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Abstract

Environmental assessments and safety control during and after CO; injection are essential
for CO; geological storage, and we are required to evaluate long-term environmental changes
and safety. However, long-term changes are difficult to detect directly because the leakage of
CO:s is expected to be small and the evaluation is, sometimes, requested to cover more than 1,000
years. To solve this problem, a natural-analogue study, which inquires into environmental
changes at present through a comparison with past geological phenomena, is one possible
approach.

When the Matsushiro earthquake swarm began in 1965, a large volume of subsurface water
accompanied by CO; gas was discharged along fracture zones. A natural-analogue study on the
CO; discharge during the earthquake swarm should be helpful to create a scenario of leakage
and a guideline for the safety of CO, geological storage. Surveys of the CO; content in soil gas
and CO; flux emissions from the surface were carried out with carbon isotope ratio measure-
ments to understand the current state at Matsushiro, and to make a conceptual model for envi-
ronmental assessments and safety control. From geological and geophysical points of view, it is
said that deep water gushing out from the surface caused the swarm of earthquakes. As this
deep water is still gushing out, we planned to measure CO; concentrations in soil gas and CO
flux to examine present CO; activities at Matsushiro. Because CO; in the soil is also produced
by activities of microbes, however, we decided to measure the isotope ratio of the carbon to distin-
guish CO; in deep groundwater origin from that produced by microbes.

We selected five survey lines and three survey areas based on previous geochemical mea-
surements and fissure distribution during the earthquake swarm, and measured CO; concentra-
tion in soil, CO; flux, and isotope ratio. Although there were survey points on the thick fan de-
posit where CO; concentration in the soil and CO; flux were high, the isotope ratio indicated that
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the carbon is produced by the activity of microbes. On the other hand, the isotope ratio of the
samples collected from the thin fan deposit area shows deep subsurface water as the origin. An
investigation well was drilled into the basement. Subsurface water samples were collected near
the bottom of the well in the igneous rock formation. Geochemical analyses and carbon isotope

ratio measurements show higher concentrations of chloride and abiogenic CO., indicating that
groundwater of a deep origin with COs is still rising.

We are now making a conceptual model of hydrogeological history at the next step. This
natural analogue study of CO. seepage could indicate the importance of understanding shallow
hydrogeological characteristics in a CO; storage field.

Key words : CO; geological storage, natural-analogue study, risk assessment, Matsushiro earth-

quake swarm, CO; concentration in soil gas, CO; flux , carbon isotope ratio
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Fig.1 Geophysical survey maps of the area around Nagano Basin in northern Nagano Prefecture.
(a) Gravity anomaly map (after Kono et al., 1982), (b) Cross-sections of seismic velocity (top figure) and electrical
sounding (bottom figure) simplified from Asano et al., 1969a, b and Ono, 1967, respectively. A basement with a seismic
velocity of 6 km/s is located in a shallow layer under Nagano, Matsushiro, and Ueda, which is concordant with a high
gravity anomaly. High resistivity of more than 200 QOm is found in the shallow layer at Matsushiro. Resistivity in the
shallow layer differs between Kagai and Sezeki/Makiuchi districts, suggesting an underlying fault.
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Fig. 2 Observation points for geochemical surveys (soil CO; gas and flux surveys). Solid symbols
and two dashed lines indicate fractures and the boundaries of the left-lateral fault zone at the
Matsushiro earthquake (after Nakamura and Tsuneishi, 1967). Areal surveys were carried out
at the square denoted by areas A, B, and C. Five line surveys at lines v, w, X, y, and z were also
conducted. A topologic map with a scale of 1/25000 titled “Shinano Matsushiro” and prepared
by the Geographical Survey Institute was used as a base map.
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Fig. 3 Daily activities of earthquakes felt during the
Matsushiro swarm (modified from JMA, 1968).
(a) chlorine ion variations at a hot spring in Ichi-
yokan (Noguchi et al., 1969), (b) Discharge at a
hot spring in Ichiyokan (Kasuga, 1967), (c) Tec-
tonic movement (after summary by Otake, 1976;
the horizontal and vertical movements show the
expansion and contraction of the baseline be-
tween Mt. Minakami and Sorobeshi Pass and the
temporal level point installed by the Earthquake
Research Institute.).
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Fig.4 Soil CO. gas concentration distribution. Hatched area and two dashed lines indicate fractures and the boundaries
of the left-lateral fault zone at the Matsushiro earthquake (after Nakamura and Tsuneishi, 1967). Areal distribu-
tion of soil CO; gas was estimated from the survey results marked at the small circle. The distribution is adjusted
to have the same scale in the survey results. The topographic map 1:10000 titled “Nagano City 19-8” and pre-
pared by Nagano Local Government was used as a base map.

(a) Survey results for soil CO; gas concentration at area A and along the lines x and y. There are high CO; gas concentra-

tions in the northeastern and southwestern areas.

(b) Survey results for soil CO; gas concentrations at areas B and C and along the line z. Bb7 is located within the frac-
ture zone of the Matsushiro earthquake, and is the highest CO, gas concentration point in this study. High CO; con-
centrations were measured mainly at the west side of area B and the central part of area C. Landslides that followed
the earthquake are shown by a blue line.

