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Opening remarks by Takeshi Nakanishi
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Can we make the upstream business more resilient and cleaner?
- Oil & Gas E&P vision for the days ahead

Toshiaki Takimoto

Abstract :  Since the two oil crises in the 1970s, E&P companies have been engaged in exploration and
development with the belief that discovering and commercializing large reserves is a real charm of exploration and
increasing production and reserves has been considered a mission for oil companies. On the other hand, oil price
fluctuations and climate change countermeasures in the last three years have been changing more rapidly than ever
before, and the movement toward energy transformation (EX) and social demand for decarbonization are becoming
irreversible. Under these circumstances, what should oil companies aim for in their E&P business? First, an extreme
energy conversion is not realistic, and a sustainable supply of oil and natural gas based on the premise of a thorough low
carbonization is necessary for the “transition period” until clean alternative fuels are ready. Natural gas, in particular, will
continue to be an important energy source during the transition period as an alternative fuel to coal or as a raw material
for blue hydrogen and ammonia. A realistic roadmap for EX is needed, which includes making the project more resilient
by promoting near-field exploration, fast track development and reducing E&P costs. It will also include making the
business cleaner by performing CCS, electrification of plants and converting coal to natural gas to reduce GHG emission.

Considering the gradual transition from oil & gas to low-carbon or cleaner energy in the future, it is important to
develop new technologies that have affinity with the core technologies of oil companies, such as monitoring CO, injection
layer by using higher resolution 3D/4D seismic data. Furthermore, it is becoming increasingly important to have a sense
of speed in exploration and development in order to avoid the projects from becoming stranded assets.

Keywords : Exploration & Development, energy transformation, upstream business strategy, net zero carbon business,
oil price
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Abstract :  The Cenozoic rift basins in Southeast Asia have high petroleum potential and the petroleum system
of each basin has been analyzed and characterized. Many studies revealed the presence of two types of source rocks
(lacustrine shale and fluvio-deltaic coal) in the petroleum basins. In the Cenozoic basins in Southeast Asia, it has been
recognized such a “dual petroleum systems” that the source rock distribution and kitchen area vary and the timing of oil
and gas generation differ which make migration and accumulation processes more complex. Therefore, it is important
to identify the effective source rock of oil and gas and well understand the petroleum system working in the area in
exploration phase. Geochemical inversion utilizing biomarkers and isotopes is one of the commonly used methods to
identify the effective source rock. Thermal maturity of each source rock and timing of oil and gas generation can be
evaluated by basin modeling.

We performed geochemical inversion on fluid samples taken from reservoirs of a gas field associated with oil and
condensate recently discovered offshore Vietnam. Two oil families (mixed oil derived from both lacustrine and fluvio-
deltaic source rocks and purely fluvio-deltaic oil) were identified by biomarkers and diamondoids. Carbon isotope
compositions suggested that gas generated from both lacustrine and fluvio-deltaic source rocks mixed in the reservoirs.
Fluid inclusion analysis revealed the presence of paleo-oil column in a current gas-condensate reservoir which could be
flushed by late-charged gas. Multi-dimensional basin modeling confirmed that mixing of different type of fluids during
trapping and the possibility that oil initially charged into the field spilled-out to adjacent structures by late-charged gas
after Pleistocene.

The well-understanding of this kind of complex dual petroleum systems will give us new insights on petroleum
potential and useful information to develop exploration strategies targeting gaseous hydrocarbon in basins in Southeast

Asia.

Keywords : Petroleum system, Southeast Asia, Vietnam, source rock, biomarker, diamondoid, basin modeling

1. Introduction

Most of rift basins in Southeast Asia were formed in
Cenozoic related with the India-Eurasia collision followed
by easterly movement of Indochina and expansion of South
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China Sea (Patriat and Achache, 1984). The Cenozoic rift
basins in Southeast Asia are known to have high petroleum
potential and the petroleum system of each basin has been
analyzed and characterized (Okui, 2005; Okui ef al., 1997;
1998; Shimada and Aoyama, 2005). Many studies revealed the
presence of two types of source rocks in the petroleum basins
in Southeast Asia. One is lacustrine source rock deposited
during initial rifting phase in Eocene to Oligocene, and the
other is flvio-deltaic source rock developed in post-rift phase
during Miocene. Lacustrine shales with high hydrocarbon
generative potential have been confirmed by wells in some
basins such as Cuu Long Basin and Khmer Trough (e.g.
Shimada and Aoyama, 2005; Okui et al., 1997). The presence
of lacustrine source rock is expected in other basins (e.g.
Pattani Trough, Malay Basin, Nam Con Son Basin) where no
wells penetrated thick lacustrine shales in depo-center, since



Kazuya Yokota, Akihiko Okui and HikaruSato 15

these basins have the same geological history. In general, the
fluvio-deltaic source rocks such as coal in the Cenozoic basins
in Southeast Asia are known to be enriched in hydrogen and
have both oil and gas generative potential.

In the Cenozoic basins in Southeast Asia, it has been
recognized such a “dual petroleum systems” that the source
rock distribution and the kitchen area vary and the timing
of oil and gas generation differ which make migration and
accumulation process mere complex. In exploration phase,
it is important to identify the effective source rock and
well understand the petroleum system working in the area.
Geochemical inversion utilizing biomarkers and isotope is one
of the commonly used methods and enables us to evaluate
the effective source rock which cannot be confirmed by wells
due to deep burial. Thermal maturity of each source rock and
timing of oil and gas generation can be evaluated by basin
modeling.

The dual petroleum systems originated from both
Oligocene lacustrine shales and Miocene coals are evaluated
in recent discovery of gas field associated with oil and
condensate, offshore Vietnam. In this study, we performed
geochemical inversion on fluid samples taken from reservoirs
of the field and identified the effective source rock of oil and
gas. Multi-dimensional basin modeling integrated with results
of the geochemical inversion and well data was carried out.
Finally, we discussed complex charge history recognized in
this region.

2. Geological setting

The studied area is located in a part of a sedimentary
basin, offshore Vietnam. The basement of the basin is mainly
composed of Mesozoic igneous and metamorphic rocks which
is covered by thick Cenozoic sediments (Tin and Ty, 1994).
It has been thought that thick fluvio-deltaic and lacustrine
sediments were deposited in approximately E-W-trending
half grabens, which were related with N-S-oriented rifting in
Eocene to Oligocene (Matthews ef al., 1997) (Fig. 1). Deltaic
and marine sediments were deposited during the tectonically
quiet Early Miocene period, which was followed by the
second rifting phase in Middle Miocene. Approximately NE-
SW-trending half grabens were formed by NW-SE-oriented
extension during Middle Miocene around the studied area.
After Late Miocene period, deep marine to shallow marine
sediments were deposited by thermal subsidence.

It has been thought that the Lower Miocene fluvio-deltaic
coal are main source rocks in the studied area (Matthews
et al., 1997). This is because it has been penetrated by some
wells, and total thickness and distribution of the Lower
Miocene coal beds have been revealed. In addition, it has
been known that the fluvio-deltaic coal in the studied area is
rich in hydrogen and has both oil and gas generative potential
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Fig. 1 General stratigraphy of studied area

(Okui, 2005). The Oligocene lacustrine shale has never
been confirmed by wells due to deep burial, and therefore
net thickness and hydrocarbon generative potential of the
lacustrine source rock have never been revealed, however, its
contribution was suggested by geochemical inversion (Okui,
2005).

The main reservoir in the basin is sandstone and carbonate
in the Lower and Middle Miocene, and deep marine sandstone
(i.e. turbidite) in the Upper Miocene is also an important
reservoir in some areas. The shallow marine sandstone and
carbonate in the Middle Miocene are main reservoirs of oil
and gas/condensate in the gas field in this study.

3. Materials and methods
3.1 Liquid hydrocarbon samples

Eight (8) oil and condensate samples were collected from
the Middle Miocene reservoirs (Reservoir A to H) encoun-
tered in Well X of the gas field by DST and MDT sampling.
These samples were analyzed by gas chromatography (GC)
and gas chromatography-mass spectrometry (GC-MS). Hy-
drocarbon compounds such as n-alkanes and key isoprenoids
were measured using an Agilent 6890N GC. Saturate and
aromatic biomarkers were examined using a HP 6890 GC
equipped with the HP 5973 mass selective detector (MSD).
The MSD was operated by selected ion monitoring (SIM)
mode. In addition, stable carbon isotope compositions of satu-
rate and aromatic fractions were measured for the all samples

J. Japanese Assoc. Petrol. Technol. Vol. 88, No. 1 (2023)
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Table 1 Carbon isotope compositions, biomarker parameters and diamondoid compounds for liquid hydrocarbon samples

Sample  Sample  Reservoir  6°C (%) GC parameters Steranes parameters Diamondoid compounds
D Type Sat  Aro Pr/Ph Pr/nC; Ph/uCy  %Cy, %Cy %Cn 20S PBB/(BB+aa)  Ad IM-Ad 2M-Ad Total MAI
01 0oil A =309 -269 - - - 97 334 569 039 049 355 85 669 1919 057
02 Condensate B =292 -26.6 574 147 0.27 - - - - - - - - - -
03 Condensate C =292 -26.7 681 190 035 57 203 740 050 0.59 1647 387.3 3298 8818 0.54
04  Condensate D =297 -26.8 364 08 030 - - - - - - - - - -
05  Condensate E =297 -26.8 538 184 038 56 214 730 051 0.63 1191 2715 2519 6425 052
06  Condensate F =292 -26.7 634 189 029 63 194 743 049 0.60 1279 2574 2355 6208 0.52
07 0oil G -296  -26.8 47 136 029 63 192 745 055 0.57 1024 2157 2048 5229 0.51
08 0il H =294  -263 522 116 021 97 242 661 056 0.59 849 1792 1609 4250 0.53
09 Oilinclusion ~ C - - 430 132 031 180 190 630 048 0.50 - - - - -

Pr/Ph: Pristane/Phytane ratio; Pr/nC,; and Ph/nC,s; Pristane/nC,; and Phytane/nC,g; %Cyy: Cyr/ (Cy+CostCg) X 100; %Cys: Cog/ (CotCogtCog) X 100; %Co:

