Chapter 10

Impact of Tsunami Inundation on Soil
Salinisation: Up to One Year After the 2011
Tohoku-OKki Tsunami

Catherine Chagué-Goff, Henri K.Y. Wong, Daisuke Sugawara, James Goff,
Yuichi Nishimura, Jennifer Beer, Witold Szczucinski, and Kazuhisa Goto

Abstract The long-term effect of tsunami inundation on soil salinisation was
assessed following the 2011 Tohoku-oki tsunami in two areas on the Sendai
Plain, near Sendai airport in the Miyagi Prefecture and Matsukawa-ura near
Soma in the Fukushima Prefecture. Data gathered over four sampling seasons
2, 5,9 and 11 months after the tsunami near Sendai airport show that the salt
content generally decreased with time. Concentrations were nevertheless higher in
February 2012 than in October 2011, probably due to capillary action and evapora-
tion following long periods with little precipitation in the winter, while the lower
concentrations in October were attributed to dilution due to intense rainfall prior to
the sampling period. In February 2012, the area with chloride concentrations over
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the guidelines for the establishment of rice seedlings still extended for nearly 1 km
between 2.45 and 3.33 km inland. Chloride concentrations also reached the guide-
line values at the land surface 1.71 km inland. This corresponded to the limit of the
area deemed not suitable for rice production by local rice farmers. However, recent
observations revealed that rice crops were not only halted in 2011 but also in 2012,
probably due to high salinisation of soil and/or surface and groundwater. Our study
shows that soil salinisation was still recorded to nearly 15 cm depth in areas with
fine-grained organic-rich soil ~2.5 km from the shoreline 11 months after the
tsunami, and that water-leachable ions were preferentially retained in organic-rich
muddy sediment and soil, reflecting the long-term impact of tsunami inundation.
In Matsukawa-ura, salt crusts still covered the area flooded by the tsunami in
February 2012 and both the soil and muddy tsunami deposit were characterised
by high chloride and sulphate concentrations. The latter might also lead to sulphide
toxicity. Remediation measures have been implemented in certain areas, but further
research needs to be carried out to test the effectiveness of the measures being used
to allow rice production to resume.

Keywords Chloride * Rice crops  Salt « Sulphate ¢« 2011 Tohoku-oki tsunami

10.1 Introduction

The 11 March 2011 Tohoku-oki tsunami generated by a My, 9.0 megathrust earth-
quake affected ~2,000 km of the Pacific Coast of Japan, and inundated over 400 km?
of land (Mori et al. 2012). The tsunami reached over 5 km inland on the Sendai Plain
(Mori et al. 2012), depositing sand and mud, ranging between ~30 cm and a few mm
thick (e.g., Goto et al. 2011; Chagué-Goff et al. 2012a; Szczucinski et al. 2012).
Seawater ponded over vast areas of farmland, in natural and man-made depressions,
as a result of the nearly flat topography on the low-lying Sendai Plain and subsidence
associated with the earthquake (e.g., Goto et al. 2011). Research carried out within
2 months of the tsunami (May 2011) along a 5.1 km shore-perpendicular transect
north of Sendai airport in the Miyagi Prefecture revealed that not only was the ponded
water saline to brackish, mostly due to evaporation, but that the tsunami deposit and
the underlying soil had been contaminated by saltwater (Chagué-Goff et al. 2012b).
Five months after the tsunami (August 201 1), contamination of sediment and soil was
still notable (Chagué-Goff et al. 2012b). A marine chemical signature was also
reported in May 2011 beyond the extent of the mud deposit up to the limit of tsunami
inundation (Chagué-Goff et al. 2012a, b), which matched the limit mapped immedi-
ately after the tsunami (Association of Japanese Geographers 2011).

Contamination of the tsunami deposit and underlying soil by metals and
metalloids has been reported in Thailand following the 2004 Indian Ocean Tsunami
(2004 10T) (e.g., Szczucinski et al. 2005) and in coastal arecas of Honshu Island
following the 2011 Tohoku-oki tsunami (e.g., Komai et al. 2012). However, in our
study area near Sendai airport on the Sendai Plain, metals and metalloids were found
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to occur in concentrations within the background levels of uncontaminated Japanese
soils, and this was partly attributed to the minimal contribution of offshore marine
sediment to the tsunami deposit (Chagué-Goff et al. 2012b; Szczucinski et al. 2012).

Recent studies carried out after the 2004 IOT (e.g., FAO 2005; Szczucinski
et al. 2005; UNEP 2005; Raja et al. 2009; McLeod et al. 2010), 2009 South Pacific
Tsunami (Chagué-Goff et al. 2011), 2010 Maule Tsunami (Yoshii et al. 2013) and
2011 Tohoku-oki Tsunami (e.g., Fujikawa et al. 2011; Goto and Inagaki 2011;
Chagué-Goff et al. 2012b; Komai et al. 2012; Yoshii et al. 2013) have shown that
tsunami inundation results in salinisation of both tsunami sediment and underlying
soil, or even soil beyond the extent of the tsunami deposit (Chagué-Goff
et al. 2012b; Yoshii et al. 2013). Much has been reported on the effects of tsunami
inundation on agriculture, including erosion and scouring of top soil, changed land
levels and drainage patterns, deposition of sediment and debris on land, contami-
nation by excess salts, increased soil sodicity (amount of available sodium),
deterioration of soil fertility due to changes in soil texture and structure (e.g.,
FAO 2005; UNEP 2005). A few studies also investigated temporal changes in
water leachable ions following the 2004 IOT. The high rainfall in the Andaman and
Nicobar Islands (>3,000 mm/year) was found to result in leaching of salt in the soil
profile to near pre-tsunami levels (Raja et al. 2009). Szczucinski et al. (2007) made
a similar suggestion after investigating changes in Thailand, although they focussed
their research on the surface tsunami and/or soil layer. As for McLeod et al. (2010),
they used soil apparent electrical conductivity to assess soil salinity and leaching
processes with time in the Aceh province, Indonesia. Most studies and observations
following the 2004 IOT thus revealed that the high rainfall in these tropical climates
generally led to relatively fast leaching of salt, although it also depended upon
the length of saltwater ponding and other factors, such as soil type and texture
(e.g., JAARD and NSW DPI 2008).