(c) Survey results for soil CO; gas concentration along lines v and w. Survey points with a high soil CO; concentration
were located along the line v.
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Fig.5 Photos of the Kagai area. (a) Overview of rice field. Small bubbles of CO; were found in
the water. The rightmost structures of the figure are a concrete tube and a drain to release
discharged CO; bubbles. (b) The concrete tube. Continuous CO; emissions through the
tube are observed. Refer Fig. 7b.
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(a)

EHRITEE
150g/m?/day LA E
100 ~ 150g/m?: day
50 ~ 100g/m? day
10 ~ 50g/m?/day
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i wGE
5m
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(b)

B 7 200644077y 7 ZRERR. 1m MR CHERNZZE L7k
(a) WEBY - HMNHIXIZDH % Bb7 O ) ol &4 . Bb7(0, 0) 3 1, 2005 4 0 I 5E T 1 HLHR Y = W il (28.7 g/
m¥day) &R L7z FONy FIIRARIEHERICHNE NS CE L L S5 B
(b) HHFIGERARKHTO 1mMWICL 277y 7 ZWERE RAMEIE, ta— 282X Ta(l, 0) HaTOF
fifi (1,420 g/m%day) Td % %%, AW INIFHAHEO SV AR 5 58 K& 2K, M ba OB EOHE .
Fig. 7 The results of a CO; flux survey in 2006. The measurement points were set at intervals of 1 m.
(a) The survey results around Bb7 at the Sezeki/Makiuchi district. High fluxes (28.7 g/m?*day) were measured
during a survey in 2005. Hatched area indicates a fracture zone associated with Matsushiro earthquakes.
(b) The survey results for CO, flux measurement points at intervals of 1 m. The maximum fluxes (1,420 g/m?%
day) were measured at Ta(1, 0). High fluxes were measured at the survey points in the northeast area. The
large arrow shows the direction in which the photograph in Fig. 5a was taken.
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Fig. 8 Comparison of carbon isotope ratios. The isotope ratios collected at Aall, Bb7, and Ce5 in
Sezeki/Makiuchi district were similar to those of layers of organisms and terrestrial plants,

and differed from those of volcano gas.
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Fig. 9 Geologic column and logging results at the investigation well MCO2-1 (after Makino et al., 2006).
The geologic cross-section is also shown along the NE-SW direction. Logging results are: (a) tem-
perature, (b) electric conductivity, (c) pH, and (d) self potential. All logging data show changes at
an interval of depths of 55 m and 63 m corresponding to the boundaries of geological formations.

WENOMEAER D WEE RIS L T55m 2 5

# 1 AL (MCO2-1) TOIRKILF5HT.

Table 1 Chemical analysis of subsurface water using a water sampler in the
investigation well MCO2-1.

Depth | Temp pH Na K Mg Si0; | T-CO.
m T mg/l mg/l mg/l mg/l mg/l
1 53 17.2 9.6 112 4.6 3.2 9.5 72.1
2 63 17.5 8.5 121 3.9 8.5 10 137
3 73 18.2 6.9 149 5.2 43.2 13.6 374

AbMb, T, MAREEMEOHFHNICALN
T2HEAKOPTHIES HINE LTV EEHANH L Z
LR, MEIEIX O —FfER oKk o Cl ke
PR EDRE LA L, BUET TRWEZ RS- T
W5 (BE - B, 2006) ZEnEas, BMUL

BEBIERI LD S OEIEEREOMIEKIZ
BAEFTLELAH/BE IR T LI NN SN
5o

WA L % 1983 E0 NG X To 1
B CO i EMA (WETM - HEkfb:0aF5e 7

—812—



V—7,1984) T, rRFMAKLIEZIT- T
WHRWT & DL IERIE AR CO, TH 5%
FEE Vb oo, 1983 4E & 2005 F0HE (villl
W) RHNRDEEENR10 5D 1 U TICRoTWw
%o EIRMEARD EFAIFHNT WD EARE LY
B, WKETE CUBENRVTWS Z L5
WHEROMEEIIRE REBLER LTV RVDHD
D, COWENWMPLTWBEI &S EHEN
ool pRICELRMEIL b 722 LA FH
b,

HHRE - NHLIX ToOMERAE T, EHERED
WA T % &% 2 5N RERAMKLOE
WV COg M S N o 7z — 75, A HHIX
TR D COx 2SI I nTBY, D
B CUIRE R > THZ LT 5 HAK S
ENTWE, A= v FH#HEoOMETIE, W -
BN HIX T B E AK D 5B % 2T T B Ka)S
MRENT WS, O ER5, HEE - HNBEK
T, WHHEARL CO, ZHEICHEHS TRV
WHREMEPEHDEEZOND,

