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Abstract: We have applied the sequential extraction procedure developed by the Community Bureau of
Reference (BCR) to eight Japanese geochemical reference materials. By using this method, we attempt to
extract exchangeable and carbonate phases in step 1, extract iron hydroxide and manganese oxide in step
2, and extract metal sulfide and organic material in step 3. We use X-ray diffractometry (XRD) to measure
untreated samples and the residue of samples after each step of the extraction process to determine
whether the target material is satisfactorily decomposed during the procedure. For JSd-1 and JSd-3,
XRD patterns do not change significantly by using the BCR procedure. Actually, most of the elements
in these materials are scarcely extracted by BCR scheme. The peaks of calcite in JSd-4, JMs-1 and JMs-
2 disappear in the XRD patterns after the first extraction procedure. The result suggests that the target
phase of step 1 process is fully decomposed. JLk-1 and JMs-2 show high concentrations of the Fe and Mn
extracted in step 2. However, it is difficult to clearly confirm the full decomposition of iron hydroxide and
manganese oxide in step 2 because these materials do not show distinct peaks in the XRD patterns. Pyrite
in JMs-1 disappears in step 3 of the extraction, which suggests that sulfide is satisfactorily decomposed
in this process. X-ray reflection intensities of some peaks for quartz and plagioclase in JSO-1 increase
significantly after step 3 of the extraction. It is assumed that organic material thickly covered the mineral
surfaces and reduced the X-ray reflection from the minerals prior to the third procedure. Although this
evidence is indirect, we conclude that organic material is successfully decomposed and removed from the
mineral surface during the third extraction procedure. On the basis of these results, it is confirmed that the
BCR protocol can properly extract target materials from the geochemical reference materials.

Keywords: geochemical reference material, sequential extraction, BCR protocol, X-ray diffractometry,
speciation

1. Introduction

The Geological Survey of Japan, National Institute of
Advanced Industrial Science and Technology (AIST), con-
ducted nationwide geochemical mapping both on land and in
a marine environment (Imai ez al., 2004, 2010). These maps
provide the spatial distribution of elemental concentrations on
the earth’s surface for environmental assessment. However,
because physic-chemical properties and toxicities of elements
in the materials change according to their chemical species,

elemental speciation in materials must be obtained to conduct

more appropriate risk assessment. A sequential extraction
method widely used to identify chemical species in sediment
and in soil materials has been standardized by the Community
Bureau of Reference (BCR) (Crosland et al., 1993; Ure et al.,
1993), which provides reference material for quality control
of sequential extraction procedures (BCR-701: lake sediment)
(e.g., Sutherland, 2010). Geochemical mapping is conducted
by using various sample media such as soil, regolith, and drain-
age system sediment (Darnley et al., 1995). Therefore, a wide
variety of reference material should be prepared for quality

control of speciation studies. For such a purpose, Kubota et al.
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Table 1 List of eight geochemical reference materials provided by Geological Survey of Japan, AIST
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Na Mg Al Si P K Ca Mn Fe Total C Total S Cl
Name Category Ref.
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
JLk-1 Lake sediment 0.78 1.05 8.85 2672 0.091 233 0.49 0.206  4.85 1.503  0.1052 n.d. a,b
JSO-1 Soil 0.50 1.27 9.56 17.94 0209 0.8 1.82 0.153  7.96 8.91 0.2 n.d. c
JSd-1 Stream sediment 2.02 1.09 7.75 3111 0.053 1.81 2.17 0.072  3.54 0.111  0.0068 0.00675 b,d
JSd-2 Stream sediment 1.81 1.65 6.51 2841 0.046  0.95 2.61 0.093  8.15 0316  1.31 0.0028 b,d
JSd-3 Stream sediment 0.30 0.71 5.24 3553 0.036 1.64 0.40 0.115  3.06 0.62 0.06 0.0039 b, d
JSd-4 Stream sediment 1.69 2.44 7.00 2390 0.196 1.16 3.98 0.083  5.64 2.896  1.1489 nd. e f
IMs-1 Marine sediment 3.02 1.73 8.37 25.12 0079 1.86 1.52 0.079 483 1.69 1.32 2.69 c
IMs-2 Marine sediment 4.30 1.95 7.50 19.53 0550 2.24 3.34 1.75 7.67 0.39 0.29 4.05 c

a) Ando et al . (1990); b) Imai et al . (1996); ¢) Terashima et al . (2002); d) Terashima et al . (1990); e) Certificate of GSJ CRM JSd-4; f) Kubota (2009)