Our present study focusses on the effect of tsunami inundation on soil
salinisation in a temperate climate characterised by moderate precipitation
(~1250 mm/year; NINS 2012) on Honshu Island, Japan, and its impact on rice
crops. Further to the May and August 2011 surveys near Sendai airport, two follow-
up surveys were carried out in October 2011 and February 2012 to assess the spatial
and temporal extent of tsunami inundation on soil salinisation. Samples were also
collected from three sites at Matsukawa-ura, near Soma, Fukushima Prefecture in
February 2012 and these results are provided as a comparison. This site is located
~42 km N of the Fukushima Daiichi Nuclear Power Plant (FDNPP) that was
damaged due to the 2011 Tohoku-oki tsunami, leading to the Fukushima Daiichi
nuclear disaster (e.g., Ohnishi 2012). The site was not accessible in May 2011 to the
first author, a resident of Australia, as it was inside the 80 km exclusion zone set by
the Australian Department of Foreign Affairs and Trade (DFAT 2011) at the time of
the first survey. It was however visited in February 2012, when the first author was
allowed to travel to the site, as determined by DFAT (2012), and samples could be
collected to assess the amount of water-leachable salts in the tsunami deposit and
underlying soil. As the aim of this study is to evaluate the effect of tsunami
inundation on rice production on the Sendai Plain, data were plotted against the
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guidelines provided by the Crop Production Division of Miyagi Prefecture
(CPDMP) (2011), based on the handbook by the Agricultural and Forestry Depart-
ment, Chiba Prefectural Government (AFDCPG) (1973). The AFDCPG (1973)
guidelines indicate that chloride concentrations of 500-700 mg kg~ ' result in
brine damage of rice seedlings and CPDMP (2011) also showed that a chloride
concentration of 500—700 mg kg~ corresponds to a soil electrical specific conduc-
tivity of 0.3 mS cm ™! (based on a 1:5 soil:water ratio, and assuming that the content
of ions in a soil is the same as that of the standard sea water). The electrical
conductivity of soil is most often determined to estimate the amount of salt
(e.g., FAO 2005; IAARD and NSW DPI 2008), as it is a faster method not requiring
analysis. However, in this study, we determined the concentrations of soluble ions.
Thus, as we are referring to these guidelines, we focus our results on changes in
chloride concentrations, although it is well known that salt contamination is
reflected in other parameters, such as increases in sodium and other elements, and
increases in pH (e.g., FAO 2005). For example, Goto and Inagaki (2011) reported
boron concentrations of 10-20 mg kg~ ' in available form in tsunami sediments,
which were largely in excess of the optimal concentration of 0.5-2.0 mg kg ', and
were thus likely to result in crop damage.

10.2 Methods

A shore-perpendicular transect extending from the shoreline to c. 5.1 km inland was
established north of Sendai airport, in the central part of the Sendai Plain
(Fig. 10.1). Samples of tsunami deposit and underlying soil were collected along
the transect at 30 sites in May 2011. The sampling depth intervals in the tsunami
deposit ranged from 2 mm (mud drapes) to 4 cm. The top 2 cm of the underlying
soil was also sampled, as well as soil beyond the landward limit of the tsunami
deposit (Fig. 10.1c). In addition, at four sites (WP325, WP326, WP327 and
WP329), not only the tsunami deposit (sand, sand and mud, or mud) but also the
underlying soil was sampled up to a maximum depth of 20 cm to assess the extent of
salt contamination in the soil (Fig. 10.1c). The stratigraphy of the tsunami deposit
varies at these four sites, but is typical of the variability observed along the transect.
The first 4-5 cm of the soil profile were sampled at 1 cm intervals and the remaining
profile every 5 cm. A limited number of sites were sampled again in August 2011,
October 2011 and February 2012, in order to assess the temporal changes in the
effects of salinisation on the sediment and soil in the area of study. At two of the
sites in Matsukawa-ura (Mal and Ma2), muddy and sandy intervals of the tsunami
deposit ranged between 0.5 and 5 cm, while the top 2 cm of the underlying soil was
sampled. Soil samples were also collected beyond the limit of tsunami inundation
(Ma3) (Fig. 10.1d).

Grain size analysis of samples collected in May 2011 (n = 133) was carried out
by laser diffraction using a Malvern Mastersizer 2000 after pre-treatment with
hydrogen peroxide. The instrument can be used for sediment with a grain size
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Fig. 10.1 (a) Map of Japan showing the epicentre of the M 9.0 Tohoku-Oki earthquake and
regional map with studies areas. (b) Regional map showing study areas in Miyagi Prefecture near
Sendai and in Fukushima Prefecture near Soma (FDNPP = Fukushima Daiichi Nuclear Power
Plant). (¢) Location map with sampling sites near Sendai airport, Miyagi Prefecture. The extent of
rice paddy fields along the transect prior to the 2011 tsunami (between ~1.1 and 4.5 km from the
shoreline, although this area also includes roads, canals and residential areas), and the limit of
tsunami inundation (LT7) are shown. See text for explanation. (d) Location map of study area at
Matsukawa-ura, near Soma, Fukushima Prefecture, with sampling sites. The brown double-ended
arrow indicates the area covered by rice paddy fields prior to the tsunami

