.3 <04 0.003
57 Fe and Mn oxides na. 032 008 0.13 34 051 <0.01 <0.04 14 <0.1 032 <04 0.013
Clays and sulfides 1200 0.9 0.9 1.2 405 56 <0.1 4.8 19 1.5 1.6 2.9 0.1
Silicates 350 03 <05 <0.2 11.4 16.8 0.2 73 49 417 2 52 10.1
Whole-rock content 22900 79 <20 <10 80 24 2.1 <5 239 44 623 375 354
Ion-exchangeable (ammonium sulfate) <6 022 <02 <04 0.72 2.8 n.a. 2.2 4.7 0.47 395  <0.5 <0.004

See Tables 2 and 3 for the experiment conditions.

‘Whole-rock content data are from Murakami and Ishihara (2008).

n.a., not analyzed.
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Appendix (continued)
Fraction Mo Sn Sb Cs Ba La Ce Pr Nd Sm Eu Gd Tb
ppm __ ppm ppm ppm ppm ppm _ppm ppm ppm ppm _ ppm _ ppm _ ppm
Ton-exchangeable (sodium acetate) <0.02 <0.01 <0.005 0.035 15 28.5 18.2 5.66 19.5 4.59 0.24 4.60 0.67
Organic matter 0.38 na.  <0.02 0.84 55 382 98.1 086  3.01 0.68 0.033 0.94 0.11
Amorphous Fe oxide and Mn oxide <0.02 <0.1 <0.005 0.06 14  0.64 7.6 013 042 0.089 0.006 0.12  0.018
0 Fe and Mn oxides <0.02  <0.1 <0.005 0.08 <0.05 0.33 19.8 0.08 025 0.054 0.003 0.11  0.006
Clays and sulfides 033 034 0.05 0.33 2.8 0.8 2.9 02  0.68 0.2 <0.1 0.3 <0.1
Silicates 0.2 4 3.6 1.3 78 0.9 2 0.2 0.9 0.3 0.07 0.4 0.1
‘Whole-rock content <2 4 3 4.8 93 424 100  7.62 287 6.83  0.453 7.54 1.53
Ton-exchangeable (ammonium sulfate) <0.4 n.a. n.a. 0.31 11 27.1 18.7 5.24 18.3 3.76 0.20 4.09 0.60
lon-exchangeable (sodium acetate) <0.02 <0.01 <0.005 0.041 13 68.8 39.1 129 421 9.25 0.446 8.29 1.17
Organic matter 0.46 na. <0.02 1.6 4.5 7.5 148 1.5 5.2 1.1 0.052 1.5 0.16
Amorphous Fe oxide and Mn oxide <0.02  <0.1 <0.005 0.07 1.13 1.1 11 0.21 0.71 0.16 0.010 0.18 0.026
s1 Fe and Mn oxides <0.02 <0.1 <0.005 0.11 <0.05 0.34 31 0.091 031 0.066 0.002 0.16 0.008
Clays and sulfides 0.37 0.17 0.03 0.7 2.2 0.60 3.3 0.1 0.49 0.2 <0.1 0.2 <0.1
Silicates 0.2 4 2.7 1.3 73 1.3 2.7 0.3 0.9 0.2 0.06 0.3 <0.1
Whole-rock content <2 4 1 6.3 88  78.6 235 13.7 493 10.1  0.645 10.8 1.85
