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Abstract

This paper reports the concentration, speciation and isotope ratio (!*°I/'?"I) of iodine from both groundwater and host
rocks in the Horonobe area, northern Hokkaido, Japan, to clarify the origin and migration of iodine in sedimentary rocks.
Cretaceous to Quaternary sedimentary rocks deposited nearly horizontally in Tenpoku Basin and in the Horonobe area were
uplifted above sea level during active tectonics to form folds and faults in the Quaternary. Samples were collected from the
Pliocene Koetoi and late Miocene Wakkanai formations (Fms), which include diatomaceous and siliceous mudstones. The
iodine concentration in groundwater, up to 270 umol/L, is significantly higher than that of seawater, with the iodine enrich-
ment factor relative to seawater reaching 800-1500. The iodine concentration in the rocks decreases from the Koetoi to Wak-
kanai Fms, suggesting that iodine was released into the water from the rocks of deeper formations. The iodine concentration
in the rocks is sufficiently high for forming iodine-rich groundwater as found in this area. X-ray absorption near edge struc-
ture (XANES) analysis shows that iodine exists as organic iodine and iodide (I") in host rocks, whereas it exists mainly as I~
in groundwater. The isotope ratio is nearly constant for iodine in the groundwater, at [0.11-0.23] x 10™'2, and it is higher for
iodine in rocks, at [0.29-1.1] x 10~'2, giving iodine ages of 42-60 Ma and 7-38 Ma, respectively. Some iodine in groundwater
must have originated from Paleogene and even late Cretaceous Fms, which are also considered as possible sources of oil and
gas, in view of the old iodine ages of the groundwater. The iodine ages of the rocks are older than the depositional ages, imply-
ing that the rocks adsorbed some iodine from groundwater, which was sourced from greater depths. The iodine concentration
in groundwater decreases with decreasing chlorine concentration due to mixing of iodine-rich connate water and meteoric
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water. A likely scenario is that iodine-rich brine formed during the long-term basin evolution from the Cretaceous to Qua-
ternary and that this brine was diluted by mixing with meteoric water during uplifting and denudation of the area.
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Keywords: Source of iodine; Iodine speciation; Horonobe; Tenpoku Basin; 1291/127] ratio; XANES; Micro-XRF

1. INTRODUCTION

The migration of iodine during water—rock interaction is
important from various perspectives. For example, iodine
has been used as a tracer of crustal fluids, oil field brines,
and geothermal fluids (Edwards, 1962; Fehn, 2012). The
chemical processes during water-rock interaction are also
important in terms of the environmental geochemistry of
radioiodine that can be related to the utilization of nuclear
energy (Hou et al., 2009). The Japan Atomic Energy
Agency (JAEA) began the Horonobe Underground
Research Laboratory (Horonobe URL) Project in 2000 to
enhance the reliability of disposal technologies for high-
level radioactive wastes through investigations of the deep
geological environment of sedimentary formations in the
Horonobe area, northern Hokkaido, Japan (e.g., Ota
et al., 2007; Niizato et al., 2008). The project has focused
on the Wakkanai Formation (Fm), which is composed of
late Miocene siliceous and diatomaceous mudstone, and
the Koetoi Fm, which is Pliocene diatomaceous mudstone
(Ota et al., 2007; Hama et al., 2007; Niizato et al., 2008;
Iwatsuki et al., 2009). Deep groundwater in the region is
characterized by high salinity with high iodine and bromine
concentrations (Hama et al., 2007; Iwatsuki et al., 2009).
The present study examines the ages and speciation of
iodine in both groundwater and rocks to obtain a better
understanding of the origin and migration of iodine in the
groundwater during the long-term basin evolution and the
uplifting and denudation of the Horonobe area in the
Quaternary.

To investigate the behavior of iodine in geological envi-
ronments, it is necessary to determine the speciation of
iodine because solubility, volatility, and mobility differ
completely among various iodine species (Hou et al.,
2009). Todine is an electronegative element with its possible
oxidation states of —1, 0, +1,+3, +5, and +7. Moreover,
iodide (I"), hypoiodous acid (HOI), elemental iodine (I,),
iodate (I03), and organic iodine are the most common spe-
cies in geological environments (Hou et al., 2009). Organic
iodine compounds with low molecular weights such as
CH;l are mainly volatile, whereas the behavior of larger
organic iodine molecules, which are bound to humic sub-
stances, are controlled by the behavior of the host organic
matter (Hou et al., 2009; Shimamoto et al., 2011). Specia-
tion analysis of iodine in both solid and liquid phases is
needed to investigate its migration in the environment.
X-ray absorption near edge structure (XANES) is a power-
ful tool for analyzing the speciation of iodine and other ele-
ments without destruction of samples (Shimamoto and
Takahashi, 2008; Shimamoto et al.,, 2011; references
therein), and provides useful complementary information
to other analyses such as micro-focused X-ray fluorescence

(micro-XRF) and chemical extraction because the specia-
tion of elements may change with chemical treatment.
High-performance liquid chromatography connected to
an inductively coupled plasma mass spectrometer
(HPLC-ICP-MYS) is also useful for determining the specia-
tion of iodine in liquid phases (Shimamoto et al., 2011).
This paper reports iodine speciation from analyses using
these methods.

The iodine behavior in sedimentary rocks also has
important implications for the recycling of iodine in the
earth’s crust because 68.2% and 27.7% of iodine in the crust
are estimated to be present in ocean sediments and sedimen-
tary rocks of the upper continental crust, respectively
(Muramatsu and Wedepohl, 1998). The '*I/'?' ratio in
the ocean is considered to be constant because the marine
residence time of iodine, at ~400 ka, is significantly longer
than the ocean circulation time (Fehn, 2012; references
therein). Previous studies used '*I for environmental trac-
ing and age determinations. The initial value of the '*°1/"*"1
ratio used for age calculations ranges from 5.7 x 10713 to
1.5x 10712 (Fabryka-Martin et al., 1985; Fehn et al,
1986, 1990, 2000; Moran et al., 1998; Muramatsu et al.,
2001; Tomaru et al., 2007a,b). Fehn et al. (2007) examined
the value of the pre-anthropogenic '*°1/'*"I ratio and sug-
gested a best estimate of 1.5 x 1072, which is the same
value as that reported by Moran et al. (1998). This initial
ratio is consistent with the hemipelagic sediments in the
Nankai Trough area, which have 1291/1271 ratios of (1.5
+0.3) x 10712 (Tomaru and Fehn, 2015). Thus, this initial
ratio is used for age determination in this study, assuming
that the initial value was constant and was not disturbed
locally before the modern nuclear age.

Most previous work compares the ages of iodine in
groundwater with the age of sedimentary rocks (e.g.,
Muramatsu et al.,, 2001; Tomaru et al., 2007a, 2009a).
However, the present study reports the ages of iodine
extracted from host rocks in addition to the iodine ages
of groundwater. The concentrations and ages of iodine in
groundwater and host rocks, in comparison with the sedi-
mentation ages of the formation, give insight into the
behavior of iodine in the formations. A groundwater sam-
ple from a nearby mud volcano was also analyzed to obtain
information on the deeper part of the basin. On the basis of
the data, a possible scenario is suggested for the formation
and migration of iodine-rich brine during the long-term
basin evolution and for the mixing of the brine with mete-
oric water during the uplifting and denudation of the Hor-
onobe area. Moreover, we also discuss the procedure for
modeling the geological, hydrological, and chemical pro-
cesses recognized in the Horonobe area in a future study.

Further, we expect that our study will have implications
for understanding the behavior of '*°I produced by
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