<1,400 pm, which represented >98 % of all samples, except at two sites (3-3 and 3-
16), where the coarser fraction amounted to 5 % and was analysed using sieves.
Results for these samples were combined using corrections due to density and
weight/volume percentages. The organic content of all samples collected during the
four field surveys near Sendai airport and in Matsukawa-ura (n = 341) was deter-
mined by ashing at 550 °C for 4 h after drying overnight at 105 °C. All samples
were processed for water-leachable ions, by drying at 105 °C, adding high-purity
water (18.2 MQ cm) (ratio soil:water of 1:10) before being placed on a shaker at
125 rpm for 24 h. The supernatant was then filtered using a 0.2 pm disposable filter
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and split for anions and cations. Water leachable anions (Cl, Br, F, SO4, NO3, PO,
and NO,) were determined by Dionex DX-600 Ion Chromatograph (IC), while
water-leachable cations (Ca, K, Mg, Mn, Na, P, S and Sr) preserved with
sub-boiling nitric acid were determined by Varian VISTA AX (axial) CCD Simul-
taneous ICP-AES (see Chagué-Goff et al. 2012b, for details on all analytical
techniques used here). Although a 1:10 soil:water ratio was used in this study to
obtain a large enough volume for analysis, as opposed to a 1:5 ratio used for
measurements of electrical conductivity (CPDMP 2011), chloride concentrations
were calculated by taking the dilution factor into effect and reported on a sediment
dry weight basis. Therefore, they can directly be compared to the AFDCPG (1973)
and CPDMP (2011) guidelines.

Datasets from each period sampled were analysed using SPSS v. 21 (2012).
However, data are only reported for all samples analysed in May 2011 near Sendai
airport, and in Matsukawa-ura in February 2012.

10.3 Results

Most ions reported in May 2011 exhibited a similar distribution along the 5.1 km
shore-perpendicular transect, with distinctly higher concentrations between 1.55
and 4.03 km inland (between sites 3-30 and 3-80) (see Fig. 10.2 for chloride
concentrations, which are representative of the other ions, as shown by high
positive correlations between all elements, except for P, PO4, NO3 and F; NO,
data were not included as they are mostly below detection limit; see Table 10.1 and
Chagué-Goff et al. 2012b).

Results also indicate that concentrations were in general higher at the surface of
the tsunami deposits compared to intervals below, in particular where salt crusts
were visible (Fig. 10.3; May 2011). Lower concentrations were measured in the
sandy tsunami deposit and soil (except ~1.5-1.85 km inland), as well as on the
beach from the shoreline to 1.24 km inland (site 3-24) and from 4.27 km inland
(site 3-84) to beyond the limit of tsunami inundation. Nevertheless, the soluble
chloride content was 100 times higher (~2,000 mg kg~ ') within the limit of tsunami
inundation (site WP308) than immediately beyond it (~20 mg kg™", site WP309),
despite the fact that the land had been ploughed since the event and no sedimento-
logical evidence nor debris were visible (Chagué-Goff et al. 2012b). Chloride
concentrations beyond the limit of tsunami inundation (17-23 mg kg ', n = 4, at
sites WP309 and WP324) are thus used as background concentrations. In February
2012, chloride concentrations were similar and close to background at both sites
(826 mgkg ', n = 4).

The tsunami deposit and underlying soil generally fined inland, with a discon-
tinuous sand deposit varying in thickness from ~30 to 0.5 cm recorded up to ~2-8-
2.9 km inland (Chagué-Goff et al. 2012a; Szczucinski et al. 2012). It consisted
mostly of medium to fine sand (Figs. 10.2 and 10.3) overlain by a discontinuous
mud drape or cap from ~1.4 km inland. The 3 cm to 1-2 mm thick mud-dominated
deposit covered the paddy fields up to 4.65 km inland west of Tobu Highway (site
WP307 in Fig. 10.1; see also Chagué-Goff et al. 2012a; Szczucinski et al. 2012).
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Fig. 10.2 (a) Chloride concentrations (May 2011) in the tsunami deposit (red open squares),
underlying soil and soil not covered by the tsunami deposit (blue dots) and beach (green triangles)
along the transect extending to 5.13 km inland near Sendai airport. The area covered by rice paddy
fields (~1.1 to ~4.5 km inland) is marked. (b) Mean grain size of the tsunami deposit (red open
squares), underlying soil and soil not covered by the tsunami deposit (blue dots) and beach (green
triangles) along the transect. The horizontal dashed line indicates the limit between the sand (mean
grain size <4 ®) and mud (mean grain size >4 ®). (¢) Land elevation (m) above the Tokyo Peil
(TP), which is the reference sea level, and flow height (m) above TP, recorded in May 2011 along
the transect up to Tobu Highway (4.5 km inland) (Modified after Goto et al. 2011). Data show the
nearly flat topography between the coastal forest and Tobu Highway (see Fig. 10.1c for location of

transect). n.a. = not available
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Fig. 10.3 Photograph

of site 3-36 (~1.85 km
inland, north of Sendai
airport) showing the salt
residues on the surface
muddy sand, underlain by
sand (taken in May 2011).
The darker soil can be seen
below the tsunami deposit.
See Fig. 10.1c for site
location

Readers are referred to Szczucinski et al. (2012) for further details on the sedimen-
tological characteristics of the deposit and underlying soil in this area.