Cyg/ (CytCystCyg) X 100; 20S: 20S/ (20S+20R) ratio for Co v steranes; BB/ (BB+aw): aBB/(aaa+aBB) ratios for Cy steranes; Ad: Adamantane (ppm); IM-Ad: 1-

Methyladamantane (ppm); 2M-Ad: 2-Methyladamantane (ppm); MAI (Methyladamantane Index) : 1M-Ad/ (1M-Ad+2M-Ad)

Table 2 Bulk carbon isotope compositions and chemical compositions for gas samples

Sample Sample Reservoir Bulk 6%C (%) Chemical Composition (%)
ID Type CH, CH;, CHy =nCH, CH, CH, CH; iiCH, =nCH,, iC; =nC;, C,
G1 Gas A -389 -288 284 -27.8 928 4.6 1.8 0.3 0.3 01 00 0.1
G2 Gas B -390 -288 283 -27.8 90.2 5.2 2.7 0.6 0.6 02 01 03
G3 Gas C -39.0 -28.7 28,0 -27.6 89.8 54 28 0.6 0.7 02 01 03
G4 Gas D -409 -293 284 -28.0 884 63 34 0.7 0.7 02 01 02
G5 Gas E -41.1 -294 288 -28.2 877 63 3.7 0.8 0.8 03 02 03
G6 Gas F -40.2 -29.0 282 277 843 74 49 1.2 1.3 04 03 03
G7 Gas G -40.6 -294 284 279 863 74 42 0.8 0.8 02 01 02
G8 Gas H -395 -288 -27.7 -26.8 883 70 33 0.6 0.5 01 01 0.1

using an Eurovector elemental analyzer connected to a GV
IsoPrime continuous flow isotope ratio mass spectrometer
(EA-CF-IRMS).

Six (6) oil and condensate samples from Reservoir A, C,
E, F, G and H were analyzed by GC and GC-MS (JMS-700V;
JEOL Co., Ltd.). Biomarkers such as terpanes (m/z = 191)
and steranes (m/z = 217) were detected by SIM mode. In
addition, C,-C,, steranes and methylsteranes were detected
by selected reaction monitoring (SRM) mode which detects
metastable ions produced by decomposition of precursor ion in
the first free region in the mass spectrometer (m/z = 358—217,
372—217, 386—217, 400—217, 414—217, 414—231). Terpanes
and steranes were quantified using standards oil of which
biomarkers were already quantified. Diamondid compounds
in these samples were also quantitatively measured by GC-
MS (JMS-700V; JEOL Co., Ltd.). Adamantane (m/z = 136),
1-methyladamantane (m/z = 135) and 2-methyladamantane
(m/z = 135) were detected by SIM mode, and quantified by 1
point calibration method using standard compound.

One (1) oil inclusion sample (i.e. oil trapped in minerals
as fluid inclusion) was extracted from a sidewall core in
Reservoir C and analyzed following the protocols of the
Molecular Composition of Inclusion (MCI) technique. A

g 885 15 (2023)

detailed description of this technique is provided in George
et al. (1998). The sidewall core sample was mechanically and
chemically disintegrated, and quartz grains were separated
from other lithologies using magnetic and heavy liquid
separation. The quartz concentrates were then crushed under
solvent (dichloromethane) to release oil from inclusion into
the solvent. The extracted oil was analyzed using a Thermo
Trace Ultra GC interfaced with a high resolution Thermo DFS
GC-MS system. GC-MS data were acquired in full scan, SIM
and SRM modes. The sample details are provided in Table 1.

3.2 Gaseous hydrocarbon samples

Eight (8) associated gas samples were collected from
Reservoir A to H in Well X by MDT and DST sampling. The
bulk carbon isotopic composition of methane (CH,), ethane
(C,Hy), propane (C,Hg) and n-butane (#C,H,,) in the gas
samples were measured using a GC-combustion-isotope ratio
mass spectrometer (GC-C-IRMS). An Agilent 6890 GC, fitted
with a HP-Plot Q column was interfaced to a GV IsoPrime
continuous flow mass spectrometer via a combustion
furnace containing CuO. Chemical gas compositions were
also analyzed using an Agilent 6890 with a flame ionization
detector (FID) and thermal conductivity detector (TCD). The
sample details are shown in Table 2.
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3.3 Rock samples

Thirteen (13) cuttings and sidewall core samples were
collected throughout the Middle Miocene reservoirs including
Reservoir A to H in Well X and shipped to CSIRO. Inclusions
containing hydrocarbon in thin sections were carefully
counted using microscope. In addition to hydrocarbon
inclusion abundance, its attribute data were also obtained.

4. Discussion of analytical results
4.1 Geochemical inversion

Geochemical inversion using extensive geochemical
analyses were performed on fluid (oil, condensate and gas)
and oil inclusion samples collected from eight reservoirs
(Reservoir A to H) in Well X of the gas field in order to
identify the effective source rock of oil and gas in the studied
area.

4.1.1 Two oil families recognized by biomarkers

Most of the oils (including oil inclusion) and condensates
were characterized by high Pr/Ph ratio (> 3.0) and waxy
contents (Table 1; Fig. 2). This kind of characteristics are
common in oils generated from the fluio-deltaic source rock
such as coal (Peters et al., 2005). Biomarkers derived from

higher plants such as oleananes (angiosperm origin) and

bicadinanes (resin origin) were commonly observed in the
oils and condensates (Fig. 3). This observation suggests that
the oils and condensates were originated from the non-marine
source rock and expelled from the source rock younger than
Late Cretaceous (Peters et al., 2005). C,; and C,, steranes,
trace amount in oils but important biomarkers of marine algae
can be detected and measured by GC-MS-MS. It was revealed
that 24-norcholestanes (C,; steranes: diatom origin) and
24-n-propylcholestanes (C,, steranes: marine chrysophyte
origin) were rarely included in the oils and condensates in this
field (< 1 ppm) (Fig. 4). This is a characteristic of non-marine
oil and consistent with that the oils and condensates were
rich in biomarkers derived from higher plants. On the other
hand, clear peaks of 4 & -methyl-24-ethylcholestanes which are
typical lacustrine markers were also observed in the GC-MS-
MS chart for the oil from Reservoir A only (Fig. 5) (Peters et
al., 2005). No clear peaks of 4« -methyl-24-ethylcholestanes
were observed in the oils and condensates from the other
reservoirs. As discussed above, the oil in Reservoir A also
contained higher plant markers, and therefore this oil was
interpreted to be mixed oil derived from both lacustrine
and fluvio-deltaic source rocks. The oils and condensates in
Reservoir B to H were interpreted to be purely derived from
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the fluvio-deltaic source rock.

The two oil families showed some geochemically different
characteristics (Table 1). For instance, ternary compositions
of C,-C,s-C, steranes in oils have been thought to reflect
the depositional environment of source rocks and source
organic matters, and therefore it is often used for oil-source
rock correlation (Waples and Machihara, 1991). The C,-
C,4-Cyq steranes ternary diagram (Fig. 6) shows that the oil
in Reservoir A interpreted as mixed oil is relatively abundant
in C,4 steranes. According to previous studies, the high
content of sterane series with C,s-carbon skeleton have
been found in shales from different lacustrine basin such
as Green River shale (Horsfield et al., 1994) and shales of
Lucaogou Formation in Junggar Basin (Gao et al., 2016),
although C,g steranes are related to diatoms of thorny-
source type (Grantham and Wakefield, 1988). The relatively
high abundance of C, steranes in the oil may suggest larger
contribution from the lacustrine source rock. On the other
hand, oils and condensates in other reservoirs are rich in C,,
steranes which suggest that they were originated from higher
plants (i.e. coal). As shown in Fig. 7, biomarker maturation
parameters also clearly demonstrated that the oil from
Reservoir A was compositionally separated from the others.
20S/ (20S+20R) and BB/ (BB + aa) isomerization parameters
of C,, steranes rise with increasing maturity and reach the
equilibrium 0.55-0.60 and 0.70-0.75, respectively. The oils
and condensates interpreted as fluvio-deltaic oil almost
reached the endpoints of the isomerization, which suggest
that the maturity of source rock already passed the peak of
oil generation stage (Ro = 0.9). However, the oil in Reservoir
A and oil inclusion in Reservoir C were plotted far from the
endpoints, which suggest that these oils were expelled from
source rock in lower maturity (i.e. early generation).

In addition to biomarkers, carbon isotope composition of
saturated and aromatic hydrocarbons are useful to evaluate
the type of organic matters (algae vs. higher plants) in
source rock generating oils and condensates (Sofer, 1984). As
shown in Fig 8, carbon isotope data for the oil and condensate
samples from this field were plotted on the Sofer diagram.
Most of the samples except for the oil in Reservoir A were
plotted in the area corresponding to the fluvio-deltaic oil,
which is consistent with their biomarker signatures. The oil in
Reservoir A was plotted far from other samples. This could be
due to heavy contamination with synthetic-based mud (SBM)
(Fig. 2), and therefore source organic matter of this oil cannot
be evaluated by the carbon isotope data.

4.1.2 Geochemical inversion for condensates

As discussed above, biomarkers such as steranes and
hopanes are widely utilized to identify the effective source
rock of oils. However, these biomarkers are less stable and
thermally degraded with increasing maturity, and therefore
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steranes and hopanes are almost not included in highly
matured light oils and condensates. Okui et al. (2003)
proposed a method to evaluate the effective source rock
(source organic matter and depositional environment)
using diamondoid compounds. Diamondoid compounds
have structure like diamond and their concentration
increases in oils which have undergone their cracking in
reservoirs or source rocks. This is because of their greater
thermal stability compared to other biomarkers (Dahl et
al., 1999). Fig. 9 shows the adamantane concentration vs.
methyladamantane index diagram proposed by Okui et al.
(2003). The methyladamantane index (MAI) proposed by
Chen et al. (1996) is a maturity indicator of diamondoids and
increases with thermal maturity. Oils and condensates from
over the world whose source rocks were already known were
plotted on the diagram, which indicate that the adamantane
concentration increases with maturity (i.e. MAD) and each
trend differs depending on the type of the source rocks. It
has been considered that diamondoids form by hydrocarbon
rearrangement reaction with acidic clay minerals (Wei et al.,
2006). Clay minerals are abundant in rocks deposited in fluvial
to deltaic environment, and therefore it is thought that the
fluvio-deltaic source rock tends to show higher concentration
of adamantanes. On the other hand, increase of adamantanes
with maturity is not observed in oils and condensates
originated from the carbonate source rock which contains less
clay minerals than clastic rocks.