WA - B TR CHERE L TV 2 1
R GEAEL, BRBEEO/E»HE S
200m DL EEHEE SN D (VNEF, 1967,1969), =
OHEREW D 725, BRI F I MR O EILH A3
CTCLEFVEES R RoTLE-2h, HEFW
O ZEREIT 2 ERBHTKIC L ) AN E B
LTCE72CO WER - BRESND R ED/DH
FKTOFRIMEID CO, 2B S N7 W] g PEDS
Hbo —, MEIMX T, B RE =R
try— (B BiRBFBARIISERT) oK —Y ~
77 —% (i, 1970), —MEEORZEHHE To
T a7 (FH, 1967) & &hblgmyEve 2
HTHERRAEIFRASNT VWD, 72, K=
YT 20E, KEPS 97T m T TIEARER
HeREW, TA7121,386m F ClEBiEshTwb
LIADVBZVHEBLIUBELE SN TS, 20
HAB L OB a2 A KRE R CO I Jg &
o TWAMEMELH S, ZDX ) RIFEHISD
TP R LTV 5 A JEPIRCE 2SI s £
TEH - @EL, ZoLEEICKIHAEE 2D
RT VRN D H T EDHEH & o T, I

XTIRBMATOHED SO COx MM LT
2b0rEzoNs (X10),

4) SIEBEOFERHEK

B - 5 H (2005) 1%, bk s o & dh AR A
LORYE SNBiR S (SxS ) O GH
PR OH T CEII Sz (i), 1989) Z
NS, BHNLZERE L~ 7 <3 T TRE{LS
5 & EICH SNk E COp A8 RABERIC T
HEEE ) 2L, RPMBRAIES 15 km
FEICE E > TREMZER L TWDH LW EF
NEPE L2 Ao E R IX 30 ~ 3577
FEREHEEINTBY, v 7/ ~owmHTZENLIE
FNTWDEZ EnD, BMUZER Lz~ 7~
Hitgh 2RI LAFREICEEREOmRK L
CO, PMER LT TWDB Z Ll b MAUHE
W2 2o OESRIREERARR CO. 23 HF I I
T2, HEEZ Y Lo T AREKEZ
W LEDH LD, FDOAHZALIZDOWTEA
HELTws, L22L, HBOSOETVEEHT S
&, BnLo MBI, AR F CIEr S
DORBKREDHE ST, KED COx 2 L 72
LEZ oMb, MARITZH, (2006) 1%, 1714 4EF
T#ll> TREHIRILF O MEEH % 72, 1897
EO FEIFE R SRR O MRS R RALIT
FAELTWDH, ORI A S AL
WZFNTw 5, BT, EICERERIC 1
~ 2 MR DOAH KR Z > Tz otk
BHBEORTHY, HRMEORLRII LV, F
72, REDCO, Z&HAM»EH L2 L 2RY
WG D Boh o TWiav, —JF, HikH
JEAKD 1574235 TRATEFE M B AT A L 7225,
WETOABNOBEETTRE STV RV, i
FED CO, M AMMEEDEM L CA@as$Bhbh
72 KILHAT O CO, M & ARAREY I B 2 2 IR PAT
HrHrLEZOLNS,

CO; HiH B8 TIE, WK A 8 7 A e 12
COy MR A LEMBIER s b, I E
BRZ5D00, FE - HH (2005) HHEET
% X9 1AL T ICEE R E AR O E 0 A
HoHETNE COMPHFRIIBTLFT 2T
VT FrarZmEoBRAEEEZ 5N b, CO,

— 813 —



b o]
NE FHih X

FEBTOKDE S

HE - X
MC02-1

BT L REE K

10 HBPHIX & ME I HIX 2 #E SRS 2 E B SR, B2 IR L 72~ 7 < A A 5 AR TRR CO, AY

sz EATICHER SN AAEKEO FIC LR L7230 AR S U 7zas, BRI I3 AN 8 K i
DS N TREDORDY LIRS S NBERBEAES L (55 - HH, 2005). 2 OEIBBEKD EFHIZHE
WiEFO#ENHEZE> TETHRVTE Y, MEHFMKX TIIMEE THET 2. W - KX TRt
WP ARHEBLTBY, LA LZERTHERE, EHRYNOKICHERSNIEHLTLET v, #EIEEL
TIhWv. v, w, X, 5, zI&, BBXZOLHCOESMTOMKMEDMEZRT. BABREORHEH» S
N X L B X & o IR & R OB AIRIE SN TWwD (NF, 1967) .

Fig. 10 Cross-section between Sezeki/Makiuchi district and Kagai district based on a conceptual geological model of

Matsushiro. Water and CO, were discharged from magma under Mt. Minakami during the cooling process. An
impermeable layer was formed by mineral deposits and crystallization of the discharged magma fluid, pre-
venting the magma fluid from migrating upward. Once the impermeable layer was broken at the Matsushiro
earthquake, large volumes of water were supplied, causing the seismic swarm (Tsukahara and Yoshida, 2005).
The upward movement of the deep formation water still continues through fractures in quartz-diorite, and the
groundwater comes to the surface at Kagai district. Deep alluvial fan deposits have formed, and the rising deep
water is diluted by water in the deposit and is diffused. There is no surface evidence of deep formation water at
Sezeki/Makiuchi district. The marks v, w, x, y, z indicate the locations of survey lines. A fault and the uplifted
basement suggested by an electric sounding survey conducted by Ono (1967) are also shown.
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