In the following, we focus on ion concentrations and temporal changes in the
area inundated by the tsunami that was mostly occupied by rice paddy fields before
the 2011 event (except for housing, roads and canals), between ~1.1 and ~4.5 km
from the shoreline (Fig. 10.1c; from ~100 m seaward of site 3-24 to site 3-88, ~20 m
from Tobu Highway). We also provide results for the sites at Matsukawa-ura that
were only sampled in February 2012 (Fig. 10.1d).

As shown in Fig. 10.4, chloride concentrations decreased with time, both in the
tsunami deposit and underlying soil. Nevertheless, a similar pattern is observed at
all sampling times (May, August and October 2011, February 2012). The higher
concentrations are recorded between about 2.5 km and 3.5 km inland, with a general
decrease from that point both seaward and landward (Fig. 10.4). The dotted line in
Figs. 10.4a—d marks 500-700 mg kg~ chloride concentrations, the AFDCPG
(1973) and CPDMP (2011) guidelines. Our data show that the extent of the tsunami
deposit and soil characterised by chloride concentrations over 500-700 mg kg ™" is
much smaller in February 2012, almost a year after the tsunami, than in May 2011
(2 months after the event). However, it still covers an area nearly 1 km along the
transect, extending from 2.45 to 3.33 km inland, where the deposit and soil are
mostly mud-dominated. In addition, the surface sample at site WP326 (1.71 km
inland), contained 569 mg kg~' chloride, thus with concentrations that could be
detrimental to rice seedlings. It is also interesting to note that chloride
concentrations were higher in February 2012 (9,250 mg kg~ ' at the surface
characterised by fine organic-rich material (algal mat) at site 3-54, 2.8 km inland)
(Fig. 10.4d) than in October 2011 (maximum of 3,520 mg kg~ in the underlying
soil at site 3-56, 2.89 km inland) (Fig. 10.4c).
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Fig. 10.4 Chloride concentration in the tsunami deposit (red open squares) and underlying soil
(blue dots) in May 2011 (a), August 2011 (b), October 2011 (c) and February 2012 (d). The total
precipitation (P) from the 11 March 2011 tsunami to the period of sampling at Sendai airport
(After Japan Meteorological Agency 2012) is indicated after the sampling date. Note that data are
expressed using a logarithmic scale. Each square or dot represents a sample (see Figs. 10.5, 10.6,
10.7 and 10.8 for details at particular sites). The dotted line marks the guidelines (500-700 mg
kf{1 chloride) of the Agricultural and Forestry Department, Chiba Prefectural Government (1973)
and Crop Production Division of Miyagi Prefecture (2011), above which brine damage occurs in
rice seedlings. Data show that while the area unsuitable for rice production gets generally smaller
with time, both the overlying muddy tsunami deposit and underlying soil are still considered
contaminated almost 1 year after the tsunami over an area covering nearly 1 km (between 2.45 and
3.33 km inland), as well as at the surface 1.71 km inland

The downward leaching of salt through the sandy tsunami deposit into the
underlying soil is illustrated in Fig. 10.5 (site WP325), where concentrations of
water leachable ions were fairly low in the 20 cm thick sandy deposit even in May
2011 (<1,070 mg kg~ ' chloride). Chloride concentrations however reached
7,620 mg kg~ " at the top of the soil layer and decreased downward to 2,080 mg
kg~ ' at 17 cm depth (in the soil profile). At site WP326, characterised by a 1 cm-
thick sandy deposit, ion concentrations were higher in the sand than in the underly-
ing soil (Fig. 10.6), probably because the seawater ponded and could not leach
downwards as easily through the underlying soil. Where the sandy deposit was
overlain by a mud cap, like at site WP327 (Fig. 10.7), ions exhibited highest
concentrations in the surface layer (e.g., 47,080 mg kg ' chloride), leached through
the sand and were higher in the underlying soil than in the sand unit. At site WP329,
where the tsunami deposit consisted of a thin mud layer, ion concentrations were
highest at the surface (e.g., 87,500 mg kg_1 chloride), and then decreased down-
ward in the underlying mud layer and underlying soil (Fig. 10.8). Most ions that



203

10 Impact of Tsunami Inundation on Soil Salinisation. . .

AN CER ] ZL0Z 994 o
110z By m 110z ‘Bny

iozAew o| O Loz hew o Oe

] O e

D.m.cﬂ O.M.c -

i -_- Q..... %oo
m} o}
o

0009 00Ot 0ODOZ O
(,.6% Bw) wnipog

00ST 000T 00S O

Z0Z ed @
L0z By v

r T T

0E 14 19

(.53 Bw) syeyding (B3 Bw) epjwoig

(1107 3sn3ny ur pojdwes orgoid [10s doy A[uo se ‘9[qe[reae jou = 'p'u) "ozisureis I10J 3daoxa
‘(2107 A18N1q9 ‘1 10T 1290100 pue Aely) sporrad Surjdures aa1y) 18 popraoid are eie(q yidop JuaIoggIp € je pejoo[[od ofdures e syussardar [oquiks yoey ‘sourjopngd
(1107) dINAdD PUe (€£61) DADAAY Y} OpHOYd 3y Sut 00L—-00S SHIEW 2ul] pajiop [p11.124 Y} pue ‘[10s SutA[Iopun pue jisodep rwreuns) ay) usemiaq |
AU} SMOYS 2Ul] PAYSDP [PIUOZILOY YT, "UOTIBIO] 1S 10 01°()] "S1 39S "STEAA 9IS 1€ [10S SUIA[ISpUN PUE JUSWIPSS IWERUNS] UT SUOTIBIIUIOU0D Wnipos pue ojeydins
‘OpIwIoIq ‘OpLIoyd (I[qN[Os) [qeydes[-1atem ‘(A[uo 110z AeIA) () 2zIsurei3 ‘(%) [OT UonIusI uo ssof se passardxo) Juaguod oruedio ‘Aydersnens §°0f “Si

z10zZ ‘984 © zLoz ‘9o *
110z By * . 110z By x 2
wozhew o| © Lozhew o ® Loz Aew + 39
. 28
Le] . o S
% L 2 jlos e
T - ik L] it - SR R ._-.u ..... *
§77] 00 BEdesmifteess 40T o
. ag
. pues m =3
=
. =g
: 33
— ———y® —_— 3
0006 0003 O0O0OE 8 9 ¢ T O 0z ST O1
(.63 Bw) epuolyd () 8zis ureso (%) 107 GZSdM