(2014) applied the BCR protocol to eight series of Japanese
geochemical sedimentary reference materials. However, this
method extracts various elemental forms by using chemical
reagents. In some cases, a reagent extracts only a part of the
targeted phase or decomposes an unintended phase (e.g., Mar-
tin et al., 1987; Coetzee et al., 1995). Thus, X-ray diffraction
(XRD) analysis is used to elucidate the adequateness of the
BCR protocol. The objectives of this study are to examine
the manner in which the mineralogical composition of the
geochemical reference material changes during the sequential
extraction procedure and to compare the variation of mineral-
ogical compositions to concentrations of elements extracted.

The methods for these objectives are based on BCR protocol.

2. Sample materials

The eight series of the Japanese geochemical sedimentary
reference materials were used for the sequential extraction
study. JLk-1 is muddy sediment occurring 63 m below the sur-
face of Lake Biwa (Ando et al., 1990). The surface part of the
sediments (uppermost 0-20 cm) was used for the production
of JLk-1. JSO-1 contains Kuroboku soils (Andosol) collected
from the Kanto region that originated from volcanic ash and
is rich in organic materials (Terashima et al., 2002). JMs-1 is
muddy inner bay sediment from Tokyo Bay that has anoxic
facies (Terashima et al., 2002). The bottom sediment (0-2
m) including a small amount of shell fragments was collected
for the production of JMs-1. JMs-2 is a composite material
of pelagic sediments obtained from the South Pacific Ocean
(Terashima et al., 2002). Biogenic calcareous and siliceous
materials are not abundant in these sediments because the
sampling locations are below the calcium carbonate compensa-
tion depth and are not in the high biogenic productivity zone
(Nishimura and Saito, 1994). JSd-1-4 are stream sediment

materials collected from drainage basins containing granitic

rocks (JSd-1), metamorphic rocks associated with a Cu mine
(JSd-2), accretionary complexes associated with chert (JSd-3),
and an alluvial basin associated with an urban area (JSd-4) (e.g.,
Terashima et al., 1990). Table 1 summarizes the concentrations
of Na, Mg, Al, Si, P, K, Ca, Mn, Fe, C, S, and Cl in the eight

geochemical reference materials.

3. Analytical methods

3.1 Sequential extraction procedure (BCR protocol)
Sequential extraction was performed according to the BCR
scheme proposed by Rauret ef al. (1999). The actual extraction
procedure has been carefully summarized by Kubota et al.
(2014). The BCR scheme divides elemental binding forms
into four associations. In step 1, the carbonate and exchange-
able phases, elements in the carbonate form and those weakly
adsorbed on mineral surfaces are extracted by using acetic acid
at 0.11 mol L™! concentration. In step 2, the reducible phase,
the elements bound to iron hydroxide and manganese oxide
are extracted by using hydroxylamine hydrochloride at 0.5
mol L' concentration. In step 3, the oxidizable phase, metal
sulfide and elements bound to organic matter are extracted by
using hydrogen peroxide and ammonium acetate. The final
residue is decomposed by using an HF-HNO,~HCIO, solution.
Although the decomposition of final residue is not part of the
original BCR extraction scheme, it is termed “step 4” in this
study (Kubota ez al.,2014). The concentrations of 38 elements
extracted in each step were measured by using inductively
coupled plasma atomic emission (ICP—AES) and ICP-mass
spectroscopy (MS; Kubota et al. 2014). Table 2 summarizes
the concentrations of the Na, Mg, Al, P, K, Ca, Mn, and Fe

extracted in each step.