Ion-exchangeable (ammonium sulfate) <0.4 n.a. n.a. 0.43 11 62.4 38.7 11.7 38.9 7.5 0.4 7.4 1.0
Ton-exchangeable (sodium acetate) <0.02 <0.01 <0.005 0.031 39 71.3 71.3 134 426 9.06 0.44 8.2 1.11
Organic matter 0.62 na.  <0.02 0.83 10.9 9.5 114 1.9 6.5 1.3 0.059 1.42 0.17
Amorphous Fe oxide and Mn oxide <0.02 <0.1 <0.005 0.05 3.1 0.89 5.8 0.18 0.61 0.13  0.011 0.13  0.019
© Fe and Mn oxides <0.02 <0.1 <0.005 0.08 <0.05 0.49 164 0.13 045 0.096 0.003 0.13  0.009
Clays and sulfides 049  0.17 0.03 0.26 2.5 1 1.9 02 082 0.2 <0.1 0.3 <0.1
Silicates 0.4 3 2.3 1.1 57 1.5 2.7 0.3 1.1 0.3 0.06 0.4 0.1
‘Whole-rock content 3 3 3.4 5.0 115 79.0 205 134 484 9.82  0.591 9.51 1.56
Ion-exchangeable (ammonium sulfate) <0.4 n.a. n.a. 0.35 11 62.7 64.9 12.0 39.6 7.44 0.36 7.24 0.98
Ton-exchangeable (sodium acetate) <0.02 <0.01 <0.005 0.18 4 32.6 37.5 7.99 31.1 8.41 1.42 8.47 1.28
Organic matter 0.21 na. <0.02 3.3 6.2 52 99 1.4 5.6 1.4 0.22 1.49 0.21
Amorphous Fe oxide and Mn oxide <0.02 <0.1 <0.005 0.18 1.01 1.03 15 0.27 1.03 0.26  0.044 0.29 0.044
© Fe and Mn oxides <0.02  <0.1 <0.005 031 <0.05 0.58 23 0.16 0.57 0.13  0.020 0.18 0.018
Clays and sulfides 0.23 1.25 0.06 1.9 53 2.8 6.0 0.6 213 04  <0.1 04  <0.1
Silicates <0.1 <0.1 0.2 1.4 160 4.7 4.9 0.8 2.6 0.5 0.13 04  <0.1
Whole-rock content <2 4 4.7 11.6 362  48.7 204 10.1 42.4 10.1 1.99 9.58 1.73
Ion-exchangeable (ammonium sulfate) <0.4 n.a. n.a. 0.87 4 30.6 432 7.5 299 6.82 1.16 7.79 1.15
Ton-exchangeable (sodium acetate) <0.02 <0.01 <0.005 0.12 36 103.0 10.6 23.8 85.0 18.1 2.59 14.6 1.91
Organic matter 0.08 na. <0.02 1.9 12.4 8.9 73 2.3 8.3 1.9 0.30 1.7 0.2
Amorphous Fe oxide and Mn oxide <0.02 <0.1 <0.005 020 4.03 2.8 10 0.69 2.6 0.57  0.088 0.48 0.073
" Fe and Mn oxides <0.02 <0.1 <0.005 0.24 <0.05 1.3 33 0.36 1.3 0.29 0.043 0.34 0.038
Clays and sulfides 0.14 1.55 0.05 2.0 14.6 5.5 6.3 1.1 3.68 0.8 0.1 0.7 <0.1
Silicates 0.2 3 3.7 1.3 321 0.8 0.8 0.2 0.7 0.2 <0.05 0.1 <0.1
Whole-rock content <2 4 2.3 8.3 522 126 149 26.0 102 20.0 3.28 17.1 2.39