C. Chagué-Goff et al.

204

9z1s ureid 10y 3dooxe
‘(2107 ATeniqa ‘110¢ 1290190 pue Aeq) sporrad Surjdues 921y je popraoid are e y3dap JuaIdgJIp € Je pejoo[[od oduwes e syuasardar [oquiks yoeH ‘sourfopind
(1T07) JINAdD PUE (£L6T) DAOAAY U3 “@puo[yd | 3y Swr 00L—00S SYIeW 2ul] pajjop [pI11124 oY) PUE ‘[Ios SUIK[Iopun pue Jisodop Tureuns) oy} Uoom1dq Irun|
Y3 SMOYS 2Ul] PaYSDP [PIUOZ1L0Y YT, "UOTIBIO] IS 10§ 91°()] "SL 995 "9ZEdM 1S Je [10S SUIA[IopUN pue JUSWIPIS [WEBUNS] UI SUOTJBIUIDUOD WINIPos pue ajeydns
‘OpIwIoIq ‘OpLIOYD (2[QNJOs) [qeydedl-Iajem ‘(A[uo 110z AeIN) () 2zIsureis (%) [O UonuSI uo sso[ st passardxo) Juajuod oruedio ‘Ayderdnens 9°0y “Si

Z10Z %4 @ Z10Z 994 o ZL0Z G4 @ % 10z 004 © =y d "
| . ; | L] . * 2.
10z Bny = 110z By @ ° 110z Bny ¥ 110z By ¢ LLog By x : = 9
110z e o Hozkeno| g 1L0Z AeN 7 m LL0Z Aew © E ~ 10z Aew + - w._m
° : . o
. . + 7%
o lios 3 3
- .....O_. i ..“q: i ..-....N.. I ysodep
il o] | . ! - : —=rS syt puess, - 0" ~ |weuns}
000 000V 000Z O  OOST OOOF 00 O  OF 0z OF 0006 0009 000E O 8 9 v Z 0 oz ST OL § 0O
(6% Bw) wnipog (.63 Bw) ejeyding (.6 Buw) mu_Ep_m_ (.64 Bw) spuolyd (o) 8zs uresn (%) 101 92EdM



205

10 Impact of Tsunami Inundation on Soil Salinisation. . .

ojeyd[ns pue 9prwoIq ‘OpLIO[Yd 10§ J[EIS JO SATUBYD PUE SAUI| PAYSEP SNONUNIUOISIP Ay} AoN ‘ozisureid 10y jdooxo

‘(2107 Areniqad ‘1 10T 1290190 pue AejN) sporrad Suridures aa1y) je papraoid are ejeq "yidop JUIJJIp © I8 P2302[[0o o[dwes © sjuasardar joquiks yoey "sourfoping
(1107) dJINAdD PUE (£L61) DIOAAY Us “@pLo[yd | 3y Sw 00L—00S SYIEW 2ul] pajjop [pI111a4 dY) pue ‘[ios Furkropun pue Jisodop rureuns) ) usamiaq |
QU SMOYS aUl] PaYSOP [PJUOZLIOY A, 'UOTIBOO] 9IS 10J O1°0] “S1 99S "L ZEJAA 9IS Je [10S SuIA[Iopun pue JUSWIPIS TWERUNS) UT SUOTJEIUIOUOD WNIpos pue ajeydns
‘Op1wiolq ‘opLIO[Yd (9[qNJos) d[qeyoed-Iarem ‘(A[uo 10 AeIN) (d) 9zisureis ‘(%) O] uontusi uo ssof se passardxa) Juduod druedio ‘Aydeisnens L1 “Sig

202994 @ ZLOZ 994 o
Woz By m|  @Dm 110z 6y @ o ©
oz few o o oz fey O

0009 000F OOOZ O
(6% Bu) wnipog

0005 0DOE 0OST 0OOT 005

(.5 Bw) sreyding

00T ‘oSt

ZI0Z 0 w
10z Gy v w
0zl g %

— -

(.65 Bw) spiwoug

05 OF O OZ OT O

Zi0Z qed @
Loz By *
Loz few ©

i, WY —T8——

00005 SSqooomoaowooom o g 9 ¥ T
(.65 Bw) apuojyo

(@) ozis uiRID

ZLOZ 'q94 *
10z By x o WU
woz fep + 2
- o W.w..
TGS M I ysodep
des pnuw—+ o
0z ST 0T
(%) 107 1Z8dM