3.2 X-ray diffractometry

For XRD analysis, the residues from respective steps of the
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Table 2 Concentrations of major elements in steps 1—4 obtained from BCR extraction procedure (Kubota et al., 2014)

Na Mg Al P K Ca Mn Fe
(wt. %) (wt. %) (wt. %) (mg/kg)  (wt. %) (wt. %) (mg/kg)  (wt. %)
JLk-1 0.0066 0.029 0.022 43 0.026 0.145 1260 0.029
JSO-1 0.0079 0.029 0.22 4.5 0.022 0.520 140 0.0077
JSd-1 0.024 0.035 0.13 3.5 0.027 0.110 92 0.032
JSd-2 0.027 0.056 0.10 21 0.027 0.80 151 0.46
JSd-3 0.003 0.010 0.11 2.9 0.026 0.062 190 0.0023
JSd-4 0.75 0.65 0.069 8.1 0.118 2.57 179 0.037
IMs-1 1.86 0.36 0.080 6.0 0.221 0.61 159 0.034
IMs-2 2.69 0.47 0.031 73 0.225 1.14 368 0.0004
25023 1.80 0.36 0.043 29 0.180 0.62 370 0.021
"Ohta et al . (2007)
Step 2
Na Mg Al P K Ca Mn Fe
(wt. %) (wt. %) (wt. %) (mg/kg)  (wt. %) (wt. %) (mg/kg)  (wt. %)
JLk-1 0.0013 0.067 0.37 450 0.027 0.076 361 1.44
JSO-1 0.0008 0.042 1.69 52 0.006 0.066 613 0.61
JSd-1 0.008 0.082 0.38 293 0.035 0.094 99 0.41
JSd-2 0.023 0.13 0.41 261 0.049 0.52 174 1.83
JSd-3 0.0005 0.008 0.28 39 0.014 0.020 268 0.22
JSd-4 0.021 0.63 1.03 386 0.061 0.225 173 1.40
IMs-1 0.049 0.20 0.75 272 0.112 0.13 135 0.91
IMs-2 0.47 0.22 0.75 1990 0.63 0.95 14780 1.55
Step 3
Na Mg Al P K Ca Mn Fe
(wt. %) (wt. %) (wt. %) (mg/kg)  (wt. %) (wt. %) (mg/kg)  (wt. %)
JLk-1 0.004 0.047 0.15 97 0.010 0.031 102 0.11
JSO-1 0.002 0.025 1.74 165 0.003 0.013 99 0.45
JSd-1 0.010 0.034 0.07 44 0.012 0.072 26 0.016
JSd-2 0.009 0.037 0.14 109 0.004 0.036 27 0.52
JSd-3 0.002 0.006 0.11 10 0.006 0.008 43 0.032
JSd-4 0.012 0.14 0.51 210 0.011 0.054 45 0.16
IMs-1 0.020 0.089 0.37 73 0.009 0.056 89 0.44
JMs-2 0.024 0.10 0.63 620 0.18 0.057 363 0.022
Step 4
Na Mg Al P K Ca Mn Fe
(wt. %) (wt. %) (wt. %) (mg/kg)  (wt. %) (wt. %) (mg/kg)  (wt. %)
JLk-1 0.80 0.77 4.90 440 1.96 0.13 365 2.96
JSO-1 0.48 1.13 3.34 1790 0.20 1.08 640 6.15
JSd-1 2.11 0.90 4.23 239 1.62 1.69 542 2.75
JSd-2 1.75 1.39 3.40 281 0.80 0.98 545 4.65
JSd-3 0.32 0.67 3.56 367 1.35 0.22 697 2.71
JSd-4 0.96 0.91 3.11 1200 0.82 0.75 409 3.63
JMs-1 1.03 1.00 4.10 427 1.29 0.41 351 3.16
JMs-2 0.73 1.14 4.14 2880 1.02 1.03 507 5.57
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BCR extraction applied to duplicated samples were filtrated by
using a 0.45 pm cellulose—acetate membrane filter. The samples
on the filters were washed five times with deionized water and
were then freeze-dried. Samples with no treatment were also
prepared for comparison. Each sample was characterized in
the 20 = 5°-70° range by a powder diffractometer (Rigaku
RINT-2500) with CuKa radiation. The X-ray tube was operated
at 40 kV with a 100 mA current. The scanning velocity was 2°
(26) /min. Each sample was placed in a concave region (15 mm
x 20 mm x 0.2 mm) of a reflection-free sample holder and was
pressed vertically by using a glass microscope slide to planarize
the surface and to remove excess sample powder. The detection
limit for identification of unknown crystalline materials using
by XRD was at least a few percentages of each sample.