Ion-exchangeable (ammonium sulfate) <0.4 n.a. n.a. 0.52 10 91.3 104 218 79.3 14.9 2.17 12.8 1.70
Ion-exchangeable (sodium acetate) <0.02 <0.01 <0.005 0.12 12 50.1 56.2 119 438 9.68 1.34 8.59 1.10
Organic matter 0.2 n.a. 0.02 2.8 9.6 6.7 107 1.7 6.6 1.4 0.20 1.4 0.17
Amorphous Fe oxide and Mn oxide <0.02 <0.1 <0.005 0.20 4.4 0.98 134 024 0.90 0.21  0.031 0.21  0.029
S5 Fe and Mn oxides <0.02  <0.1 <0.005 0.27 <0.05  0.39 164  0.11 0.42 0.09 0.012 0.12  0.010
Clays and sulfides 0.17 0.84 0.78 1.3 4.4 2.6 6.04 0.6 209 04  <0.1 0.3 <0.1
Silicates <0.1  <0.1 0.5 1.4 294 1.5 2.4 0.3 0.9 0.2 0.11 0.2 <0.1
‘Whole-rock content <2 3 2.2 12.8 550  58.9 207 12.7  51.6 10.5 1.91 9.66 1.48
Ion-exchangeable (ammonium sulfate) <0.4 n.a. n.a. 1.35 11 452 57.0 10.8 41.4 7.88 1.12 7.39 0.98
lon-exchangeable (sodium acetate) <0.02 <0.01 <0.005 0.12 24 90.7 44,6 235 87.7 19.0 2.61 15.6 2.05
Organic matter 0.17 na. <0.02 2.5 10.7 8.7 92 2.2 8.4 1.7 0.25 1.6 0.21
Amorphous Fe oxide and Mn oxide <0.02  <0.1 <0.005 0.17 1.75 1.31 11 0.34 1.3 0.29  0.036 0.25 0.036
s6 Fe and Mn oxides <0.02 <0.1 <0.005 029 <0.05 047 20 0.14 0.53 0.11 0.013 0.16 0.013
Clays and sulfides 0.21 1.04 0.06 1.4 53 2.6 6.8 0.6 1.9 040  <0.1 030 <0.1
Silicates <0.1 <0.1 1.2 1.6 379 22 3.9 0.4 1.4 0.3 0.18 0.3 <0.1
Whole-rock content <2 2 2.3 10.2 628  96.8 172 222 92 18.3 2.98 15.6 2.18
Ton-exchangeable (ammonium sulfate) <0.4 n.a. n.a. 0.94 18 84.3 464 224 84.2 16.2 2.2 13.9 1.86
Ton-exchangeable (sodium acetate) <0.02 <0.01 <0.005 0.07 42 122 252 27.4 99.3 20.9 2.76 16.6 2.31
Organic matter 0.07 na.  <0.02 1.1 21.6 8.5 49 1.9 6.5 1.3 0.18 1.2 0.17
Amorphous Fe oxide and Mn oxide <0.02 <0.1 <0.005 0.17 17.7 2.4 21 0.60 2.2 0.48  0.064 0.43  0.061
. Fe and Mn oxides <0.02 <0.1 <0.005 023 084 0.58 84 0.18 0.67 0.16 0.018 041 0.023
Clays and sulfides 0.28 1.39 0.06 1.6 5.2 1.2 14 0.3 0.97 0.2 <0.1 0.3 <0.1
Silicates <0.1 <0.1 1.7 1.5 436 0.8 2.3 0.2 0.6 0.2 0.15 0.2 <0.1
‘Whole-rock content <2 2 3.8 6.6 774 113 300 228 89.5 17.6 2.82 15.3 2.18

