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Geochemical profile of soil formation from serpentinite
in Sekinomiya massif, southwest Japan
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Abstract

Weathering geochemical profile of serpentinite of the Sekinomiya massif of the Maizuru Terrane, southwest Japan was
examined to describe element mobility of bed rock to weathered products (soil). The geochemical compositions of the
vertical profile (about 3 m length) from bed rock serpentinite to soil via relatively weathered matter showed changes of
element concentrations mostly related to the decrease in Mg contents during the weathering processes. The profile can
be divided into three units; C, B and A in ascending order. The unit C (over 80 cm) is serpentinite and can be subdivided
into two subunits (C1 and C2) according to the development of the fractures. The unit B (90 cm) is characterized by
refining of the rocks with appearance of matrix clays. This unit is characterized by loss of the original structure and by
color change to dark appearance. The unit A (1.2 m) is dark color soil, of which upper part is characterized by enrichment
of organic matter. Weathering trends of serpentinite to soils were examined A-CN-K and A-C-M diagrams. The CIA
values change from 72.57 to 84.70 with some variation. The trend of samples on the A-CN-K diagram apparently indicates
systematic change in CaO, Na,O and K,0, although these elements show increasing in vertical profile. The linear array
in A-C-M diagram also shows change in M component (Fe,0; and MgO) during weathering process. Contents of TiO,,
Al,O3, P,Os gradually increased upward from the upper part sample of subunit C2. Significant increase of Fe,O3 from the
unit C (9.58 wt%) to unit B (30 wt%) was apparent. Decrease of MgO contents from the unit C (almost 45 wt% in this unit)
to the unit B is great, and much decrease in the unit A (7.5 wt% at the top of this unit) is characteristic of the serpentinite
weathering. In accordance to this decrease in MgO, Zr, Y, Sc, Th and As contents show increasing upward. Abrupt increase
in concentrations of Cr and V in the unit B is characteristic feature in this profile. This may be due to concentrations of

chromian spinel during weathering process.
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Introduction

Weathering is the first step of sedimentary process to form
clastic fragments and fine particles which will become main
part of sediments or sedimentary rock. Many studies have
been done for weathering process of granitic rocks (Nesbitt
et al., 1980; 1997), but the examination of serpentinite was
rare. A good example of profile from bed rock to weathered
products (soil) via weathered rock occurs in the Sekinomiya
massif (Agency of Natural Resources and Energy, 1988),
southwest Japan (Fig. 1). Well exposed section of this profile
(Fig.2) is useful to understand geochemical weathering of
ultramafic rocks in relation to release of mobile elements
and enrichment of stable elements.

Study area and Sample collection

Serpentinite in the Inner Zone of southwest Japan occurs
as lenticular bodies in tectonic zone (Fig. 1) which is the plate
boundary of Meso-Paleozoic terranes (Ichikawa, 1990). The
Sekinomiya massif is the one of the bodies occurring along
the northern margin of the Maizuru Terrane (Hayasaka, 1990)
and is a member of the Yakuno ophiolite (Ishiwatari, 1990).
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The Sekinomiya massif is an elongated body with about 23 km
east-west direction and 5 km north-south direction (Fig. 1). A
tail shaped body is attached from eastern side of the main body
with 7 km length. Petrologic description of the Sekinomiya
massif has not been reported, and jadeite at Kahozaka of
Oya-cho was nominated as Natural Monument designated by
Hyogo Prefecture.

Examined outcrop is located at Ozaki of Sekinomiya area
(134°39'30",35°22"30").

The profile in this outcrop (Fig.2, 3) consists of three
units; C, B and A in ascending order. The unit C (over 3 m)
is serpentinite which can be subdivided into two subunits
(C1 and C2) according to the development of the fractures.
The lower subunit, C1 is almost massive serpentinite and
the overlying subunit with 40 cm is fragmented serpentinite
(Fig.2). The serpentinite partly yields small fragments of
olivine. The unit B (90 cm) is characterized by refining of
the rocks with appearance of matrix (clays). Disappearance
of the original structure became clear toward upper portion
in this unit and the color changes from dark greenish grey to
dark reddish grey (Fig.2). The unit A (1.3 m) is dark reddish
grey soil, of which upper part (unit A2 with 50 cm length) is
characterized by enrichment of organic matter (Figs.2, 3, 4).

Seventeen samples were collected in this profile with 15
~20 cm interval, in 1998 (Fig. 2, Table 1).
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Fig. 1. Index map of the Sekinomiya massif, southwest Japan.
Main ultramafic rock masses are indicated after Geological
Survey of Japan, AIST (ed.), 2015. Locality of weathering
profile of serpentinite at Ozaki in Sekinomiya is indicated.

Analytical procedures

All samples were analyzed by XRF, using Rigaku RIX-
2000 spectrometer at Department of Geoscience, Shimane
University.