BCR protocol extracts metals bound to iron hydroxide and
manganese oxide at the extraction of step 2. However, these
materials produced very broad diffraction peaks (halo) rather
than distinct peaks in the XRD patterns at 20°-30° (26). There-
fore, the degree of crystallization was useful for elucidating
the decomposition of iron hydroxide and manganese oxide
after step 2 of the extraction. The degree of crystallization
(%) is calculated by the following equation in the range of
10°—40° (20) after removal of background scattering unrelated

to amorphous and crystalline materials:

degree of crystallization (% ) =100 x . / (Ic + L),

where /. and .indicate the integrated intensity of all crystal-
line sharp peaks above background and that of amorphous
broad peak that is the area under the smooth curve above
background, respectively. The degree of crystallization was
estimated by using JADE 6.0 (Materials Data, Inc.). The degree
of crystallization estimated here has a large margin of error
because it is difficult to plausibly approximate a background

curve. The obtained data are summarized in Table 3.

4. Results

4.1 Sequential extraction of major elements in Japanese
geochemical reference materials

Figure 1 shows the distribution of Al, P, Na, K, Mg, Ca, Mn,
and Fe concentrations in samples for four fractions obtained by
the BCR scheme (Table 2). We explain the distribution of ele-
ments in the geochemical reference materials in a straightfor-
ward manner because Kubota et al. (2014) carefully explained
the method in which the speciation of elements extracted by the
BCR protocol reflects their origins or sedimentation environ-
ments. Essentially, step 4, the final residue step, is the most
dominant fraction for all elements except for Mn. The Ca is
strongly extracted in step 1; P and Fe are removed in step 2; and
Mn is abundantly extracted in steps 1 and 2. The high percent-
ages of P, Mn, and Fe extracted in step 2 are explained by the
iron— manganese (hydro—) oxide phase. The high proportions
of Na and K in JSd-4, JMs-1, and JMs-2 extracted in step 1 are
explained by sea salt contamination because marine sediments
were not desalinated (Terashima et al., 2002; Kubota et al.,
2014). The high percentages of Ca and Mg in step 1 for JSd-4,
JMs-1, and JMs-2 indicate the digestion of calcium carbonate.
Al in JSO-1 is strongly extracted in steps 2 and 3. This fact
indicates that JSO-1 is abundant in amorphous aluminum—iron
hydroxide and in Al bound to organic material. Fe in JSd-2
is expected to be highly extracted in step 3 of the process
because it is originated from metamorphic rocks associated
with the Hitachi copper mine (Omori et al., 1986). However,
the proportion of Fe in JSd-2 was higher in the step 2 extraction
at approximately 20 % but was lower in step 3 at 10 % (Fig.
1). Kubota et al. (2014) assumed that pyrite may have been
oxidized to iron hydroxide or that the relative abundance ratio

of pyrite to crystalline minerals containing Fe would be small.

Table 3 Degree of crystallization (%) of geochemical reference materials

Name Untreated Step 1* Step 2* Step 3*
JLk-1 39% 40% 40% 41%
JSO-1 13% 17% 16% 24%
JSd-1 65% 68% 69% 69%
JSd-2 63% 66% 68% 66%
JSd-3 67% 71% 71% 72%
JSd-4 36% 41% 44% 47%
IMs-1 40% 42% 45% 47%
IMs-2 28% 29% 36% 35%

* Steps 1, 2, and 3 represent the residues of the samples after steps 1, 2, and 3 of the extraction, respectively.
Degree of crystallization (%) was estimated within the range of 10-40° (26) after back ground removal.
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The data were obtained from Kubota et al. (2014).
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Fig. 2 X-ray diffractometry (XRD) patterns of JLk-1.
Q: quartz, P: plagioclase, K: K-feldspar, Mv: muscovite, Ch: chlorite, Ka: kaolinite.

4.2 XRD patterns of untreated samples and residue of
samples after sequential extraction

Figures 2—-5 show XRD patterns of samples with no treat-
ment and the residue of those after steps 1-3 of the extraction.
The XRD peaks of calcite, gypsum, and halite in JMs-1, JMs-2,
and JSd-4 disappeared after step 1 of the extraction; that of
pyrite in JMs-1 disappeared after step 3. The intensities of
XRD peaks of quartz and plagioclase in JSO-1 increased after
the third extraction procedure. For JLk-1, JMs-1, JSd-1-4, the
intensities of XRD peaks of chlorite, kaolinite, and muscovite,
which are clay and mica minerals, did not change after steps 1,
2, and 3. The fact suggests that following BCR protocol does
not result in damage to these fragile minerals. It is expected that
the decomposition of the iron—manganese (hydro—) oxide phase
at step 2 of the extraction elevates the degree of crystallization;
nevertheless, the value scarcely changed except for the case of
JMs-2 (Table 3). In addition, the diffraction peaks of magnetite
and hematite in JSO-1, JMs-1, JSd-1, JSd-2, and JSd-4, which
are iron oxide minerals, did not change during the sequential

extraction procedure.