Ion-exchangeable (ammonium sulfate) <0.4 n.a. n.a. 0.40 14 106 257 254 92.6 17.2 2.31 14.9 2.07

See Tables 2 and 3 for the experiment conditions.
Whole-rock content data are from Murakami and Ishihara (2008).
n.a., not analyzed.
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Appendix (continued)
Fraction Dy Ho Er Tm Yb Lu Hf Ta Tl Pb Bi Th U
ppm _ ppm ppm _ ppm _ ppm _ ppm ppm ppm ppm _ppm ppm _ppm _ppm
lon-exchangeable (sodium acetate) 3.48 0.62 1.73 0.20 1.30 0.17  0.016 0.003 0.02 14 <0.01 33  0.85
Organic matter 0.53  0.096 0.28 0.039 0.26 0.033  0.052 <0.003 0.20 9 0.08 223 0.7
Amorphous Fe oxide and Mn oxide 0.095 0.018 0.045 0.006 0.036 0.005 <0.005 <0.0005 0.01 26 <01 0.14 0.05
S0 Fe and Mn oxides 0.035 0.005 0.016 0.001 0.014 0.001 <0.005 <0.0005 0.01 039 <0.1 0.11 0.07
Clays and sulfides 043  <0.1 0.3 <0.1 02 <0.1 <0.1 <0.05  0.07 1.5 <0.02 11.5 0.70
Silicates 0.9 0.2 0.8 0.1 0.8 0.1 2.5 1.8 051 7.8 008 2.8 1.2
Whole-rock content 10.6 2.15 6.30 0.993 6.13  0.835 6.4 4.1 1.33 36 02 499 54
Ton-exchangeable (ammonium sulfate) 321 0.62 1.59 0.20 1.13 0.15 na. <0.002 <0.02 6.0 <0.06 023 0.5
Ion-exchangeable (sodium acetate) 5.62 1.02 2.64 0.31 1.86 024  0.024 0.004 0.02 11 <0.01 3.6 094
Organic matter 0.79 0.14 0.39 0.052 0.33 0.043 0.062 <0.003 0.20 6 <0.04 27.6 0.8
Amorphous Fe oxide and Mn oxide 0.13 0.022 0.061 0.008 0.045 0.006 <0.005 <0.0005 0.02 1.7 <01 020 0.05
s1 Fe and Mn oxides 0.040 0.006 0.018 0.002 0.018 0.001 <0.005 <0.0005 0.02 04 <0.1 0.13 0.09
Clays and sulfides 038  <0.1 0.3 <0.1 02 <0.1 <0.1 <0.05 0.07 099 <0.02 10.8 0.70
Silicates 0.9 0.2 0.7 0.1 0.8 0.1 2.2 1.2 041 54 0.06 2.9 1.3
Whole-rock content 11.6 2.31 6.81 1.05 6.41 0.877 6.3 43  0.86 15 <0.1 51.2 5.1
Ion-exchangeable (ammonium sulfate) 52 0.98 2.5 0.3 1.7 0.23 na.  <0.002 <0.02 48 <0.06 0.17 0.64
Ion-exchangeable (sodium acetate) 5.29  0.904 2.33 0.28 1.78 023  0.024 0.004 0.02 32 <0.01 54 1.16
Organic matter 0.84 0.15 0.41 0.053 0.34 0.045 0.067 <0.003 0.20 11 <0.04 232 0.8
Amorphous Fe oxide and Mn oxide 0.099 0.016 0.044 0.005 0.033 0.005 <0.005 <0.0005 0.01 25 <01 0.16 0.04
© Fe and Mn oxides 0.045 0.006 0.021 0.002 0.017 0.001 <0.005 <0.0005 0.01 046 <0.1 0.10 0.06
Clays and sulfides 0.50 0.1 0.3 <0.1 0.3 <0.1 <0.1 <0.05  0.05 1.5 <0.02 88 0.80
Silicates 0.9 0.2 0.7 0.1 0.8 0.1 2.2 1.1 0.34 57 0.08 3.9 1.2
Whole-rock content 9.68 1.89 5.46 0.834 4.98 0.692 5.2 3.1 0.95 47 02 513 4.8
Ion-exchangeable (ammonium sulfate) 4.88 0.90 2.27 0.28 1.56 0.21 na. <0.002 <0.02 136 <0.06 0.34 0.83
Ton-exchangeable (sodium acetate) 6.5 1.13 3.18 0.40 2.8 0.37 0.03 0.005 0.07 9.7 <0.01 32 071
Organic matter 1.1 0.19 0.56  0.081 0.60 0.08  0.086 0.008  0.40 7 0.09 133 0.4
Amorphous Fe oxide and Mn oxide 0.24 0.042 0.11 0.015 0.11 0.014 <0.005 <0.0005 0.04 43 <0.1 0.18 0.03
3 Fe and Mn oxides 0.086 0.016 0.042 0.005 0.039 0.004 <0.005 <0.0005 0.03 093 <0.1 0.05 0.05
Clays and sulfides 039  <0.1 0.3 <0.1 0.3 <0.1 <0.1 <0.05 0.15 29 008 62 0.80