On the diagram (Fig. 9), oils and condensates interpreted
to be derived from the fluvio-deltaic source rock based on the
biomarkers and carbon isotopes were plotted around the trend
corresponding to “fluvio-deltaic”, while the mixed oil from
Reservoir A was plotted near “lacustrine” trend. This suggests
that the oil in Reservoir A contains condensate components

derived from the lacustrine source rock.
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4.1.3 Origin of gas

In order to clarify the source of gases from the gas
discovery, carbon isotope data were plotted on the methane
isotope vs. ethane isotope diagram (Fig. 10). Two isotope
trend lines on the diagram were delineated based on pyrolysis
experiments on specific Vietnamese coal and lacustrine oil
samples changing heating temperature and time (Okui et
al., 2008). Isotope data from this field were plotted between
the two trend lines, which may suggest the mixing of gases
derived from cracking lacustrine oil and fluvio-deltaic source
rock. This result is not consistent with the biomarker data
for associated oils and condensates except for the one from
Reservoir A.

4.2 Fluid inclusion analysis

Fluid inclusion analysis has been widely applied to
petroleum exploration recently (e.g. Kotaka, 1994). Lisk et al.
(1998) confirmed that hydrocarbon inclusion abundance and
its attribute data enabled to evaluate the presence of paleo-oil
column and migration route quantitatively. The occurrence
of fluid inclusions obtained by microscopic observation of
thin sections gives us information related to multiple charge
and its timing (Lisk et al., 1993). The GOI (Grains with Oil
Inclusions) value proposed by Lisk et al. (1998) is percentage
of inclusions containing hydrocarbon among all inclusions
observed. According to their experiences in Australia, the
sample with GOI value of > 5 % empirically indicates the
existence of paleo-oil column.

Much higher GOI value (15-24%) indicating the presence
of paleo-oil column was observed in rock samples from
Reservoir C which is currently gas/condensate reservoir
(Fig. 12). Fluorescence color of the most of oil inclusions
observed was yellow suggesting that the oils trapped in
minerals are medium oil (28-35 API°). As shown in Fig. 12,
the yellow fluorescing oil inclusions in fractures terminate at
the boundary of quartz overgrowth. Within the same grain,
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there is also a large gas/condensate inclusion at the quartz

overgrowth boundary. This is a clear evidence for oil having

been trapped before the gas/condensate charge. This result
indicates that oil accumulation existed in Reservoir C in the

past which was possibly flushed by late-charged gas. The
initial oil may have spilled-out to adjacent structures.

4.3 Summary of geochemical analyses

Results of geochemical inversion suggested that dual
petroleum systems originated from the Oligocene lacustrine

source rock and Lower Miocene fluvio-deltaic source rock (i.e.

coal) have worked in the studied area. Fig. 11 summarizes
the results of geochemical inversion performed on fluid
and oil inclusion samples. The mixed oil derived from both

lacustrine and fluvio-deltaic source rock was confirmed in the

upper most Reservoir A. The oils and condensates in other
reservoirs (Reservoir B to H) appear to be generated and
expelled from the fluvio-deltaic source rock only. The gases
were interpreted to be originated from both the lacustrine

and fluvio-deltaic source rocks and mixed in the reservoirs of

this field. Fluid inclusion analysis performed on rock samples
indicated the presence of paleo-oil column in a reservoir in the
past which was possibly flushed by late-charged gas.

Therefore, geochemical analyses revealed complex charge

SIGMA-2D BASIN MODELING
Offshore Vietnam

history in the studied area that oil, gas and condensate
generated and expelled from two different source rocks
migrated into multiple reservoirs in this field at different
timing in basin history.

5. Basin modeling study

As discussed above, the results of geochemical inversion
and fluid inclusion analysis confirmed dual petroleum systems
originated from of two different types of source rocks which
made generation and migration history complex. Therefore,
we conducted multi-dimensional basin modeling in order to
evaluate timing of oil and gas generation and processes of
migration and accumulation in the studied area.

5.1 Evaluation of generation and migration by

2D-basin modeling

In this study, SIGMA software developed by JNOC (now
JOGMEC) was used for 2D-basin modeling (Okui, 1997;
1998). The modelled line is a regional NW-SE line passing
through the field in the studied area (Fig. 13). The field is
located in the northwest on the modelled line, while a deep
kitchen of the field exists towards the southeast in the basin
center. Lacustrine source rock in the Upper Oligocene was
assumed to have the Total Organic Carbon Contents (TOC)
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of 2 wt% with Hydrogen Index (HI) of 600 mgHC/gTOC,
and its net thickness was assumed to be up to 400 m at the
basin center considering same source rock in other basins
in Southeast Asia. Lower Miocene coal was assumed to have
TOC of 60 wt% and HI of 250 mgHC/gTOC. The thickness
was assumed to be up to 20 m in the northwest and become
thinner towards the southeast in the basin center according
to adjacent well data. Lithology (i.e. rock composition) was
assumed based on the result of petrophysical analysis and
lithological description of offset wells. Thermal history was
optimized by bottom hole temperature and vitrinite reflectance
data examined by the FAMM (Fluorescence Alteration of
Multiple Macerals) technique (Wilkins et al., 1992). Based on
this calibration, thermal history was assumed as constant heat
flow of 1.4 Heat Flow Unit (HFU, 58.52 mW/m?).

Fig. 14 exhibits the result of 2D-basin modeling at the present
time. Onset of oil generation from the Oligocene lacustrine
source rock in the southeastern kitchen was in Middle
Miocene. The oil expelled to interbedded thin sandstones (i.e.
carrier beds) in the Upper Oligocene migrated towards the

Reservoir/carrier bed

Oil saturation

End of M/Mio

Reservoir/carrier bed

Gas saturation

End of M/Mio

Fig. 15 SIGMA-3D basin modeling (Charge history of oil and gas in Middle Miocene reservoir)
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End of E/Plio

basin margin in the northwest where the field is located. In Late
Miocene, the oil migrated vertically through faults and charged
into the Middle Miocene reservoirs of the field. The Oligocene
lacustrine source rock in the kitchen started to generate
gas/condensate in Late Miocene. The gas/condensate also
migrated horizontally through carrier beds in the Oligocene,
which was followed by vertical migration through faults, and
finally charged into the structure of the field after Pliocene.

Oil generation from the Lower Miocene coal commenced
in Late Miocene and continues until the present time in the
uppermost part of the Lower Miocene beneath the field. The
Lower Miocene coal has generated gas since Pleistocene.
The oil and gas expelled from the fluvio-deltaic coal migrated
horizontally through sandstones in the Lower Miocene, and
then migrated vertically to the Middle Miocene reservoirs
by faults and capillary leakage by making oil/gas column
beneath the structure of the field.

5.2 Evaluation of oil and gas accumulation by

3D-basin modeling

In order to evaluate migration and accumulation processes
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in the studied area, 3D-basin modeling was also carried out
using SIGMA software. Input parameters such as lithology
and source rock properties calibrated by 2D-basin modeling
were used but varied horizontally based on the offset well data
and depositional environment.

Fig. 15 exhibits oil and gas charge history for the Middle
Miocene reservoir from Middle Miocene to present time.
It was modelled that oil and gas generated from the source
rocks in the southeastern kitchen reached the Middle
Miocene along major faults locating at the eastern side of
the field, and then migrated horizontally through the Middle
Miocene carrier beds (i.e. reservoirs). Furthermore, the
results clearly demonstrated that the structure of the field
was filled with oil and gas, and then the excess of oil and gas
spilled-out to adjacent structures to the west or northwest,
which is consistent with the fluid inclusion analysis discussed
above.

5.3 Summary of charge history

Based on the results of geochemical inversion, fluid
inclusion analysis and multi-dimensional basin modelling, the
complex charge history recognized in the studied area was
illustrated (Fig. 16).

Charge of oil into the structure of the field commenced
in Late Miocene. Oil generated earlier from the Oligocene

lacustrine source rock and the Lower Miocene fluvio-deltaic
coal in the southeastern kitchen initially charged to the
structure. After that, gas/condensate generated from the
Oligocene lacustrine source rock and Lower Miocene coal
migrated to the Middle Miocene reservoirs after Pliocene.
The structure of the field was completely filled with oil and
gas/condensate after large amount of gas/condensate derived
from the Lower Miocene coal charged into the structure in
Pleistocene. The late-charge of gas continued until the present
time, and then the excess of oil and gas could have spilled-out
to the adjacent structures.

Gas/condensate mainly accumulates in the upper part of
the reservoirs (Reservoir A to F), while oil was found in the
lower part of the reservoirs (Reservoir G to H) in the field.
According to the petrophysical data obtained from Well X, the
reservoir property in the upper part of the reservoirs is better
than that in the lower part. When gas migrated vertically
through faults, gas may have preferentially charged into the
upper part of the reservoirs with higher permeability, and
spilled oil out to adjacent structures.