C. Chagué-Goff et al.

wnipos pue 9jeyd[ns ‘Opruioiq ‘OpLIo[yd 10J A[eIS JO SOTULYO PUE SU1] paysSpp SNONUIIUOISIP AY) 9JON “dzIsurers 10§ 1deoxd
‘(2107 Areniqo ‘1107 1090300 pue AeJ) sporrad Surjduwres 921y Je papraoid a1e eje(q "yidop JUQISIpP © 18 pa1oo[[od ojdwes e sjuasardal [oquiAs Yoy "sour[opinsg
(1107) dINAdD PUE (£L61) DADAAY @Y} ‘9pUO[Yd | 3y Sw (0L—00S SYIEUW 2ui] pajiop [po111a4 dY) pue ‘Tios Suk1opun pue J1sodop [weuns) ) usdMIaq |
U3 SMOYS dUl] PAYSDP [DIUOZ1LOY T, "UOTIRIO] IS 10J O1°()] "S1 99S "6ZEAAA 1S Je [10s SUIA[Iopun pue JUSWIPSS TWeUns) Ul SUOHEIIUIOUO0D WNIpos pue yeydns
‘OpIwolq ‘OpLIO[Yd (9[qNJos) d[qeyoed-Iarem ‘(A[uo 110¢ AeIN) (d) 9zisureisd ((9) IO uonugi uo ssof se passaidxa) Juauod druesio ‘AydeiSnens §0f "1

206

Zi0z 994 o _— ZL0Z 993 0 . 210z 994 g ..wn Z102 ‘04 @ g
110z By = 1oz By o 1402 ‘B v L 110z Bay + " =1
1102 4B O a= 1102 Aep O o Loz fen g 1102 fBp O Loz Aen o , m.w.
" . B =
%l & o m - l% & o oo -m-
---n----.-.n_%. .-----01.0-#- e e 1 - -nae T e ysodep
D= - PO = = - - Or—4 = - . 1 AUBUNS)
0000S 0006 0009 0OO¥ 000Z 000S 000 OOST OOOT 005 © OOy OOE  0S Ob OE OZ OF O 0OODOL 0ODOT 0006 0OD9 0OOE g 9 v z 0 i
(.6 Buw) wnipog (.6 Buw) epeyding (.6 Buw) epiwosg (.64 Buw) epuoiy (®) ezis uiein 62EdM



10 Impact of Tsunami Inundation on Soil Salinisation. .. 207

Ma1l a
LOI (%) Chloride (mg kg')  Bromide (mg kg") Sulphate (mg kg ") Sodium (mg kg")  Calcium (mg kg
£ LI ] o 700 18000 0 W W0 4 o 20000 40000 o 12000 0 6000
rg_ [ p——" i e ra i bar e - -
§§§ 7 2 1% s, ® g ]
i _&. sand & L o
o i i el I : Dt | B el [ mm R prafEmn
Fon202] o Feb 2012 & Fab 2012 ® Fob, 72013 [reame
i ] | ]
Ma2 b : i ; ; i . ;
LOI (%) Chloride (mg kg")  Bromide (mg kg') Sulphate (mg kg') Sodium (mg kg')  Calcium {mg kg']
o 5 10 15 20 0 TO00 14000 9 10w 30 40 0 20000 40000 o 12000 a 5000
a — — " . P
§H r " e T . o
B g . ie & - a
3; X I sand H * " o
§= . 4 |5 e 3
o Rt semeenes - .. ........ FECEEEED heeennnnn {yreeenan

Fig. 10.9 Stratigraphy, organic content (expressed as loss on ignition LOI (%)), water-leachable
(soluble) chloride, bromide, sulphate, sodium and calcium concentrations in tsunami sediment and
underlying soil at sites Mal (a) and Ma2 (b) in Matsukawa-ura, recorded in February 2012.
See Fig. 10.1d for site location. The horizontal dashed line shows the limit between the tsunami
deposit and underlying soil, and the vertical dotted line marks 500700 mg kg_1 chloride, the
AFDCPG (1973) and CPDMP (2011) guidelines. Each symbol represents a sample collected at a
different depth

occur in high concentrations in seawater (e.g., Na, SO4, Br, Mg, Ca, K) followed a
similar pattern, reflecting downward saltwater leaching following tsunami inunda-
tion (see Figs. 10.5, 10.6, 10.7 and 10.8 for distributions of Na, SOy, Br).

Temporal changes in ion concentrations are illustrated in Figs. 10.5, 10.6, 10.7
and 10.8 at these four sites. Soluble ion contents decreased with time, in particular
where the tsunami deposit and underlying soil were sandy (WP325 and WP326).
There, chloride concentrations were below the AFDCPG (1973) and CPDMP
(2011) guidelines in February 2012 (Figs. 10.5 and 10.6). At site WP327, where
the tsunami deposit consisted of a sandy layer overlain by a mud cap, and the
underlying soil was predominantly silty (® of 4-6), data show that except in the
sandy layer, chloride concentrations were well above the AFDCPG (1973) and
CPDMP (2011) guidelines in February 2012. Sulphate concentrations were even
higher in February 2012 than in August 2011 in the soil. It is thus inferred that salt
might have leached downward, as shown by a slight downward increase in Cl, Br,
SO, and Na, and concentrations near the base of the soil profile higher in February
2012 than in August 2011 (Fig. 10.7). Nevertheless this might also suggest that
further downward leaching is prevented. At site WP329, chloride concentrations
(1,390 mg kgfl) twice the AFDCPG (1973) and CPDMP (2011) guidelines were
only recorded in the surface muddy layer, although measurable sulphate concen-
trations were noted in the soil (Fig. 10.8). The downward decrease in concentrations
in the soil profile and lower concentrations with time suggest dilution and possible
associated downward leaching.