Silicates 0.5 0.1 0.5  <0.1 0.6  <0.1 1.4 <0.1 0.22 6 0.09 27 1.0
Whole-rock content 10.1 1.89 5.43 0.902 593 0.858 11.9 3.3 1.33 42 0.8 36.8 4.7
Ion-exchangeable (ammonium sulfate) 6.03 1.14 2.96 0.39 2.34 0.33 na.  <0.002 0.07 23 <0.06 025 037
Ion-exchangeable (sodium acetate) 8.88 1.46 3.82 0.44 2.84 0.39  0.034 0.007 0.03 232 <0.01 1.1 045
Organic matter 1.2 0.21 0.58 0.08 0.57 0.073  0.051 0.004  0.20 4 <0.04 114 0.2
Amorphous Fe oxide and Mn oxide 0.39  0.065 0.17 0.021 0.15 0.019 <0.005 <0.0005 0.03 2.1 <0.1 0.17 0.04
” Fe and Mn oxides 0.20 0.034 0.093 0.011 0.086 0.010 <0.005 <0.0005 0.03 0.53 <0.1 0.09 0.06
Clays and sulfides 0.76 0.1 04  <0.1 04  <0.1 <0.1 <0.05  0.08 4.8 0.06 104 0.7
Silicates 02 <0.1 02 <0.1 0.3 <0.1 1.4 14 036 9.2 0.07 0.40 0.5
Whole-rock content 12.6 2.19 6.11 0.907 5.8 0.828 10.4 34 071 23 0.2 302 3.2
lon-exchangeable (ammonium sulfate) 8.09 1.43 3.56 0.43 247 0.34 na. <0.002 <0.02 0.29 <0.06 0.03 0.25
lon-exchangeable (sodium acetate) 5.29 0.89 2.31 0.27 1.70 0.23  0.024 0.004 0.01 19.8 <0.01 3.5 1.03
Organic matter 0.88 0.15 0.41 0.053 036 0.045 0.161 0.007  0.10 9 0.07 17.7 0.8
Amorphous Fe oxide and Mn oxide 0.14 0.026 0.064 0.008 0.052 0.006 <0.005 <0.0005 0.01 41 <0.1 0.15 0.06
S5 Fe and Mn oxides 0.05 0.008 0.022 0.003 0.015<0.0005 <0.005 <0.0005 0.02 1.2 <0.1 0.06 0.07
Clays and sulfides 030 <0.1 02 <0.1 02 <0.1 <0.1 <0.05  0.07 6.1 007 74 0.4
Silicates 04  <0.1 0.3 <0.1 04  <0.1 1.3 0.1 0.27 69 007 1.1 0.5
Whole-rock content 8.54 1.60 446 0.690 4.28  0.608 9.3 2.8  0.62 27 03 36.8 4.2
Ion-exchangeable (ammonium sulfate) 4.88 0.90 2.23 0.27 1.51 0.21 na. <0.002 <0.02 9.0 <0.06 0.31 0.71
Ton-exchangeable (sodium acetate) 9.61 1.62 4.27 0.49 2.96 0.40  0.042 0.009 0.02 14.1 <0.01 3.0 090
Organic matter 1.1 0.18 0.50  0.066 0.41 0.053  0.131 0.007  0.10 7 <0.04 16.1 0.6
Amorphous Fe oxide and Mn oxide 0.18 0.032 0.084 0.010 0.062 0.008 <0.005 <0.0005 0.01 23 <01 023 0.05
s6 Fe and Mn oxides 0.064 0.011 0.027 0.003 0.024 0.001 <0.005 <0.0005 0.01 0.82 <0.1 0.07 0.08
Clays and sulfides 0.31 <0.1 02 <0.1 02 <0.1 <0.1 <0.05  0.07 50 0.06 82 0.5
Silicates 0.5 0.1 0.5  <0.1 0.6  <0.1 1.7 03 038 9.5 008 2.1 0.8
Whole-rock content 11.8 2.14 5.81 0.851 5.15  0.709 9.5 2.7 083 38 03 342 3.8
Ion-exchangeable (ammonium sulfate) 9.24 1.67 4.11 0.49 2.75 0.37 na. <0.002 <0.02 5.5 <0.06 020 0.66
Ion-exchangeable (sodium acetate) 10.3 1.75 4.59 0.49 2.89 0.38 0.05 0.009 0.02 24 <0.01 1.7 044
Organic matter 0.86 0.15 0.40 0.052 0.31 0.04  0.069 0.005  0.10 8 <0.04 9.1 0.3
Amorphous Fe oxide and Mn oxide 0.31 0.051 0.13 0.015 0.089 0.012 <0.005 <0.0005 0.05 6.7 <0.1 027 0.08
. Fe and Mn oxides 0.10 0.017 0.045 0.005 0.035 0.003 <0.005 <0.0005 0.06 1.0 <01 0.17 0.12
Clays and sulfides 037  <0.1 0.3 <0.1 0.3 <0.1 <0.1 <0.05  0.12 62 005 10.7 0.5
Silicates 0.4 0.1 04  <0.1 0.6  <0.1 2 05 049 116 0.08 1.2 0.7
Whole-rock content 11.7 2.06 545 0.774 4.59 0.614 9.3 2.7 133 46 0.2 28.6 2.8