6. Conclusions

A comprehensive petroleum system analysis was conducted
on a recent discovery of gas field, offshore Vietnam. The
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results of geochemical inversion revealed that both the
Oligocene lacustrine shale and Lower Miocene coal were
the effective source rocks of oil and gas in the studied area.
Furthermore, it was suggested that oil, condensate and gas
generated from two different source rocks mixed in the
reservoirs of the field. Fluid inclusion analysis indicated
that a paleo-oil column possibly existed in a reservoir
which currently reserves gas and condensate. Therefore,
geochemical inversion and fluid inclusion analysis confirmed
complex charge history in the studied area. Multi-dimensional
basin modeling also demonstrated this kind of complex
charge history that the timing of generation and the charge
of oil and gas from two source rocks differ and various types
of hydrocarbon originated from different source rocks mixed
in the reservoirs. Furthermore, the results of 3D-basin
modeling suggested that oil and gas initially accumulated in
the structure of the field spilled-out to adjacent structures by
significant late-charged gas after Pleistocene. Such a detailed
petroleum system analysis using geochemical inversion and
basin modeling enables us to re-evaluate petroleum potential
and make a strategy of exploration activity suitable for
decarbonization (e.g. targeting gas only).
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Overview of findings for geological evaluation of CCS in Japan

Yasushi Shimano

Abstract :

The results of pioneering carbon dioxide capture and storage (CCS) projects such as Sleipner and

Gorgon are widely recognized as milestones in the early days of CCS. The reservoir formations of the pioneering projects
are characterized by homogeneous sandstones that develop over several hundred meters thick. On the other hand,
sandstone formations expected to work as reservoirs for CCS in Japan are characterized to be more heterogeneous
and thinner than those of pioneering projects as above because of the tuffaceous sandstones typical of volcanic arcs. In
addition, the geological formations in Japan that separated by complex faults in active continental margins might not be
suitable for CCS reservoirs. However, we will have to make CCS feasible against these “challenging” formations. In this
paper, examples of multidisciplinary approaches for geological evaluation of domestic depleted oil fields obtained from a
joint study with INPEX are shared, and we hope that those findings would help future CCS projects in Japan.

Keywords : CCS, CCUS, depleted reservoir, reservoir evaluation, Minami-Aga oil field, Shiiya Formation
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U®, [UEZSEIRBEIT R U - M s 2 mmEIc kD,
ZOHEGEMICEBL TW<EZERLE HNITBUEAN
GIRAA R - GBI EIRHERS, 20200, HAENTHE
HEXNZEEFRATZ ORI H > T, HAENICH
T % CCS EaMERELLE 2 R-90, INETICHIE
INEEETOD L NIFELRW,. —F, #INCEZE
A% &, /L7 = —® Sleipner (Eiken et al., 2011) <2, 7+ —
2k Z U7 ® Gorgon (Flett et al., 2009) 73.&, H#/K/EZHr
HE&ET 2 CCSHEMNEMMICEMmINT, FigzE LT
TV ZEBEAOFEETH S,

T RAIAME6 A8 H, A4 EE LIS ERHES T - B
WM RO L [ ERFEFEOMBML - BiixFEL —HE - PRI
A OE D #A—]  This paper was presented at the 2022 JAPT
Geology and Exploration Symposium entitled “Application of geology
and exploration technology to make the oil and gas upstream business
more resilient and decarbonized” held in Tokyo, Japan, June 8, 2022.
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ELTMEDIT NS, INGEERKEO 7O 7 hO
IEEE, IRREBBEROBEBNSUTD3I DO A
W ETRETH D, 1 DHDH A 1, Sleipner T 5
N5EfLEHE B0%LL L), MDOEEEZER (1000 mD B 1)
OFEE (KD, 2DHIE, Snehvit % Quest 72 & DK fL
B (10 ~ 20%), mgiE# (~1000mD) THEOT 5
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Tanase et al., 2013), Gorgon 71 =~ k@ Dupuy & DL
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NTWHEEBLENEEZ LN, LT LS, BRikirEE
FHETHDEFINARN, LALEAS, KLl 2ok
S [#L W] HijgZMHFICEANTO CCS 2L T
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Challenges and practices for CCS monitoring planning

Takao Nibe, Tetsuya Yamamoto, Fuminori Honda, Hitomi Hirano, Atsushi Ibusuki

Koji Kashihara, Yusuke Wasaki, Takuya Miura and So Sugawara

Abstract :  In carbon dioxide capture and storage (CCS) projects, monitoring the plume and potential risks, for
example, induced seismicity, is essential for safe and stable operation. Although the effectiveness of the monitoring
technologies has been proven by existing pilot-scale projects, optimizing cost-benefit is necessary for large-scale CCS
projects. However, there are many candidate methods and it is sometimes difficult to select an appropriate combination
from them. Also, when grand design of the CCS project is not well recognized and the risk analysis is not implemented
at the beginning, it often results in unnecessary confusion in planning the monitoring scheme. To tackle the challenges,
visualizing the whole framework needed for monitoring design is proposed. We examined several published projects
and extracted monitoring frameworks common to most of them. Also, the technology ranking method was reviewed for
quantitative comparison of different monitoring methods. Based on these, we started our monitoring plan by teaming
up with a variety of technical experts and listing up candidate monitoring technologies. We found that this approach was
effective since we could build and share the concept of CCS monitoring through repeated discussions from the start. This
made inter-technical cooperation possible, and the unbiased selection of monitoring technologies was achieved. We also
started the process by assessing risk scenarios since we could understand from the extracted frameworks that a risk-
based monitoring plan is essential for CCS projects. Understanding the whole framework enabled us to mitigate undesired
confusion between each expert. We also discuss some of the newly recognized challenges in our monitoring design.

Keywords : CCS, monitoring plan, monitoring framework, cost-benefit analysis
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HH LY A7 2 F U FITH LTI, HnTHFUF
DFREHREAECGEOREBORES TR F IS
DHEBEEZRDTND, BEEI IO 7 MNEFITHRD

() THEEES Nz AT > FUF
@ &M M5EMIM D, D

SNDHEETHD, BRTDFEDT F 2 TERICBN
THEOEADTELTEATN S,

723, Zaluskiet al. (2016) TiI, HHITBIFHU XY
TEAAY REHNLLZAT Yy FELUTRRL TS, &
L, CCSITHBT S CO, DRI Y A 7 FIZHB N T, BE
7 (legacy wells) 13EAD U A7 Th B &0 D FERRIC
K3 EEZASND, HHYHHCEL TY XTIz T\,
FHXATICZY 2 7 I¥m WGt SR WG OEE N THN /= Z
EMREIN TV, EEEA CO, NIRMT 28K &L T
IIHEEEICBREOHHTIHZEB L2 ONETSNTHD
(Jenkins, 2020), JiHDU X7 7t A A > MEHIL CCS £
ZHYTRIBIDHEMRESGFEE L TEEEEZE A SN,

32 EZHUIDEMELUMROETE

EZH Y TORFICBVWTIE, TOHMBIUKRS
LT 2 END D, 512 Zaluski et al. (2016)
THEHINTWSHZE25EZI125R7T, HY (X5, primary
monitoring objective) DRiTESMEE LT, I T L v
JABITHMBEERNBEHEINTSO, IS HEED
ftl, WERKIEYE, FHETZSU T MREBDIFENTEES
NTW5, AT, HEBERLSMNTSRHY FIHT 2H
HICBIMEY 535 (quantification for regulatory athorities)
A ADOEEE (public assurance) H I Z TR EL T
BMESINTND, EZFY ITHMRIZIV AT ZEIIKRGE
NTHD, T5ITZEOHPY (Z Z T3 containment, confor-
mance, assurance) CZJ)L—FfkEnTnws, E=41 >
TxRE, FiROU AT F U FOSGERIE, v RU v
DA TELEDOENS (4D @),

33 EZHUITUTDESE

FNT, EZHYITHRDD BRICERERDHR
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Primary Monitoring Monitoring Target
Objective

f Well Integrity AR
Caprock Integrity of the Midale Evaporite and Watrous < — JL{E2 4

Migration up into the Jurassic Fm.
HEIRR

Migration up into the Lower Watrous
Migration up into the Poplar and Ratcliffe
Natural Seismicity And Injection Induced Microseismicity 575 F¢Hi 2
Plume Location and Migration in Reservoir 7 ) 1 — A{i &
Quantification for Regulatory Authorities #3524 &~ D ¥ 5
Storage Efficiency and Fine Scale Processes [+ A |4
Calibration of Predictive Models > = = L —3/ 5 >~

Assurance Surface Leaks: Soil

Surface Leaks: Groundwater } ok - TANORS

Public Assurance HE~DRIE —-
Surface Leaks: Atmosphere (excluded from this study) REANDIRFA

5 EZAY TG0 HE (Zaluski et al., 2016)
Zaluski et al. (2016) Z N4 -51 . Containment {331 414 -
TR - SAFEHERICIR 5 IHHE, conformance 13 7Y o — AR
ICBEE# S B IHH, assurance (3 &2 AMICREET 2 HE &
LTEMINTNS, HROFEELT, HRT 1+ —IVRIC
BB Ty 7 ABEHINTNS,

T 7 (risk areas) D&M fTHN TW %S, Weyburn-
Midale i I YTHE N Z W ENn G, i OMEENE
HhU R ELTHREHIN TS, Ekn5 CO,EOR H
HDIEABITHONTNS T 1 —)V RTH 58, Zaluski
et al. (2016) TIIEEE O RIEEA & EYUHFALE OB R A
SURTNENTY T ZEF#RL TS, B O 22/
BEERT2ILIFEZSY Y P VFTHEORELICARRT
b5,

34 EZHUIFEURE

AR U 7252 143, Zaluski et al. (2016) 12X > THRIN
TWB29DFHETH S, OEEBODIYARNY v TEE
il 7=%%, #%Bikd 2K ICEHBEEMFKICK DT — LRk
270, BHCAEMEOBEA» S HEOY MY v I X EH
W REDIMTONT WS, 2B, SHEBTFIEERIL<
UZRT7 YT LEDAT, YA NEBEDOU X >F U FIT
ST HENEICHE DN THEEEIRT 5 7 0—13%, Bourne
et al. (2014) <> Plasynski et al. (2011) IZBWTHEHAIN
TWa, B35 NGB OFEEZT A NERORMEICH
ObETHAEDLES CCSEZY Y > UFHHEIZHNTIE,
BRI Lz2 A TEN S Z HMICHA D
V20T, BEITR U TEANZRORRIEEH L W\
TR, UZZITH U TR EIIGNEE L IR nn]Ee
WD D, FIE2KREHELZS 2T, Y1 NZT&ITER)
BFEEERNTLENEE THDEEZ LN,

3.5 H:AiTHA “hED FHM

Zaluski et al. (2016) Tl3, 32 CEELZ®EZ=YVY T
TR T D EEMOENMNZ S DTICLOFHH L T
%, REE, WREFEOHIET MU v 7 ADBITEIE
NTWwb, Z# % monitoring target effectiveness ranking &
EFRL TS (4D M), HNEAEDEDFHmELE S U
TlX, FEOSfRERE, MARET, Nv 2 TS50 RIA X,
HENHEIZEUTOWARWIZ b S TH RSB
ek, BE ORI FTRER 2EMBIIEAN 0, HIEEE R EN

g 885 15 (2023)

SEhINTVBY, BRI FIESHIEE CTIIHRINT
B5T, HFMRICL>THB SN DA RIBEINT
W5, IEAGHG (2020) TiZ, FHEIEHEDRFIE LT, k5
DFIEDTEEBENEAEBEONTINTH 520, BLHIE
INEBEADNEENR S D TH D0, FiED HIN— S HipH,
¥ RAE, IR R EZZIF T 5, Bourne
et al. (2014) T3, AT ORELEEL LT, F—F G
MNOBITFERNE SN2 L TORMB EZATNS, WTh
DFHIFEICBN TS, EEICIIEHEMROHEICXS
OB EZE2ICHRT 223 TEhhnEEbnb
B, BEHERIIEEOT MY v 7 AITE LD 6N 0 HR
BRAHEMA B OBENMEEEET 2 EMNAEETH .