At Matsukawa-ura, the tsunami deposit was characterised by a mud layer
overlying a sandy deposit at both sites within the inundation limit (Figs. 10.9 and
10.10a). The area was flooded by seawater at least until June 2011, and this was
reflected by the presence of extensive salt crusts on the land in February 2012
(Fig. 10.10b), while no salt crusts were visible near Sendai airport at that time.
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Fig. 10.10 (a) Photograph of site Mal (labelled WP502) in Matsukawa-ura, showing the salt
residues on the mud and rice plant remains, overlying the mud and sand tsunami deposit and soil
(taken in February 2012); (b) Photograph of site Ma2 showing the extensive salt crust (taken in
February 2012). See Fig. 10.1d for site locations

Chloride concentrations were above the AFDCPG (1973) and CPDMP (2011)
guidelines in both the muddy and sandy tsunami deposit and the underlying soil,
with the highest content recorded at the surface of both sites (12,600 and 12,900 mg
kg™ "), except in the lowest sandy intervals at site Ma2. The high sulphate (up to
38,000 mg kg~ ') (Fig. 10.9) and calcium concentrations suggest that salt residues
were dominated by calcium sulphate or gypsum (CaSQO4.H,O) in this area, although
it does not exclude other salts, such as NaCl and KCl. This is also suggested by the
strong positive correlation between these elements (Table 10.2). Beyond the limit
of tsunami inundation, chloride concentrations were close to background
(18-35mg kg ', n = 3).

10.4 Discussion

As reported in Chagué-Goff et al. (2012b), soluble ion concentrations were highest
in May 2011, 2 months after the tsunami, mostly where seawater had ponded for a
long time, both where the deposit was sand- (~1.5-1.85 km inland) or mud-
(~2.9-3.4 km inland) dominated (Fig. 10.2).

Data gathered along the transect north of Sendai airport over four sampling
periods from May 2011 to February 2012, 11 months after the tsunami, show that
salt concentrations in the tsunami deposit and underlying soil generally decreased
with time (Fig. 10.4). This is mostly attributed to rainfall, which probably resulted
in dilution and downward and/or lateral leaching of salt, as also reported in previous
studies (e.g., Szczucinski et al. 2007; Raja et al. 2009; McLeod et al. 2010; Chagu-
é-Goff et al. 2012b). However, higher concentrations were recorded in algal mats
and surface organic-rich mud in February 2012 than in October 2011, despite
additional precipitation of ~250 mm between both surveys.
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The October survey occurred 2 weeks after Typhoon Roke, which resulted in
330 mm precipitation, and 60 mm of rain also fell during the October sampling
(Chagué-Goff et al. 2012b). This is likely to have led to dilution and/or downward
leaching of salt at the time. Elevated salt contents at the surface of fine sediment and
in algal mats in February 2012 are on the other hand probably attributed to capillary
action and evaporation, as the precipitation (snow fall) was only 22 and 44 mm in
January and February 2012, respectively (Japan Meteorological Agency 2012).

Winds from the SE and SSE are prevalent in the region (Japan Meteorological
Agency, 2012) and are likely to contribute to evaporation and resulting increasing
concentration of salts at the land surface. Our data therefore suggest that not only is
salt preferentially retained in organic-rich fine sediment, but that the total precipi-
tation is not the only governing factor regarding retention or leaching of salt, and
that these processes depend upon variations in precipitation and other climatic
parameters. Wind, air temperature, solar radiation, vapour pressure deficit and
relative humidity affect evaporation (e.g., Morton 1968), and thus indirectly the
retention or leaching of salt. McLeod et al. (2010) indicated that loss of functional
drainage following the tsunami could also have affected the rate of salt leaching.
As in Aceh, Indonesia, the low topography on the Sendai Plain (Fig. 10.2c) is also
likely to result in slow leaching.

Downward leaching of salt occurred more readily in the sandy deposit and/or
sandy underlying soil (e.g., WP 325, Fig. 10.5), due to the higher porosity of the
material compared to mud (e.g., Szczucinski et al. 2005; Chagué-Goff et al. 2012b).
It is however interesting to note that the downward leaching reported by McLeod
etal. (2010) in a number of fields in Aceh, resulting in a surficial decrease in salinity
associated with an increase at depth, was not observed at any of the sites studied
here (Figs. 10.5, 10.6, 10.7 and 10.8).

At site WP327, salt was preferentially retained in the fine organic-rich sediment
and underlying soil, at least down to nearly 15 cm depth. The creation of a hard pan
by puddling (compacting), harrowing (breaking up the soil) and levelling the soil
under wet conditions (e.g., Wopereis et al. 1992) is a common practice in rice
farming. It results in a zone of low hydraulic conductivity which helps reduce water
loss. Here, the presence of the compact hard pan underneath the rice paddy soil
appears to impede downward leaching below this impervious surface and the
resulting downward increase in ion concentrations (Fig. 10.7). However, where
there is no hard pan, soluble salts might leach further downward, as seen at sites
WP325 (Fig. 10.5) and WP329 (Fig. 10.8), and contribute to contamination of
groundwater. We measured the ion concentrations in the soil profile down to 20 cm
at a few sites, and at various times to assess the temporal changes and effect on
the soil. However, further study would be required to ascertain the fate of soluble
salts within the deeper soil profile and possible impact on groundwater, in addition
to the effect of saltwater intrusion.