Abundances of major elements (SiO,, TiO,, Al,03, Fe,05*
(total iron expressed as Fe,Os), MnO, MgO, CaO, Na,O,
K,0 and P,0s) were determined on anhydrous basis, using
ignited material from Loss on Ignition (LOI in Table 1).
The glass beads were made using flux and ignited sample;
flux ratio of 1:5. The procedure was followed to essentially
that of Norrish and Hutton (1969) and followed by Sawada’
method (Dr. Yoshihiro Sawada; Professor Emeritus of
Shimane University).

Trace elements (As, Pb, Zn, Cu, Ni, Cr, Sr, Rb, Zr, Y, Th,
Sc and TS; total sulfur) concentrations were determined by
press powder briquettes method. After removal of roots and
any other plant material, approximately 50 g of each sample
was dried in an oven at 160°C for 48 hrs to remove weakly-
bound volatiles. The dried samples were then ground for
20 min in an automatic agate pestle and mortar grinder.

The XRF analyses were made on briquettes (about 5 g
sample by a force of 200 kN for 60s), following the method
of Ogasawara (1987). Average errors for all elements are
less than+10% relative. Analytical results for GSJ standard
JB-la were acceptable compared to the proposed values
(Imai et al., 1996). Analytical results are indicated in Table 1.

Results

Geochemical compositions of serpentinite in this profile
(Table 1) are characterized by significantly high contents
of MgO (47.23 wt% at base), Ni (2921 ppm at base) and
Cr (2618 ppm at base). SiO, contents do not show apparent
variation in the profile ranging from 35.47 wt% in the subunit

Fig. 2. Photos of serpentinite-soil profile of Sekinomiya massif,
southwest Japan.
A; soil of weathered serpentinite, unit A1 (upper right) and
upper part of unit B (lower left), B; fragmented weathered
sertentinite and soil (lower part of unit B) and serpentinite
(unit C1).

C2 to 50.21 wt% at the top sample of the profile (Table 1).
Contents of Fe,O; show great increase in the subunit C2
(30.06 wt%) and have high concentrations to the top sample
with some variations. Contents of TiO,, Al,O3, P,Os gradually
increased upward from the upper part sample of subunit
C2. Zirconium, Y, Sc, Th and As contents show increasing
upward.

Discussion and Conclusion

Weathering profile in A-CN-K and A-C-M diagrams
The intensity of weathering is indicated by Chemical
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Table 1. Analytical results of serpentinite-soil profile of Sekinomiya massif, southwest Japan.

Major elements (wt%)

Trace elements (ppm)

samples Si0; TiO, Al,O; Fe,03 MnO MgO CaO Na,0 KO P05 LOI CIA As Pb Zn Cu Ni Cr V S Rb 2Zr Y Th Sc TS
1 4232 001 015 98 019 4723 027 12.40 1 6 45 1 2921 2618 66 3 8 17 3 2 7 383
2 4152 001 014 1083 015 4727 008 12.47 2 6 8 5 3068 2754 63 4 5 16 2 1 8 346
3 4182 000 029 1074 019 4648 048 12.23 2 6 4 5 3229 2872 73 4 8 19 4 2 6 400
4 3989 002 032 1442 014 4514 007 11.94 2 6 51 29 6127 2204 78 3 6 18 3 1 4 322
5 3547 019 519 3006 022 2801 045 014 027 002 978  80.18 3 8 93 32 3728 5228 237 11 16 34 7 3 12 326
6 3603 038 744 2998 019 2450 068 039 039 002 985 76.86 4 9 106 33 3233 7923 261 27 18 49 10 4 12 332
7 4246 041 915 2163 025 2397 085 067 059 002 914 7384 5 11 92 28 3441 4065 188 57 27 69 12 4 9 353
8 3816 063 925 3135 021 1811 105 059 063 002 761 7257 5 11 108 26 2631 8785 309 36 25 69 12 5 11 355
9 4038 044 978 2584 023 2130 079 060 061 003 884 7640 6 11 96 23 3046 4964 239 45 28 69 14 5 12 363
10 4111 047 1044 2512 022 2037 08 070 065 003 759 7549 6 11 95 26 2970 4585 223 56 30 78 14 6 6 376
1 3767 058 1340 3381 020 1207 070 071 081 004 797 8073 6 12 113 30 2396 7126 324 43 30 81 14 5 9 420
12 4075 069 1284 3259 019 1052 062 080 095 004 715 7923 6 12 103 28 2103 6741 314 41 36 92 16 6 6 406
13 4227 071 1393 3026 017 1016 060 088 097 005 761 8006 5 13 124 17 1859 5594 291 45 33 128 18 6 9 404
14 4500 078 1495 2701 016 952 066 094 092 005 780 8054 6 13 122 13 1924 4725 274 47 30 140 22 7 15 47
15 4615 080 1551 2387 043 1113 072 085 077 006 1030 8205 7 15 114 18 2130 3782 240 47 28 140 24 7 8 561
16 4942 095 2081 1993 009 605 081 103 081 011 1365 8470 10 18 105 22 2178 2757 219 62 29 176 29 9 13 809
17 5021 081 1707 2145 010 784 084 089 070 010 11.88 8292 8 15 117 17 2270 3057 230 66 25 134 20 7 7 561