Ton-exchangeable (ammonium sulfate) 10.1 1.80 4.29 0.49 2.58 0.34 na.  <0.002 0.03 0.59 <0.06 0.12 0.35

See Tables 2 and 3 for the experiment conditions.
Whole-rock content data are from Murakami and Ishihara (2008).
n.a., not analyzed.
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Ryu Ohtani and Satoshi Itaba, (2013) A method to estimate fault model of slow slip event using
strainmeters of the integrated groundwater observation well network for earthquake prediction of the
Geological Survey of Japan, AIST, Bull. Geol. Surv. Japan, vol.64, p331-340, 11 figs, 1 table.

Abstract: A method to estimate fault parameters due to slow slip event was developed and tested. The
method is based on a grid search to find the fault that minimizes the residual between the calculated and
observed strain at strainmeter stations. According to a simulation study, it is shown that the method can
retrieve the given fault parameters for the case of homogeneous fault slip while the extent of fault is
underestimated and the slip amount is overestimated for inhomogeneous slip distribution cases. However,
the area where the slip is relatively large and the moment magnitude of the slow slip event are well

retrieved.

Keywords: slow slip event, elastic deformation, strain, borehole strainmeter, fault parameter, grid search
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PEERAR AT (DL, EERRIT & IT5) M [ AKSE:
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SOMEIRETZENEL UEIBROT N EEE %,
FEN TN I 1) 2 EOEHFAE & BUllE & DisE el &
BAMZT 5 K912, WEOMERIESAD, TN EES
Vo P —FTHETSEDTH S, FEFIZBIH X 7z
W DHEDr — 252 L2V Iab—YayEfro
ToAER, BT RO 5 &5 A 7GA IR & < W
J@/S5 X =2 T TBIENTE . —F, REEXR
TR &5 2 7255000, {3 RO D i
FEEOED LD E/NEL, TRDFEITKEL K720,
FTARDBEOKE LIS WETAE N, E—4 b
YT ZFa—- N5 A3 DL REEBEDS BOEER
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1. @FLC®IC

PR HARIZVEAGAT 7 4 DV E VT L — P D AIAA
WTIE, kv =F2—F 8253 20EKMENED
BULRAETZZENHMBNTNS. WEHF, ZOEKME
FEERERR & D VEERIITT, TL — b BIFANEEE O (%
SERGE R S B ~For) K 0 S MY RV e (1 B
E~BEE) 2 TTRBBURMN LIRS h, Thoid

[W - < D HFE (slow slip event) | & FFIE 3Ty 5 (Schwartz
and Rokosky, 2007). A1, R il ~ REP IR
EBCIE, MEARERA 1 H~ 1 EBFEEOW - < ) HIFE»
BEORE LR L, W< DEICEES HugZ @82, [Flis
WIS SN T3 X RITORREEE R LR A 7 & —
LEFIZ & > TR X R TV B UMKIED, 2006). %
7o, HOMHLTT, RAOREE, WENZBWT, BRA S RER -
AT =L EHO LA 5 < DHEIER X h T
% (B 21X, Ozawa et al., 2002; Hirose and Obara, 2005; 7]\
J&H, 2007). R, MR A BRHEEOW > < D HiE
d, KRHUEERNCRAE T 3R H S LB L5 Tn
27V 2y T KRB D 5 LEREN TN
Bz, BAMESSHE PR ERS (2007). Z
SLEZ s, W< ) HITEDRSR RS % i
T5Z L, KEOREEEET S L TRl CEET
hHLEEZEZEND.

74 VE VT L — F ORAAR THRAET B E KM
BTk DA - il - mdEO Pl A HEEE LT,
PEFRAITIZ 2007 £ LIRS, BRI ~ACO-EE~UEIC AT
B L O T RS OB A i U CNRIZ A, 2009; Ttaba
et al., 2010), ZOEMHERE R —LX—Y L TARLT
W5 (http://www.gsj.jp/wellweb/) . ABLHINEIZ & 20 R
7 R = LERE WD IER IS SR THSE O ML A
TEDHEHRMIRINTED, ©-< DHEOHEEAHE
BDONTWREIATHS. ZMFART H—ILEET,
KFZIZ X DB N T & HERERMFEF S e v o 72