72 3, TEAGHG 78 Web L T g fit L T \» % Monitoring
Selection Tool (IEAGHG, 2015) TIX, I I x4t 2
ANDZETHBWICFIEOT > F o INERINS,
Zaluski et al. (2016) IZBWVWTHBHINTHD, ZhH
BGEOY =i Eb AN THDHEEABND, £,
IEAGHG ® L7 R— h T, T=4 Y > 7 FEOEMEAE
L X)L (TRL ; technology readiness level) &L T A7 A
FIZEEE L T2 (IEAGHG, 2020), LA IEBERFTE X
IZHDHDMN, BHDWITFHEFEERE ML SN TH 2
NEEDEETIML T D, BERMZRFEMGRE R S
NCTHO, Ins O MR © FIEOA N MEDBEEIC
EHT2ZEMNTED,

3.6 URUZFUFICKBERDIF

N, EZAYU THEED A U F ORI
ZIX MUy 2O TEEL TNWD, JZCHELZBIR
&, 35 THBDIZFE - HROMINEGKR EMEAGDE
LT, BEZYY T FHEEV AT T F OBRME
WS ETR D, FNT, HEO31LIZBWTHESNIZY
AV DEBEEEZBEADTTEHIET, RENERTIEER
< > % > % (Zaluski et al., 2016 T3 monitoring benefit
ranking EIEFR, 4 D (0) MEEEINS, U1 hTED
UAD BB LD ATO, FIEOAEIMERT T > F >
VEVET-R

3.7 AR FETOKET

ZZETRBLABDOEFERICHEMECETZ 7L —A
T—7THHN, HOOEDOHEELEFEL TCIA NG
TORFDNH D, EZHUTORHELT, T7—FRE
Hicb> THVIRLIGEIN S NBToN5S, Dk
W, BTS2 AXMIHE-ROT—FERIGIA R &,
ED XD BEIBHE TEEI N0 D 2 DOREEZE I
KBS BHEND B, Zaluski et al. (2016) T, miHEZ
unit cost, #% % schedule EIEFRL TEEL TWS, 1B,
% F1E D unit cost 1, IFAGHG DL R—hic—& &L T
FERLTH D (EAGHG, 2020), I A MI X E 5 M4
HKGET 2720 H<ETHEEHEE L TTIEH DN, s
MEOEHREEHATAZEbEA5N5,

3.8 Cost-benefit 7 >+ > 7 DL

Zaluski et al. (2016) T3, 3.6 THiZ L 7= monitoring
benefit ranking &, 3.7 THMFE NI X M afAsahE



Bl BK -k it AH K TH VLA e

T, M6 DX DT cost-benefit 5> F > 7V ZREREL TS,
ZOTF TN, BENBRTI N Ty hERD, YA b
BAEDOY R >FUF, T2 2 TMRITHT 2 HAi
B, EZFU TR NRNTRTEEINTHD, »
ORPFILEN TSN TNS 0, EZF Y 27 EHHEIC
BOTIRIAY FRAT =T RIS —~OHRIZHD
BF2ZENTES, BB, 6 DT FTIEHET
Weyburn IZB1F 561 Tldd 54, I Z Tl pulsed neutron
logging VB E N T > F > FITALE L T b, Cased hole
THIE N OIRARRIAIR ZHEE I 5 Z & CIRMBRANIC S A
5 ENAIREIRE, B A RNY =X F T OEHHITHIEM
IT5HIENTESD, containment 22 5 conformance 1T
T TR TED ZEN 1T DOERE L T2
F541 %, Benefit ranking Tl 3D seismic 236 @ o 72
HOD, IX BDENTZ 0 IR cost-benefit 7 > F >
JTIEeREfrz%E L TW5, =L, 207 F 27
YA NZEITEDoTL %, FIAE, JRER T 2—A
ERNELRIND 7 1 —IV RTIE, EEHENEERER
ERBGAREBHEIND, BLERIFENZLR5Y;
&, ZZTHAT L Weyburn DB D & B0, HiHich
JAHEZSY T LR RER EDRE N R E LT
B3, BRME - X FATCIEML N ED RS H %,
3.9 EZHUIEHEERH

Zaluski et al. (2016) 1T T 2HEERELT, #5OHEH]
WZEERFE 7 « — IV R TH D, #EIT COEOR DIHEENDH
5729, FEOADMENEWEETHEIN TV S finiss
Fond, FHOT 1 —)b om0 HE RN TR L
TWd714—)VRTIE, EZFY T T—FDERITEL-S
CRHmOMTHON, FEOEREZD O DONENT DT &N
EZOLND, TOFER, FEkI o F7BLTEZSY >
JEIMESMRFEH I NS T EAEEZTN S, BPMs (NETL,
2017) ITHBNTH, T—INEMEIND Z LIS GIE

bY@ 121 = R 1 o et Y (= 1B 41

FMOEF P, ERY AT > F U FDOEFITEDNT
EZHYTEEZOEDBIEVIRLUEFHIND Z L0
I Tnd, BEIC, IFHFOT7IMN—FMIZBTS
Quest CCS 7Oz 7 +Tld, Yoy bOWHIEMET
ISEME TSR EZY ) Tl TH oD DOD, D
BOBIEICEDERE=S U >V OEFEB L TFILDOH]
I KBRS ThN, BHEAEEEIZX MEBH SN
TWw3 (Jenkins, 2020), Z Z THEHE L 7= cost-benefit T >
F2Ub, TOTr bOBEBEOHEICR U ClEERER S
ncnEEAL5NS,

3.10 EREICHEZIAMECENML-EZSFY Y
HI 1 HEHTNEHEL T, Zaluski et al. (2016) 23
WELET > F 27T, NEML &R < “required” &
LTHEDOEZY Y D JIHAMNBAR b D L LTI S
TWwa, FlziE, MelcBWnWTthESCH FkoT=41 >
TMZUTY =5, Z0513, WG BT 2 B
R H/MD S ERPHEBEETH D, BAKNROR
AT SN WER &2 5,

3.11 mEENKRFTILV—LT =2

% 212, Zaluski et al. (2016) O FHp| % h L ICBEGE 7O
PV FTRRIN TVEHRFA T L —LT—2EL T, &
BEEEONLSEHZ -ETRUE, BRNREZS) 2T
SHEFEIIS EITEICE A SN, TOBRICHRF 7L —
L= ELTER2ONENTRTHEIN TS Z &N
PFLlWweEZS, K, UAVFliZ@CZU AT 2T
UAOMHE ) 27 BEEEIIRLCRDEBEZGND, T
02”7 hOYIMERETIZH D0, Frr OatHEiRGFHI BN
TH, TNSTL—LT—ZIZHEDWTER L /255 Mt
EEDH TS, JL—LT—INEHEINDZ LT, £Z

K2 MFANQLELREZYY CTFHEOT L —LT—Y
Zaluski et al. (2016) DOFEFIZF.0Iz, BETOP o7 M
B BEEMASHIE, T2V D FHEICBW TSI EIX
BESENS DR ERET D2HENHD, TITRLEET
DEAMBHNIN TS ZENETLWVWEBSZI SN,

6 Costbenefit 7 > F > 7 OF] (Zaluski et al., 2016)

Zaluski et al. (2016) 75, T>F T O~ OHEY)D
HMUTEIM. £ > VOGN U A7 OFEERE,

EZAYPTAXINERTEERINTVS, KHOLHMTIE
BAEIIZ FiL % required (R), recommended (RC), optional
(0), not feasible (NF) &L TRAINTNWD, T2oF27
Zhhb6d, EHbCHhRZAEICEETSHEEIIR &
LT N TN 5,

$1575,000] 28 |PNL-PROD Pulsed Neutron Log (Prod Wells) Al RC
$700,000] 11 |GEOMECH-Mod| Geomech:mcgi I:gdeling ekl Y|y RC jﬁg H /J\IE a
$1,512,000| 21 |DATA-MGMT _ |Moniboring and Data Mar 1t Syster ol B RC = 2>
$1,100,000[ 14 SEIS_MOD lFo:mrTS:lsmncMode;g — Y ¥ RC U A 7 aWﬂﬁ U A 7 /d_ U j’@ﬂﬂﬂj
A $2,646,000] 30 |PNL-NJ Pulsed Neutron Log (in) Well b B RC =
$504,000 5 [MIT Mechamcaulh:gxéremk:l)ﬁubmgandcasmg) v RC U A 7 @gfﬁ@aﬁﬁf
X 750,000} WELL_NVST _|Ofiset Well int Invesigaton Y RC
54,080.000] Soil Soil Gas and Soil Gas Flux Sampli 'd Analysi ¥ R — S
sz fm e - RO Y DY e L
( 998,000] 16 |DHPT Formaton Pressure and Temperaure Sensors (in and above zone) | Y | ¥ [ _ e |
. 54,770,000} Gwater Sh id Sampling and Analysis 7 R
927,000} um : Ulrasonic kmaging To(;Ilm - Y RC :E — & J < 7“1‘ i 7
1 $10.800.000[ 31 [STAFF ull Time Monioring Staf 4 K 0 — S~ 5
1 757.000] 18 JVSES .v«:vo:esm?»l:’a:br: Array: Suriace or Borehoke Y [ tT= & U b 7 D Hﬂ' F'Eﬁ $H]
15] 021 ,300,000] 13 IFFSI’RDD Formaton Fluid Sampling and Geochemical Analysis (Obs/Prod Wells| Y | Y RC — —
16] 017 TS istibuled Temperature Se v 0 — ~ - = —
8 (e — 7 R TS Y TR ORE (Bl X O
18| 0.14 | $25,740,000| 36 |3DSEIS 3D Sei Y|y RC s ~
119] 013 | $9.425,000] 12 |DHP-NJ IDovml:rPlessure and Sensors (njecton Wel) Y RC *IT”F]‘ & U X 7 :/‘j— U j- 0);({[‘