With regards to the effect of tsunami inundation on soil salinisation and impact
on rice production, our study shows that 11 months after the tsunami (February
2012), the area with chloride concentrations over the guidelines was nearly 1 km
long, and ranged mostly between 2.45 km and 3.33 km inland. At the surface of the
thin sandy deposit 1.71 km inland, the chloride concentration was also near the
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guideline values. Thus, this suggests that the area up to 3.33 km inland was still
not suitable for rice production in February 2012, and that contamination by salt
was still recorded at a depth of nearly 15 cm in the soil profile in some areas (such as
at site WP327, 2.45 km inland). Indeed, we found in February 2012 that rice
production not only had been halted following the tsunami in 2011, but could not
resume before 2013 on rice paddy fields within 3.4 km of the shoreline. This was
because the soil electrical conductivity exceeded 0.3 mS cm ™' and the salinity of
the groundwater at 4 m depth (1-4 mS cm ') was also too high to allow rice
farming (Mr Sato, pers. comm. 2012; Chagué-Goff et al. 2012b). Remediation
measures using freshwater flushing were to be implemented to flush the salt out
of the soil within the 3.4 km zone (Mr Sato, pers. comm. 2012). We measured an
electrical conductivity of 2 mS cm ™" in irrigation channels at the seaward limit of
the remediation zone, and just under 1.3 mS cm ! landward of it. While it was
within the CPDMP (2011) guidelines, which recommend an EC of 2.2 mS cm™ ! for
paddy water, we observed soy bean crops between 3.4 and 4 km inland, instead of
rice crops, during an additional visit at the end of September 2012. This might
suggest that although soil salinity was within the recommended AFDCPG (1973)
and CPDMP (2011) guidelines as reported in this study (Fig. 10.4d), the quality of
surface and/or ground-water was probably still not adequate for rice production.

At Matsukawa-ura, no attempts appeared to have been made to resume rice
production at the sites investigated (Mal and Ma2, ~1.75 and 2.20 km from the
shoreline, and ~0.2 and 0.65 km from the landward edge of Matsukawa-ura lagoon,
respectively), although flushing of rice paddy fields was observed further inland in
this area. Matsukawa-ura is only ~42 km N of the FDNPP. Joint US/Japan survey
data gathered by the Japanese National Nuclear Security Administration and US
Department of Energy suggest that Matsukawa-ura was not directly affected by the
nuclear disaster, based on '**Cs and '*’Cs deposition activities (US Department of
Energy 2012). Thus, rice production might be able to resume, once salinity and
sodicity have decreased to background levels. However, the high levels recorded
nearly 1 year after tsunami inundation, which are probably partly due to the
extended period of ponding by seawater, suggest that this area is likely to be
unsuitable for rice production for a considerably longer period than near Sendai
airport. The extremely high sulphate concentrations recorded there might also
inhibit rice cropping, due to the possible conversion of sulphate to sulphide under
highly reducing conditions (e.g., as a result of flooding). Thus, rice production
might be inhibited due to sulphide toxicity, although previous studies have shown
that oxidation around the rice roots might counteract this effect (e.g., De Datta
1981). Further study would be recommended to ascertain the possible adverse
effect of excess sulphate on the rice paddy fields.

Co-seismic subsidence of 17-21 cm was reported in the area near Sendai airport
(Goto et al. 2011), and it could impede flushing measures and contribute to
increased soil salinisation from groundwater. Hulugalle et al. (2009) studied the
soil physical properties in Aceh following the 2004 Indian Ocean Tsunami and
reported a significant physical degradation of the soil, which can also affect crops.
Although the soil physical characteristics were not investigated in this study,
tsunami inundation is likely to have had a negative impact, partly due to the high
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sodicity (e.g., So and Aylmore 1993). High sodicity also affects rice production
and the application of gypsum and/or compost in association with flushing is
recommended in saline-sodic soils to improve rice yield (e.g., Nayak et al. 2008;
Abdel-Fattah 2012). Whether the large amount of calcium sulphate present on the
rice paddy fields in Matsukawa-ura might be beneficial is not clear as yet as
concentrations might be too high resulting in an ion imbalance over and above
the possible conversion to sulphide and resulting sulphide toxicity. Wang
et al. (2010) also suggest altering the irrigation water depth to increase rice yield.
Therefore, a number of measures might be applied to remediate salinisation of the
soil, as well as removing the tsunami deposit if too thick, in order to be able to
resume rice production in both areas. In the meantime, alternative farming has been
suggested and started, such as the Tohoku cotton project, as cotton is less sensitive
to salinisation (Tohoku Cotton Project 2012). Further research is recommended to
assess the longer term effect of salinisation due to tsunami inundation on rice
growing, as little data are available in temperate climates such as Honshu Island,
where rainfall is significantly lower than in tropical regions. Remediation measures
should also be tested and carried out.

10.5 Conclusions

Two months after the tsunami salt contamination was significant in areas where
seawater had ponded for a long time, independent of the nature of the tsunami
deposit (sand or mud). However, data gathered over a period of almost a year after
the event show that salt is preferentially retained in organic-rich fine sediment,
either at the surface of the deposit or in the soil profile, down to about 15 cm depth.
Our data also revealed that although salinisation of the muddy sediment and
soil generally decreased with time, it was also dependent on the variability of
precipitation and other climatic parameters, which can result in evaporation and
concentration near the surface of the deposit. At Matsukawa-ura, where seawater
ponded for much longer, salt crusts were still visible in February 2012, and chloride
concentrations were well above the guidelines for the establishment of rice
seedlings. Salt residues were probably dominated by forms of calcium sulphate.
While calcium sulphate is often suggested as remediation for high sodicity, the high
concentrations at Matsukawa-ura might result in acute sulphide toxicity if the soil
becomes flooded and reducing conditions are established.

While the area with chloride concentrations over the suggested guidelines for the
establishment of rice seedlings has decreased since May 2011, it still extended
nearly 1 km between 2.45 and 3.33 km near Sendai airport in February 2012, and
concentrations near the guideline levels were also recorded at the surface of the
tsunami deposit 1.71 km inland. The landward limit corresponds to the area still
deemed unsuitable for rice production in 2012. It also appears that conditions were
still not suitable for rice crops to resume in 2012 as they were instead replaced by
soy beans. Remediation measures are suggested and should be implemented to
allow rice production to resume on the Sendai Plain.
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