" BRI ZEEBIMT (AIST, Geological Survey of Japan, Institute of Geology and Geoinformation) Email: ohtani-ryu@aist.go.jp
PGk - HEWISE L~ & — (AIST, Geological Survey of Japan, Active Fault and Earthquake Research Center)
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WARKRTA A T EEFEIC ARSI R THEIRS
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N EOHEEEITH. WH, ZhTho/iy FITE0WT,
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MeClH - 720E%ic % 5 AT 5. £§, kEts
LELT, F2ROEI B—HETNDEFIL(F—2
A)ERELE ZZTHELEZBEET L2 LI A
3R EHACOEREZ[BHE] & LTS, 29X
DTN R EDATEL, BIRDEISITHY
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BN OE 2 TBIHE & LTl 5. &, Bl
ORI A G 5 72012, §XD Ok % 2
HE & LT, mfENARRET XD BEDOSMOS—hkE TR
DOBGEIZE 2 K, —FRTHAVTNDDOBEIEHE 3 X
LhBEIBEITRDELE L. —HTHENTRY) DS
IZOWT, Bl L3N OBREEES 4 XIZR
. ZhIZ /A4 &M A TE Exx, Exy, EyyD &Ry O
Ml 7 — 2 #AE L 72 (55 5 IXI). BfbSo-EEn L
AZXELT, BlEOKRN% 505 AHFAEHOT -4
D24 RS ZE(FERIERR ) DI 5 D & 2212 (A -
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SRV LRI ZE T 0 2 R M2 B H i -net O BIIAT, A2 E LI PR OGNS S BLHIGEONE T O &Ll
M, HRUEBEFEO R 7 ok — LB OB (O3 & BTN FHBEARED K — A X =D XD  http://www.
jishin.go.jp/main/p_chousakansokuOl.htm). FEWKGODMEIKIZ, W - < O HEIHFIZ A L T 5 CNEH
(2007)& 1), A CHH I = REIR A A G TR U 72 fEIk.

Location of the new observation sites of the integrated groundwater well network for earthquake prediction of the
Geological Survey of Japan, AIST (numbers with black circles; the names of the stations are summarized in Table 1).
The red dots represent the Hi-net seismograph stations of the National Research Institute for Earth Science and Disaster
Prevention (NIED), the green dots represent the GEONET GNSS stations of the Geospatial Information Authority of
Japan (GSI), and the blue dots represent stations of borehole strainmeters (quoted from the web page of the Headquaters
for the Earthquake Research Promotion: http://www.jishin.go.jp/main/p_chousakansoku01.htm). The shaded regions
represent the area where slow slip events are frequently observed (Obara (2007)). The red box indicates the study area.

Bk PERMOBIRBINGE & 2 Dl

Table. 1 Name of the new AIST observation sites and the abbreviation.
@ | EHEME (TYS) FF IR (MUR)
@ | MABRERE (ITA) © | BHMAEAL (KOC)
® | #2dtEIlL MYM) AR LA (MAT)
@ | HEFFHMWIE (ICU) @ | BEFFF (UWA)
® | HiAE (HGM) @ | £1&EKAREE (TSS)
® | BAZER (KST) ® | ERIE (ANO)
@ | BIEERE (ANK) JBIB KA (SSK)
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Case A (mm)
H2X 5A 6N PURN WG
DG (D DNy F)
108 &, HESE & 7z R i O E
RO T E 7). R
10.6 R Wik N0 DT -
& ZInput Truell, #EE X7
L d404 Wik, S % — % I$EstimatediZ /R
9. Estimated D 5NN O Kfiti1Z.,
s HEAE A D R HESERE (REL < 12
XEZR) . Kr— 2054613,
0 =3 RO 5MiTH 5.
Fig.2  Distribution of hypothetical fault
] slip (colored patches) and estimated
98 fault plane (thick black rectangular).
The fault parameters are shown
9.6 on the bottom. The uncertainty
Input Model: _ Estimated: of the estimated parameters are
) 9.4 also indicated in the parenthesis.
Length: 35 km Length: 35 (16 ~ 55) km In this case, slip distribution is
Width: 45 km Width: 45 (34 ~ 52) km 9.2 homogeneously given.
Mw: 57 Mw: 5.7
9
Case B (mm)
I3 oM. (HUARY—&F
- N5 EGZ TS,
Fig. 3 Same as Fig. 2 but the amount of
slip is heterogeneously given.
20
F 115
F 110
Input Model™,_ _ Estimated:
Length: 35 km Length: 25 (17 ~ 36) km 5
Width: 45 km Width: 25 (21 ~30) km
Slip: - mm Slip: 25 (17 ~ 36) mm
Mw: 5.8 Mw: 5.8
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Fig. 4 Spatio-temporal variation of the slip rate on the hypothetical fault given in Fig. 3.
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£
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PEMRMHEIIAIC B 5, FARDTNDICL > THER I NZHEORRS. &, 7, #ROFI
ZNEN Exx, Exy, EyyDEERT. /A ZL~ULE 05X 10" & L7z,