Index of Alteration (CIA) (Nesbitt and Young, 1984; 1989).
The CIA value is calculated using molar proportions by the
formula:

CIA=[A1,05/(Al;,05+Ca0*+Na,0+K,0]x100 where CaO*
is detrital CaO without apatite compositions (Fedo et al.,
1995). The CIA values increased from sample 7 of unit B
(73.84) to the top sample 17 of unit A (82.92) with same
variation (Table 1). The samples 5 and 6 have relatively
higher values (80.18 and 76.86), even they are in the top
of the unit C2 and base of the unit B. The weathering trend
is indicated on the A-CN-K diagram (Fig.5), of which plots
show linear array from serpentinite to soils. Although
the concentrations of CaO, Na,O and K,O are quite lower
values for serpentinite, this trend indicates possible feldspar
weathering in serpentinite.

Considering mafic elements mobility during the weathering,
the A-C-M ternary plot (Nesbitt and Young, 1989) was
examined. This diagram is drawn by apex A (ALO;), C
(CaO+Na,0+K,0) and M (Fe,0;+MgO) (Fig.5) of which
elements are given as molar values. The weathering trend
from serpentinite to soil is more clearly indicated on this
diagram, namely, the compositional array occurs from M corner
to some composition along A-M join. This is suggestive
of serpentinite weathering profile of gradual decrease of
Fe,0;+MgO.

Vertical profile of weathering of serpentinite

To evaluate variation of elements during the weathering
processes, the vertical profiles of elements which are
normalized by the compositions of sample 1 of the unit C1
base are indicated (Fig.3 for major elements, and Fig.4 for
trace elements). Apparent decrease is indicated for MgO
(Fig. 3) as described concentration of this elements (Table 1).
Contrastingly other major elements show increasing toward the
top of unit A, excluding of MnO. Among these compositional
changes, Al,0;, Fe,0; and Na,O show significant increase in
accordance with the decrease of MgO profile. Fe,O3 shows
abrupt increase in unit B, but has gradual decrease toward
the top sample in unit A, suggesting solution of iron in soil
formation. The weathering trend in the A-C-M diagram was
suggestive of decrease of Fe,0;+MgO, but MgO release
can be a considerable change from the sample 5 of top

of C2. It can be said that MgO release was significant for
compositional changes and properties of material (Bucher
et al., 2015) in the weathering process. Also refining and
soil formation may concentrate finer minerals such as spinel
and related iron minerals, thus Cu, Cr and V increased in
C2 unit and within unit B. Serpetinized ultramafic rocks
produce serpentine and brucite, and magnetite, of which Fe
cannot be substituted in serpentine. The transformation
of this process is significant for engineering geology for
breakdown of rocks and alteration to soils (Umetsu, 1995;
Katoh et al., 2011; Undul and Tugrul, 2012). Magnesium is a
main component of serpentine (Mg;Si,Os (OH),) and brucite
(Mg (OH),), and Mg can be release to pore water or grand
water (Nakao et al., 2011) during weathering. Contrastingly
Fe is relatively immobile, if Fe was contained in magnetite.

As for the profile of trace elements (Fig.4), Sr, Zr, Y, As
Cu, Cr and V show considerable increase. Cupper content in
serpentinite was low (1 pm) which abrupt increase in sample
4 of the top of the C1 unit.

Compositional changes from serpentinite to soils

To describe compositional changes by weathering process,
the cross plot of concentrations of serpentinite (basal sample
of unit C1) and soil (top sample of unit A) was given (Fig. 6).
The plots in the area above the 1:1 line on this diagram are
elements increased during the weathering. Aluminum, Ti
and P lie significantly above the line, and Na, Zr, Sr, Y, Cu
and As are also enriched. Silica and Fe also enriched among
the higher contents of major elements (Fig. 6). The elements
decreased were Mg, Ni, Mn suggesting solution of these
elements during weathering process. Magnesium could be
originally abundant in olivine and related minerals, thus
decomposition of these minerals was considerably important
in serpentinite weathering.
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Fig. 3. Vertical changes of major elements in serpentinite-soil profile of Sekinomiya massif,
southwest Japan. Plot data used normalized values by concentrations of basal sample of
serpentinite in unit C1.
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Fig. 4. Vertical changes of trace elements in serpentinite-soil profile of Sekinomiya massif,
southwest Japan. Plot data used normalized values by concentrations of basal sample of
serpentinite in unit C1.

Fig.5. A-CN-K and A-C-M diagrams for evaluation of serpentinite
weathering of Sekinomiya massif, southwest Japan (see text).

Fig.6. Cross plot of geochemical contents of sepentinite (bed
rock, base of unit C1) and soil (top of unit A) for exam-
ination of compositional changes by weathering process.
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