5. Discussion

5.1. JLk-1

The diffraction peaks of quartz, plagioclase, muscovite,
chlorite, and kaolinite were recognized in the untreated JLk-1
sample. The peak intensities of these minerals scarcely changed
after steps 1, 2, and 3 of the extraction procedures. The JLk-1
sample is characterized by high extraction percentages of Ca
and Mn in step 1 and those of Fe and P in step 2 (Fig. 1). It
is known that the surface sediments of Lake Biwa are highly
enriched in P, Mn, Ni, Cu, Zn, As, Cd, and Pb as a result of
early diagenetic processes (Kobayashi ez al., 1975; Nakashima,
1982). The Ca and Mn in the step 1 are assumed to exist as
an exchangeable phase (Kubota et al., 2014), which cannot be
detected through XRD. More than 30 % of the Fe in JLk-1 was
extracted in step 2; however, a significant increase in the degree
of crystallization percentage was not evident after this step. The
value, 39 % — 41 %, was nearly constant during the sequential
extraction procedure. In addition, the degree of crystallization

was relatively lower in this sample than that in JSd-1-4 and
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Fig. 3 X-ray diffractometry (XRD) patterns of JSO-1.
Q: quartz, P: plagioclase, Au: augite, Ol: olivine, Mg: magnetite.

JMs-1. This fact may indicate that the amorphous phase in to decomposition of organic matter. JSO-1 is highly enriched in

JLk-1 is composed dominantly of opal diatoms that were not organic matter. At 8.91 %, the total C concentration in JSO-1
decomposed during the sequential extraction procedure. The was much higher than that in the other samples (Table 1). The

presence of such diatoms was previously reported by Ando et XRD patterns show that the peak intensities of quartz and

al. (1990). plagioclase increased significantly after step 3. We assumed
that organic matter thickly covering the crystalline minerals
5.2. JSO-1 reduced the reflection intensity from those materials. Kodama

The XRD patterns of untreated JSO-1 presented small peaks
of plagioclase, quartz, olivine, augite, and magnetite (Fig. 3).
The presence of olivine and augite imply the influence of vol-
canic materials (Terashima et al., 2002). The amorphous halo
pattern was characteristic in this sample. Although Terashima
et al. (2002) suggested that allophane, a non-crystalline hy-
drous aluminosilicate, is the most dominant species in JSO-1,
volcanic glassy material was present as a rather minor species.
Such amorphous materials are not intended to be decomposed
during the BCR procedure. Table 3 indicates that the degree of
crystallization increases significantly after the step 3 extraction
procedure. Such a significant increase was detected for only

JSO-1. Thus, the increase of the degree of crystallization relates

(1995) reported that a mineral surface coated with an amorphos
substance in soil material provides an amorphous halo with
less intensive peaks in the XRD patterns. After extraction of
the amorphous material from soil by using sequential extrac-
tion methods, its XRD peaks were those of disinct minerals
(Kodama, 1995). That is, the changes in the XRD patterns after
the step 3 were caused by decomposition of organic material

on the mineral surfaces.

5.3. JMs-1 and JMs-2
The XRD patterns of untreated JMs-1 contain quartz,
plagioclase, chlorite, mica, pyrite, halite, calcite, and gypsum