ISR R

EihaEM Cfgs) Ry
)

Unit cost

T Y U EHE (BIHEE
)

ERLH] -t B
FHEEHDOY A I T

7 G N W

SEREL AT
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VT DR GEELRET 2 ZENTED Y, HEHE
ZMaFEY 2 & & B ITHITRR M DAL TR U TR
HMAREIC/IR D EE X 5N 5,

4 EZH)IFEICEITHIRERTD
B (KRYER U $5 2451

ARETIE, HBLOMOMAZEFFEEL THNT 2, Bt
W% 72> T, B Y TR0y o hI=)inE
DIEMIIEANIC 7O0Y =7 MR EFHT 5HYSF— A
WWEDRIEEINTWD, 2720, ErRERHhs EaifrL
TH#HATBY, LITLBHEELZBDOTIIRSEENRD
DTHolz, TOTED, EBIESRDFEMMRG DA BT
TEZSY TR ORENHEE ThH - ZEFEOHETDH
D, JL—LU—0ERZFY 2T EKGEBRLIZD A
TIEEWATRENE 2B L 27 70 —F 2 AL T3 ER
Thbd, MBETHENLETL—LT—7D55, MDD
BERGr M SE R RO TIN5,

4.1 ZHREEMPBESAET — ARK

T CUEEZEBIGET 2I12H /=0, Zaluski ef al.
(2016) 72 EDHEFIMN D, EZHY Y T TREMETFLEE
KGR - R QLB R RIICRE SN, TDRD,
EBZAY VT EETET D F—LARBRICEZD, Gons%
BRHEMAROF — AR E Uz, B 7104 DI 20
ICHERR U 72 F — LR &2 R 9. 723, CCSITHBIT 2R
U227 ELTRYiHZECEZHDONEHRIND EEHIT,
FINTOBHZITS TS D VHEEHZW, TDRD,
oAU TBREHCBW TSRS & oA E
2%, EENIZF—LITMh > Thing, JidkiibhE &
WEYUHAR SVEREAG TT N BRI AR 1T B U TR Tl #5 & I
HIEEZI S T, KR 7)) 2 —AEREZ2HNE L
EBEZS Y T EMISEEERESFR LIRS EGAENELN

m BERRE

— BH-EHhEE

m = PR 8

EZAYLTBHF—L

BE-EAN

— THANZHR

—  REE=RJLT P

—  BERHME-fHUMEREE

B 7 GIHHNTHERR U 7= F— L ak il
REAHIHAD & ZAR B EAT B I 2 o 2 EMFK I > T
HE5VNF—AZWRT DI ET, MR EET
Holz. ERHEMBITEL HRILOR/NRICHIZA S Z ENT
7,

g 885 15 (2023)

A, FRUTNA THER - BHEREOA MM it biatE
ENTleD, BEPFHOEMROEZS Y > it T — L4
Znb->Twa, £, JiIHEHBEOEMRIERE=SY ) >
THfiE L TRBEENRTFIEEL TETTND, EHIEW
IIZEZY Y > 7 ORSAAITILE 572 WATREVEIL & 2 728,
B TIIBIT DT REIEANORENE Z 5N
DA AN ZADEMEHF— LMD > TIN5,
BE - EHTF—Y OB FEERE=ZYY VHHTH S
7= (IEAGHG, 2020), ItREL> 7 bF—LD—H
Lo TWBM, B Y DT ET ThFEEF MY
FHEOHEBEICHELLEE 2> TV, ZOftlz, fhe
ZEMEEB LT YR E LT, HKRSLHEORET
ZA Y TR ORUNMREIEIR - B RMEENR E AR
FEINTNEZENS, TNTHHILFEB I VOHAED
HMRHEENTND, FVEHENSILWF— AR E L
722 &T, BHICHREROY A N7 v T2I75 2 EMNT
T, TORER, TZH T OERMEEZTETS I &
MT&ER, £, BSEMEMOMEHERES, Ty 2T
BLEDHAR EANOEIS B o N7z, B0 A D ¥ B
Tl3& %« O CCSITHd 2 BAEELRIICIES DENH >
7=, F—ANTOHROERL OiEmzB L Gz ItaEd
5EEBIT, BVWOEMOMREEET D ENTE, #H
M OH I H AL —RITHEATWS, FIZIE, FrEkEE
ELTHT 7 AN—ZHAWZFENERHEIN TVWSH, b
NHEREREICELTIER O 74 P X NOAIRZ AT
52 LITERD, AL—RBMEDPEATNS, FINTDE
ZHY LTS, XRhO 71 P2 A~ EHE2ERE
B, FlaAT7 T REEREL T4 AN T AHT#H
MO - Ewm b, T 2 —LAEBEZENEL
TR S, TN TR g ks > 7
U2l 332l —2a &b Pl ENEEL T
VDM, FNENORECHEREITHET 2MmDEAT
W5, HRHEERHNMETERNCBE L T, kR
EPHRMESTORMBEM THETLZET, Hoyroa
N—ZHWEFEREICET 2ME#EA TS, Zaluski
et al. (2016) T TSN TV L EAMNE M OIRELL, T
MEF—LZHO I ETERERBINZEEZEZ TN,
4.2 YR FHIFDIGRFETNITED W =FEDOHE
EHY DT FHEOEEIIBNTE, BEOTL—A
T—7 TIRRINTND Y AT R—=ZABRat il &
% (31, 3.6), FEEIZ, TOoPzr MITHRESNZY X
D7 RAAY MERICEZS D) TV F—LbBETDH &
T, YR FUFOHMEPBBIOE LT AFITBITSE
ZH Y T HEREDKE EITT o, URA T T F U Al
Wi, RERREFOEEED 2 TCERLZY AT R
Uy 7 A%N—AIZ, MEAREEREDTIH R, Fi
BRI EOBADN SIERET o7z, U AT > F UL hiHE
HINEZDOE, EZYY T OHBPRRSRE DRERE
L7z, K81, EEAE=FY ITHMERET DFED
BfpzERL7z, 728, BEETIZYZR7FUAmbdE
HEHRHEDTHD, EZFY D ITHEBEENREDOTH
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A /A

K8 Mthl7ze=%V > JHHAZHNOXIEY hU w76
URAZ T AR MEERRIC, HHINCEE, #4OHMCHL T, ERTFEEEANCHAADE D I E2E. 8B, Fikv

HWDBERIZT A F T EICEATHD I ENHESND D,

%, BIEMEORMEL T, FHBICHL T, e
BOFETHEAMNICEZSY Y U075 TEEB-EL T
HRNFT 6N D, TIUITFIE T & OB T 0 fiae s
EIERT2HHH D0, TO—HTEZY VT FED
BEDBIR M CIEIAHELR AN EN TN S, il
i3, CO, 2 BEIE & L CRMEIEESE SN TR B,
EN 7 « —J)b RIZB W TR RE OB D15 Tls
WA H D, TOHE, BIZIRECHINREY > T
Y27 EYalb—a > PllEAAGDE R THR
EaRREEHREEL THRIFL T3, Bourne ef al. (2014) TiZ,
conformance H D FEZH—-DHD TR, H3MEN+
STHBRWERITIREOFEEZERTUIEVEHERHL T
%, — T, containment HHDFIEITML L /= FikzEE
BRICHEHAT S I &ET, MESEFRALREEZNLIREL
LTWa, TxORFHERTIIE O FETHEO AN Z
FR2HEHLL, ELEENFEOBNRNRENS, B
IR Tl conformance HAYIZBW T HE SR FILOTE 2
HELTWS, 2L, SEIEhIFIAITHIET B
ONR—ZATA VEMETIESHET—5 ORENE AL LN5
W, EADHERIZENT =Y OHRNMA S7-0, Tod
7 b OERITE U TFEDRUEERNH 2D EEZX TS,
BB, AR LZEDIT, HEETHEEIY Ly 720
OV bOIT=)VIIERIN TV HDDEENR S
DTHY, FEEFHECTEAS T U A OHEHITE > TEH

ZIZTRLEDDEISHSEXTHITHD,

THHREEDOH LD THo Rk, £, VAIJTZUTHEY
EMRODDATH> . 5% WRLHTHICEL TE=R
MR 27 FHliZ2@ C T, K0FRlRY X7 ) D
O 27 T T O TTHbNS, K4IZ,RLiaT70—
EB O OMFAEE L WIRILTIEH o 7248, 2ROBSITE
MTETNDHZET, BOEHMIPBNTCIY AV HEE
DOEEDRRTY 7 OEERE, —HHEHHZEHTHHT
MIETEDEEZLND,