Synthetic time series of line strain due to the fault slip given in Fig. 4 for AIST stations. Blue, red, and
green lines indicate Exx, Exy, and Eyy components, respectively. Noise level is assumed to be 0.5 X 10°.
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m X X X
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- LSS
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5e-08 strain
Expansion

Contraction

FolXl  H2KOMEATND ML -5 TEEEND
PERRITEII COFERE. ErohN, Garbhi
Wikd -5 XDIZK 2 EOTE, Ak S N 5E IR
SRR SN/ E O, AT THIE S izl
ETFNLEMOTEE SN2 0.

Fig. 6  Principal strain at the AIST stations. From left to right,
strains calculated for the fault slip given in Fig. 2,
derived from the corresponding synthetic time series, and
estimated using the fault parameters determined by the
grid search, are shown.

3. MREZBE

B, HoMic, HEL L TReNIWET
RO OB EE TR EEEE TN 540 (5 — ZA),
REET RO 540 (r — ZAB)DENEFND r — ZIZD0
ORY. ¥, ZIZTIHERIFREERO 2D, HiHT 25
I3y FUFD 5 K DHEMRFEL T b g EhTn b,
PEX20 km ~ 40 kmD & DIZPRE L TV 3. KOREET
FENZMUMHR, 7))y FH—FIZk DS HEE
MiETH B, HIZ, AW, HABENZFIAL P I A4 XD
15 fELIPNICINE 278y F 235 UL, VRO AT
b2 ENKESRE. 7L -2 —iE, &3y F
T, FRROXSICHEINEZADTTRADEDERL

ITA £ 4 £
- X X X
Icu 7L 7L 7L
HGM / / ][
KST -’- -|- -'-
5e-08 strain
Expansion
Contraction

FIX e LML, (HUSIKD ARG E L3 XD 310D
5.

Fig.7  Same as Fig. 6 but for the slip case in Fig. 3.

TED, Sy FRREDNZNEDTHS. 5416
hWrE T IS EfiARD 6 h Tk, Z OO
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x10~

slipfmm]: 25 Mw: 5.6
[ stipimm] 0s

H8X AFEOFE B CHE XN 2B ENAWE T XD OBRMHOMNE WD &, GoOERITE
ZEEERNT. FH2XOWET DD — 2054,

Fig. 8  Tentative fault plane and slip amount estimated as the first step by the grid search for the case in Fig. 2.
The small rectangular patches are faults and the gray color indicates the residual of fit.

x 10~

1.6
1.4

1.2

0.8
D slipfmm]: 40 Mw: 5.7

FOX HESKER L. {HUWRET N IEE3IXDEA.
Fig. 9  Same as Fig. 8 but for the slip case in Fig. 3.
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Case C (mm)
12
10
8
6
4
Input Model: , Estimated:
Length: 35 km Length: 30 ( 9 ~ 54) km 5
Width: 45 km Width: 30 (15 ~ 36) km
Slip: = mm Slip: 10 (3 ~16) mm
Mw: 5.6 Mw: 5.6
B0 FEIXEEC. HLAEOTND BEEFIHNE L LA,
Fig. 10~ Same as Fig. 3 but the slip amount is reduced to a half.
x10°
13
12

D slip[mm]: 20 Mw: 5.5

B HIXEE L. (ALWRET D 5 10 D5,
Fig. 11 ~ Same as Fig. 8 but for the slip case in Fig. 10.
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