(Fig. 4a). The XRD peaks of halite, calcite, and gypsum disap-
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Fig. 4 X-ray diffractometry (XRD) patterns of JMs-1 and JMs-2. Q: quartz, P: plagioclase, H: hornblende, Mi: mica,
Ph: phillipsite, Ch: chlorite, Ca: calcite, Py: pyrite, Mg: magnetite, Gy: gypsum. Circle and dashed arrow indicate
that the mineral has been decomposed by the sequential extraction procedure.
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peared after step 1 of the extraction. Halite and gypsum were
crystallized from sea salt during the drying process because
JMs-1 was not desalinated. This feature corresponds to the
high proportions of Na, K, Mg, and Ca extracted in step 1
(Fig. 1). JMs-1 has a high Cl concentration of 2.69 % (Table
1). Considering the total Cl percentage originated from sea
salt, the Na concentration in the halite (NaCl) was calculated
to be 1.74 %, which corresponds to the 1.86 % Na extracted in
step 1 (Table 2). 10 % of the total Fe was extracted in step 3;
this percentage is the highest among those of the geochemical
reference materials (Fig. 1). Accordingly, the XRD peaks of
pyrite disappeared after step 3. BCR procedures successfully
decomposed sulfide in step 3. The pyrite in JMs-1 should be
an authigenic phase because Tokyo Bay frequently becomes a
dysoxic environment; Terashima ez al. (2002) reported that the
collected sediment had mostly anoxic facies. JMs-1 has a high
total S concentration of 1.32 % (Table 1). Considering that the
Fe extracted in step 3 was composed of only pyrite, which is
not an organic phase, the S concentration of the pyrite phase is
estimated to be 0.51 %. This value is significantly smaller than
the total S concentration. The sulfate minerals such as gypsum
and the organic materials could be the dominant sources of S
in JMs-1.

Figure 4b shows that phillipsite is the dominant mineral
of JMs-2. Quartz, plagioclase, and mica appeared slightly in
the XRD patterns (Fig. 4b). JMs-2 contains a large amount of
amorphous material such as basaltic hyaloclastite (volcanic
glass), aluminum hydroxide, and opal (Terashima et a/., 2002),
which explains the lower than 50 % degree of crystallization
(Table 3). Considering that the Na and Ca extracted in step 1
originated from halite and calcite, the concentrations of Cl in
halite and C in calcite were calculated to be 4.14 % and 0.32 %,
respectively. These values correspond to the concentrations of
total C1(4.05 %) and C (0.39 %) in JMs-2 (Table 2). Therefore,
the contribution of organic material to the C concentration was
very small. In addition, the total S concentration was low at
0.29 % (Table 1). Therefore, it is expected that the concentra-
tions of elements extracted in step 3 are also low. However,
Kubota et al. (2014) reported that non-negligible amounts of
Al, K, and Rb in JMs-2 were extracted in step 3, which is a
characteristic feature of JMs-2. Accordingly, the peak intensi-
ties of phillipsite at 12.4° and 27.9° (26) weakened after step 3
of the extraction. In that process, the samples were reacted with
H,0, at room temperature for 1 h and were then heated at 85 °C
for 1 h (Rauret ef al., 1999). Marine phillipsite, belonging to a
zeolite group, formed from hyaloclastite and is highly enriched
in K (e.g., Sheppard et al., 1970). Therefore, phillipsite would
be partly decomposed in this process.

Figure 1 shows that Na, Mg, P, K, Ca, Mn, and Fe in JMs-2

were strongly extracted in step 2 ; an extremely high proportion
of Mn, 92 %, was extracted in this process (Kubota et al.,
2014). The Na, Mg, K, and Ca extracted in step 2 would be
incorporated into the Mn dioxide (e.g., Moorby et al., 1984).
The degree of crystallization of JMs-2 increased significantly
after that step (Table 3), which may indicate that amorphous
iron hydroxide and manganese dioxide were decomposed in
step 2. Although such a large increase in the degree of crystal-
lization was not detected in the other geochemical reference
materials, 10 % — 30 % of the total Fe was extracted in step 2
for all samples (Fig. 1). The amounts of crystalline materials
such as quartz and plagioclase were small in JMs-2 (Fig. 4b).
Therefore, the relative ratios by weight of iron hydroxide and
manganese dioxide in JMs-2 would be much larger than those
in JLk-1, JSd-1-4, and JMs-1.

5.4. JSd-1-4

JSd-1 is stream sediment originating from granitic rocks.
Quartz, plagioclase, K-feldspar, hornblende, biotite, kaolinite,
and magnetite were recognized in its XRD patterns (Fig. 5a).
The peak intensities of respective minerals did not change
after the sequential extraction procedure. This fact corresponds
to the low extraction ratios in steps 1-3 for major elements
according to BCR protocol (Fig. 1).