4.3 HEETRMITE<EET ZIEBEOHE
FEOBEEICBWTIEM SR RHE TOMFDEETH
B, —HTHEZRECHEDIZEZSY U >V FEI
BRI R OO A THE CERNWZ L 278 L 7z, #i
Z1E, MBI REN-FEORTIIRET =YY >/ H
SRR - UNMBEBVBIIAT CNIC Y25 EE A TS, Bt
ZiEl DT, RGO A T < RN EFEHE
OIRANENER ROSNDEETH D, TXMOEH
EDBIR DA TREOESNREDHE TIERNEDE
AWCESTWD, 2L, —HTERERERL 25513
BRIIBITZ2IX NEHENHETED, BASNOHEMETH
BUEREDIRE S N7 < T 670, B, REL#EK
i EDLFHTE=Y Y > Tld, ERTOY T T
12722728, xS B B E 2 N S 8 5 SRR D2
WEHNC 725, BIERETIX EARBLARICBI U TRat gt L
WHRBEZINTHY, 5EMFAEET2HA L R> T 5,
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4.4 2R MCHT DS AIRE

BUR T3 T mi OBEMTH 24, I X MREIZBEL T
13 Zaluski et al. (2016) % £ 1T unit cost & schedule D&
MNTHRFZED TS, [TXRMNEWV] WS ZRHT
WRRE AN R I NS RN D H2%, BERE I L
el ETHRD AR MO T EHREIC 7R > T,
Z1Z, unit Cost DekE & U TIE, LRI L TE 7 7
AN—ZHWFEOHRERE AW =RAE R ENAERS
HWHRELTEAZSNS (Dean and Tucker, 2017), AT,
2ERIZ N OREILDIZDIIEAT P 2 —)VEHTOHED
WHETH L, ERENKEL T2 HE D 5 257-05%
DOIFNBETH %,

4.5 FESINTWSKR5FIER

BIER O AT ClaWIHE S LTI, 330U R
T 7O E, 3.6 DRZRITHT 2 EAAA MO FEAm
MWEFoND, URAZTUTIE, ElLzLSICUAr >
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Study on the applicability of waterglass-based chemical for water management during gas hydrate production

Shungo Abe, Takatoshi Ito, Rei Tamura, Tatsuya Suganuma, Yoshihiro Tsuchiya
Yutaro Arima, Satoshi Ohtsuki and Koji Yamamoto

Abstract :

One of the key issues in gas production from methane hydrate-bearing reservoir is the excessive water

production from adjacent aquifers and other sources. As a countermeasure, it is necessary to reduce the permeability
of the surrounding aquifers to a distant extent. As a process of making this countermeasure possible, we are exploring
the possibility of applying waterglass-based water blocking agent generally used in the construction industry. This paper
presents the results of the experiment and numerical simulations and the direction of future studies.

Keywords : methane hydrate, excessive water production, waterglass-based water blocking agent
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e RIEB X O CT #itgk# Fig. 3, 4 122N FNr7, Fig.
4 X0, KHTZ-CO, DRIEAH, EFHRM» S TRz m

Jueyoyng

Sampling

[}
; —*’_I_‘ bottle

Fig. 2 Equipment Configuration
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0 ’ ‘
0 0.5 1 15 2 25 3

PV

Fig. 3 CO, Injection pressure for Run2 (BT; Break Through)

MO TELUTWERDITNHEREIN/Z. £z, 03PVEE
FTCO, ZEALZEBETHOMMNS CO, NRE LD
ENHER I NZIED, Fig.3D&EBD, 20 PVEEETE
ALZ®HDT, ROTHEOHMUEEHNLHL 72, %0
HUEFETHOBIZDOWTIE, RN TOKRT T 20T
MBI X B EBRIK T ORIED, 20T FIRAIEE P
DHEEZTFEHDOTH DD, WITNOFEESEAED
e OSBGENLETH 5,

Table 112, SEI{EELL 728 > KNy 7 OMIRB L OG-
BRAi OB BRHEERIICDOVWTRYT, 4E, RunlizD
WTIETHLL EORBIHK FICL D, B O/KEBRMN
ENAFHETH o=, £/, Run2 iIZBWTIIHIE TE,
BEULENC LR 3 = —RERFERME T T2 E NS ER
NELNZHOD, FROEBORENDOHIEDFEL T
WA HHEME (Table 1N, * D) 23H 27280, SHRGE
MHEERD, FEBREBFERICONTIE, BEHERA
ZILAY =MD L, —EZ2E 0 HLUSHE L
FRRITDNT, BELLTERLTNS,

Fig. 4 CT Image for Run2 (white; high density, black;
low density)

Table 1 Sandpack properties and the result of permeability measurements

. Dry Bulk | Particle | Pore | Particle . Air Water
Lengh | Diameter . . . Porosity e e
(em) (cm) weight | density | volume | volume | density (%) permeability | permeability
(2) (co) (cc) (co) (g/cc) ’ (mD) (mD)
ﬂlszé’i;eg 28.21 370 | 47573 | 303.16 | 179.52 | 123.64 | 2650 | 40.78 — 3200
Runl
ﬂfofffigg 3.45 370 | 5533 | 37.07 | 2500 | 1207 | 2213 | 3256 1110 —
Lengh |Diameter D'ry Bulk Particle | Pore Partu‘:le Porosity Air 3 Water‘ ‘
(em) (cm) weight | density | volume | volume | density (%) permeability | permeability
(2) (co) (co) (co) (g/co) ’ (mD) (mD)
ﬂl?)f)f(;)il;ig 28.50 3.66 451.92 299.69 | 171.99 | 127.70 2.628 42.61 — 3392
Run2
ﬂ(ﬁ)f(tifijrrlg 2.84 3.59 41.02 28.79 15.73 13.06 2.608 45.37 884 9.23*
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IR, ETHOIT, 52 (8] MH 5 2E Hal B Rs 1 LS
INT—IOEHEZAY T IcEDOE, FEETETIVOM
HEITD, TIT, HIMOFLERE, FiFE#E, KT AEL
WL DEBRICTZ2EHT 2720 DL - B RDREIGR
IR ATI-P2 HOFT—FIc D ERE LZIED, &4
PEB L O OBEE S Table2 D & B0 5% 7=,
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FEHICOWTId Ito et al. (2014) ZZML, LFOEB
D5 Z7z

Q
SI=log,, X e))
N
Q=] e )
j=1

— KT BT 2 OEm T, L) TE
ENDEDITA A IETEM Q LV HE K DL TESR

fo- B EM - R OBHE - A HERER - KM

B 1A 5w 51

ENBRAHER SIIcE > THiES A, SIA1ED kS
[ NS WER / ERSATIR T D, 10 & =1 Tk e
Li5%. £ QUEIRQ TEHRSN, No 3§ & oK
B BRSO, o RS F DEBIE, o 135 &
DRI B BRI j DILFRAR R TH 5.
BERINZETIVIZE W T TOUGHREACT I X D 7k A
FA-CO, K 2 ab—2a rzftly, AN Y IBRK
& HRERB L EBROE TR, M EFEL, K

Reservoir model construction
(based on the MH production test field)

TOUGHREACT; Waterglass-CO, reaction

Calculate the time series validation of
porosity and permeability

Update the reservoir model

TOUGH2; water production simulation

v

Sensitivity analysis for water blocking
efficiency

Fig. 5 Workflow of numerical simulation

Table 2 Rock properties and initial conditions

Parameter Unit Value
Rock density kg/m’ 2650
grain specific heat J/kgK 800
initial temperature C T = 278.15+ (D 1yt — D pptngpen) < 0.0291
Initial pressure MPa P,;=0.101325+0.010075X D,

Table 3 Properties of formation water and waterglass

Component Unit Formation water | Silicate solution
pH 5.6 11
HCO; molal 5.30X107° 1.0864%x10°¢
Si0, (aq) molal 1.00X10°° 2.0
Na* molal 1.00x10°° 1.2
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o EIEEI Table 3D EB D HATWS, PlEoyo—
IZHEW, BET —ADFHEZEITD 2 & T, WARRO g
Wt 2 Eha L 72,

DB, FHEEMSRERERT, Fig 6 15 REIMEH L 2
JBEFINZRT, VXM 384mDFE100m &L72H
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10m O#HKEXBZHE L, Uy R4 XS, B
FHANZH 3 m kR, REFAITITH R T «+ —I)L B OHE
Kz TEDROGFMICREL, MOFELI—NAEUR
WEIPHIZ THREE L 7=, S RIOFE TS, HKETMIT DA,
FRNTKH T A2 KFEIFEIZ 50 m 43K L TRE Sz

JWell _
* Waterglass

- : CO, injection

AifE T, TDH%D CO, [ EABBIZIONWTOAT I 2L —
TarEERLTWS, P TEYHLD 50 ~ 100 m @
R TR T X % 3% U7z dREE (far case) 2R L T D73,
IKHT T AZREALBITK T 2T 2 F T <<, [k
TiHED 0~ 50 m T iE L 7= near case, 25~ 75 m IZ5%
i& L 7= middle case IZDWTHHERL TWD, TizdiKE-
N MH B 0B R4 Fig. 7 0 B0 T, 452 [ MH
WP R OB O b Bk G XK &S L, FHEA]
RERHIFIN T TCTELROMMNSHEEL TWD, B, BB
BNBIZE > TRELITISDENH D DI, WHIFEEMN
WA /2> TH0, WE/REICKDRERNELRD
72 TH 5,

FIWARNY T IEHEFRICDWT, Fig. 6 1o CO, EA
TILELEZY Yy RED, 10kg/s (K844 m*/day) DL —

MH layer

384 m

Aquifer

MH layer

2.0e-5mD

Fig. 7 Permeability model

Table 4 Results of water production simulation

Maximum daily water

Water production from Water production from .
reservoir (m®) aquifer (m® production rate from
reservoir (m°/day)
base case (No waterglass) 8543 2817 216
far case 8092 2388 205
middle case 7717 2012 195
near case 6960 1214 176
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~
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Fig. 8 Time step valiance of permeability (above, ratio to initial permeability) and porosity (below) (Both figures show
enlarged views of the aquifer area)
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Geology and geochemistry of the Isobe gas field, Gunma Prefecture

Susumu Kato

Abstract :  In addition to an analytical result of two gas samples, published geological and geochemical data on
the Isobe gas field, which had produced CO, commercially during about 30 years, are examined in this paper from the
viewpoint of petroleum geology.

Chemical and carbon isotopic compositions of gases from the field indicate that CO, is magmatic origin and has no
relationship with hydrocarbons which are derived from the thermal decomposition of organic matters. Faults are
ascending paths of CO,, which is driving force for hot spring waters.