JSd-2 is composed of stream sediment collected from a
drainage basin containing high-temperature metamorphic
rocks (Hitachi metamorphic rock) and those from Hitachi
Cu mine. The XRD patterns of the untreated JSd-2 sample
showed quartz, plagioclase, K-feldspar, chlorite, hornblende,
muscovite, epidote, calcite, and magnetite (Fig. Sb). The chlo-
rite, hornblende, muscovite, epidote, and calcite correspond
to mineralogical compositions of Hitachi metamorphic rock
(Omori et al., 1986). The calcite, which showed a very weak
peak in the XRD patterns of the untreated sample at 26 =29.4°,
disappeared after step 1 of the extraction. The Hitachi Cu mine
yields pyrite and chalcopyrite as dominant ore deposits. The
high concentration of S at 1.32 % (Table 1) in JSd-2 may
indicate the inputs of these sulfide minerals. However, the
XRD patterns of JSd-2 showed no distinct diffraction peaks of
chalcopyrite. The 1100 mg/kg of Cu in JSd-2 (Terashima et al.,
1990) would be too low to be visible in the XRD patterns even
if the total Cu exists as chalcopyrite. Moreover, the existence of
pyrite is difficult to be recognized in the XRD chart because the
dominant peaks attributed to this mineral were superimposed
by those of other minerals such as plagioclase, hornblende, and
epidote. Very weak X-ray intensities of pyrite were scarcely
observed at 37.1°,40.7°, and 47.4° (26); the peaks at 40.7° and
47.4° (20) seemed to disappear after step 3. The concentration
of Fe extracted in step 3 of JSd-2 was 0.59 %, which is higher
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Fig. 5 a), b) X-ray diffractometry (XRD) patterns of JSd-1-4. Q: quartz, P: plagioclase, K: K-feldspar, H: hornblende,
Au: augite, B: biotite, Mv: muscovite, Ch: chlorite, Ka: kaolinite, Ep: epidote, Ca: calcite, Py: pyrite, Hm:
hematite, Mg: magnetite, Gy: gypsum, Un: unknown material. Circle and dashed arrow indicate that the
mineral has been decomposed by the sequential extraction procedure. Square indicates that the peaks related
to pyrite did not disappear after step 3 of the extraction.
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Fig. 5¢), d) X-ray diffractometry (XRD) patterns of JSd-1-4. Q: quartz, P: plagioclase, K: K-feldspar, H: hornblende,
Au: augite, B: biotite, Mv: muscovite, Ch: chlorite, Ka: kaolinite, Ep: epidote, Ca: calcite, Py: pyrite, Hm:
hematite, Mg: magnetite, Gy: gypsum, Un: unknown material. Circle and dashed arrow indicate that the
mineral has been decomposed by the sequential extraction procedure.
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than that of JMs-1 at 0.44 % (Table 2); however, the relative
abundance ratio of Fe extracted in step 3 to the total Fe was
only 8 % (Fig. 1). Although pyrite is a minor mineral in JSd-2,
it seemed to be decomposed in step 3 extraction processes.
The low content of pyrite is attributed to its oxidation to iron
hydroxide during the weathering process or to dilution by the
input of the other minerals enriched in Fe such as chlorite,
hornblende, and epidote, as suggested by Kubota et al. (2014).

JSd-3 is composed of stream sediment derived from mélange
matrix and chert blocks of accretionary complexes distributed
in the central part of Ibaraki Prefecture. A very intensive
peak of quartz in the XRD pattern may represent origins of
sandy sediments or chert of accretionary complexes distributed
near the sampling location (Fig. 5¢). Muscovite, plagioclase,
K-feldspar, and chlorite were also recognized (Fig. 5¢). No
systematic changes after the sequential extraction procedure
was detected in the XRD patterns, as was the case for JSd-1.
The extraction ratios of major elements at steps 1-3 according
to the BCR protocol were also very low (Fig. 1).

JSd-4 was collected from an urban river flowing through an
alluvial plain in Kanto Plain. The XRD patterns of the untreated
bulk sample showed quartz, plagioclase, muscovite, chlorite,
hornblende, augite, hematite, calcite, and gypsum (Fig. 5d).
This sample is characterized by a lower degree of crystalliza-
tion than that in JSd-1-3. Kubota et al. (2014) assumed that
the high percentages of Na, Mg, K, and Ca extracted in step
1 could be explained by the digestion of sea salt and calcium
carbonate (Fig. 1). However, halite was not recognized in the
XRD patterns. The concentrations of Na and K extracted in
step 1 for JSd-4 were lower than those of JMs-1 and JMs-2
(Table 2). The concentrations of Mg and Ca extracted in step
1 for these reference materials showed opposite characteristics
(Table 2). Table 2 also shows the data of stream sediment (no.
25023) collected from the estuarine region in Osaka Plain;
however, this sample was contaminated by sea salt (Ohta et
al.,2007). The concentrations of Na, Mg, K, and Ca extracted
in step 1 of no. 25023 correspond to those of the JMs-1 well.
Therefore, it is concluded that JSd-4 was not influenced by
sea salt. Nevertheless, a distinct peak of calcite and a small
peak of gypsum were detected in the XRD patterns of the
untreated sample, which both disappeared after step 1 of the
extraction. JSd-4 did not contain biogenic carbonates such
as coral or shell fragments. Such conflicting results can be
explained by contamination by cement fragments. Cement
is used everywhere in urban areas, and urban streams flow
through concrete embankments. The Japan Cement Associa-
tion (http://www.jcassoc.or.jp/, accessed March 19, 2014.) has
defined cement as being composed of calcite, gypsum, and

aggregates such as a river or sea gravel. Therefore, the high

extraction percentages of Ca in step 1 and the presence of
calcite and gypsum in the untreated sample can be attributed to
contamination by cement materials. However, Na and K are not
abundant in cement because they accelerate its deterioration.
Magnesium is also not abundant in cement. These elements
may have been simply absorbed onto the mineral surfaces
without crystallization because they exist as an exchangeable
phase. Alternatively, Kubota et al. (2014) reported that JSd-4 is
contaminated by industrial slag material because it consists of
oxides of Mg, Al, Si, Ca, Na, and K and has been widely used
for construction materials such as cement, soil stabilizer, road
pavement, and building brick (e.g., Nagano et al., 2007; Nishi
and Kawabata, 1990). In particular, the high percentages of Na,
Mg, and K extracted in step 1 may be explained by construction
materials including slag. Slowly cooled slag is composed of
gehlenite (Ca,AlLSiO,), d&kermanite (Ca,MgSi,O.), wollastonite
(CaSi0,), and dicalcium silicate (2Ca0-SiO,) (Nishi and
Kawabata, 1990). However, XRD peaks of those minerals
were not observed for JSd-4. It is possible that JSd-4 contains
granulated slag of which hypercalcified aluminosilicate glass
(amorphous phase) is the dominant phase (Nishi and Kawabata,
1990). In this regard, the lower degrees of crystallization of
JSd-4 than those of JSd-1-3 may be attributed to contamination
by industrial slag. Eto and Yamamoto (2002) examined the
origin of riverbed sediments (mainly gravels) collected from
the Katabira River flowing in Yokohama City, which is an
urban river. They detected a maximum of 27 % of artificial
gravel in the riverbed that was composed predominantly of
concrete and brick fragments. Therefore, although Eto and
Yamamoto (2002) examined gravels rather than fine sediments,
our assumption that JSd-4 contains cement and slag materials

is reasonable.

6. Summary

We have examined the manner in which the mineralogical
composition of Japanese geochemical reference materials
changes by application of the sequential extraction procedure.
This procedure, developed by the BCR, decomposes and
extracts exchangeable and carbonate phases in the first step
(step 1), iron hydroxide and manganese oxide in the second
step (step 2), and metal sulfide and organic material in the third
step (step 3). Calcite, halite, and gypsum were decomposed
satisfactorily in step 1 extraction; pyrite was decomposed
in step 3 of the extraction. These results are comparable to
those of respective target phases. In contrast, it was difficult to
determine whether iron hydroxide and manganese oxide were
decomposed in step 2 of the extraction because these materials

did not show distinct peaks in the XRD patterns, unlike those
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exhibited by the other minerals. Essentially, XRD peak intensi-
ties of crystalline minerals did not change significantly after
the sequential extraction procedure. One exception, phillipsite
in JMs-2, was partially decomposed in step 3. Moreover, the
peak intensities of quartz and plagioclase in JSO-1 increased
after that step. These results indicate that organic material
was removed totally by the third extraction procedure because
organic materials covering the mineral surfaces reduced the

X-ray reflections of the minerals.
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