Chemical and isotopic compositions of associated waters with gases which are used as hot spring waters indicate that
the waters are fossil sea waters which were entrapped during deposition and undergone diagenetic alteration. Higher
temperatures of the waters estimated by the Mg-Li geothermometer than a bottom temperature at 1,500 m depth suggest
that the waters are formed in deeper parts and derived from there.

Keywords : CO,, magmatic origin, hydrocarbon, organic matter, hot spring water, fossil sea water
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R5 402 301.0 77.5/301.0 5,800 120 165 483.3
R8 421 4020 94.0/344.8 1,200 102 220 117.3
R9 433 4500 97.5/450.0 3,100 400 182 775
R10 4312 410.0 100.0/410.0 2,000 9.0 27.0 20.8
R11 444 4463 73.0/446.3 1,200 123.0 325 9.8
R12 4412 350.0 101.0/350.0 10,000 130.0  25.0 76.9
R13 462  363.7 100.2/363.7 1,500 144 200 104.2
BRI A B SR 103 1,000 10 12.0 <
SEEF I R4 84 0 50 17 +
SRk
EAHDYS 86 1,500 868.3/879.2 40.4
901.2/1,500
EEOFIHIRIFFORH, RO &R T,
WH (1973) BLUEE (1957) &HITIER.
7
TE
[T]] =+®&
= mhmEsE
RS
a3 TS S SRS B Eh B
IRIEHAR /K / "o 1km = BRESE
Ed [
EE R ZEF 7 BIRE
5 B0

AR (1948) 2 BT 1ERL,
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60 T I UL B 7T X FH O i & ERAK 2

BB FEGRBANFZE T T L2 DT, R &2 % 2 1TRT,
T ZREE DZE IR A D=, HTIREEBILE TR (B %
(0) =09%)ITHBERTELTEHRWN) ZHIELZ. E7z,
ZORIIIHR 5 BIH L TR RO Z 07—
R

pfb/ks#E (Hy) — N, — —{LE (CO) D=5 1V
75 h%M6IRT, CO,MEBML, N, DR(L/KkFEES
O, ZOEIGIYHFICXONBROE{L TWDE, EED
PHZFEAENCO, 2 5% TH D, —F, FEIBIERD
P REK) N D H A TIEN, 28 %LU L&D ® DILRAL
KFEZ10%LLEEATHBD, HiChmEmt rIm
) BRICAKZEDOEI AN LN, N, &fRILAKSEE DB
RIS H RS ORI O W RSPV THRD ST
% (4 6 ; Mizutani et al., 1989) ,

AZ 2 (C) BXUILY > (C) O [F LA KL
(07C, 0%Cy) RIS A ZFARELT
B, MEWEEAZZEALTWSZE2RT (7).
IO EFMEARD NG Z &, SREROMT TS
NI T2 MBEERD ST 22 7 a)/N > (C) Wb T NITED
5N5 T E (EIFED, 2015) REEZFHML TWD, —4,
CO, D R FRNARKEL (07Ceoy) 1 —2.8% & —4.4% TH
D (%2, IIARERD (2016) 1Lk B EEAEKLIOKIL -
REHAD %Ceo, (—3~—2%) LEPNAIL - {5RA X
D 6%Cepy (—6~—2%) ITHEML TWDB, CO, DRELKIZ
HUE RIS BRI B ERE LB A TR & XD il
KIUNGEENCBABENEZZ 5N THB0 (KE, 1957), A
AD 0 Ceoy I NELH LTS, F/, BEEEEAL
DIKAEGIRFE L 72 (2018 4F) ICHEA D5 D H B HNTE F
fLLzEnS IR REAE DOKFEKK .

BT OAY 7L (He) BEZFHELZKSY - EF
(1968) 12 & NIE, Held&EMIZ CO, EAHRE, N, &1EH
oM ZRL, HAHOKESO He l3EH CO, ZRA
HAWZ L > TEIINZD TR, BESIN,RZRANX
ELUTE=HEREE N oHIEENSHELZEEZS
N5, He FAfAL CHe / *He ) 13 9.20 X 10 7 &< (%
2), KR&GH?°He / ‘He bt (R, = 1.39 X 10 ~°; Ono et al.,
1993) IZEERD & 066 R, TH Y, <7 <iEIED *He / ‘He
g > 6R, TH S DT (Ono et al., 1993), KA+ H K (1968)
DHEAETHL TS, Lo T, CO, I fthd H 2k
EFEENER S TWSEEEZEZI N5,

5.2 BEK

SCHRAN 5 B U 72 IR K DT ks R 2 K 3 1R, &
113EA0Y, Zh 213 LEobifheHFEINDN, EH
NS ORI TZMN o Tz Fiz, {EFHERITDNWTIT,
B EP L THB 0, ERBEEADPITT—INLND
T, HHHPANSHNNDT—FZRNT, FHEZERL
7z (#3).

BN, {ERKDOKDOELFICOWTHRET 2, KEBEL
VW F DR AMRE (6D, 6%0) o 70w h%2M 8ITxR
9, ZOKICIEZE & U TEaEKIER T H 2 Friatso
e A HMEA GBI - HAHK g, 2018) &k

g 885 15 (2023)

IR SR EERIEA, 1996 5 F[HEE - #H, 1983) D F—
Y H kIR, LB EAOEBIUHEHOT—5I1d
PNTVERHDHDOD, 0DIE—31~—16%, 6°0 %
+1.0 ~+3.0% OHPFAICH D, ZH 2 132 IR RK &1F
FERICHEIPIZ YOy b I35, ZHSEEEM - A AHK
WD &, 6D VNS < (<), 6P0 ATREL (EX)
ToTWwbd, —7, BEROT—YRELEREDT—%
ERAKEDOHBICTOYy RN T (M8, X7z,
Cl —o6"%0 7ovw ks (M9 T, % 2135 - T2
H/KQEPHNIC 70w R EIN2H, ZFOMOT— & 1 ZHiPH
shucroy hEhB, EBREDOT—13 ClEENHEMN
T5&0%0 NRELBBMEADRD 5N, FRIERICX
DELEM ETRES TR, RBIEASEKRL TWDA]
REMENEZS5ND, —F, BEILRIIRKICEDTRNE X
5END, TNEDOZENSG, LBAEDEFKIZELE
fbaiEkiEREE 2 50, RBIEHOEEEZII TS &
g b, 7, HEILROERKIIEE L b aika
FKIZE>THRSINZbDEEZ SN,

FREEAOHEOCFEMBRISELL TEBD, =150k
#iI Na®, CI"& HCO, 5 EICARD, kIR Mg
BEL SO WENELBAL, NH, #BE I BEBX
UBBENMEML TWS (£3), dikkD, BEHHRIE
UM, K, EE, Od—RK, JO—-ASH7I AR
BERELTHEATHS (B, 1964, HCO; EEMN S
WO HZAHOD CO, WEMRL7=EHE 2 BN, RIBRDD
O6°C Dl (+21 ~+55% ; PH - /INE, 1998) 13 H A
D 6 Cpy L DRPREN,

i (1964) BT A > R oEnETNOERL
PEBE ARG L, BEERELRITMHE K SRR ED
RAEICE S TEMINEZEEATNS, UFTIREICER
Iz DWW THRET %,

BEEEO K — Na" 70w b Z2#HEH - A AWKk 2l
HEARIK & —FEITK 10 1R T, HHE - H AWK (7
g EEFH) Z2BR< &, K/ Na b2t 001 fEETH 0,
Mz IRk EH, PFHLEO T ol kEL,
#Ek (0.036) ICHRIL, mARTOBEETHD, LEBE
BAOEOK" /Na' ik &k 0 /hE <, 0.02F2ETH %,

Mg* — Ca®* 7O w F &K 111T7R7 9, Ca® 2, Mg*'
BEES EBNEAOBEID bEW, Mg / Cd¥ ik
WHT/ANE W, FriE « H A MK TIZ Z O A Ca' g A3
100 mg/! AT Kk & <, 100 mg/l LA ET/hE W (0.2 2L
T W, LBREEHOHBOMFRIZINEEYULTHED (K
1), EAOBOH N LRI BEENHEATNDS EHEE
N5,

Br —Cl 7ovw b2R121C7RY, LEDBr EEDE
Y13 37 mg/l &K (69 mg/D) LD BIKL, Br /ClI'L
Bk (3.6 X 10°°) XO/NX W, FriEH- HZAHEKTIE,
Br /Cl lFIE LA ENHALDBRELS (K12), TR
EbLAEZRE 10mg/ILLETHS (g 2018), L
2o T, B - A AMKICHND &, EBOERKIZ
Br BEST BEANOHHEY OFG0DI0 S HE N5,



g i 61
13
8 B3C,
-20 -30 (%o)
‘30 T T 1 . II.S T T T 1 T
L (%)
WENNE)
: - - 10
5 et
= R11 ° ... ,_.01.: L3
40 |- = ° .
\u =
@)
en
o] B
@ -
50 -
K6 HAMEO=AMTAYTIA - \/
Hy : fR{b/K3E, N,: %#H, CO,: _E{Lik# R o
. o . W AEYIREIRC
%2 BRUPERIAS 1957, ML Mizutani ef al. 6 = P
(1989) D7 — & Z{Hi i, )
(%o) 1 1
K7 6%C,—o%C, 7ov bk
K207 — =i,
Ro 71 VIZHERHIEA (2002) M 551H,
K2 HAHWHER
Y4 W JEi v A 0, N, (#iF) CO, CH, CH;" o%Cc, o%C, (SBCCO2 *He/*He ik
(m) (m’/ H) (vol %) (%o0) 107"
EER11 446.3 6.59 25.22 1.10 67.79 0.403 0.004 —385 —26.1 —2.8
FEIL R 131 6.63 1.84 8240 9.655 0.004 —57.6 —32.6 —44
B RAREI T W
R1 (F) B A g 1,076 0.1 0.4 0.03 994 0.1 1)
1,070 0.04 0.18 0.03 99.65 0.13 0.000 2)
0.12 0.39 0.00 99.45 0.04 0.0 3)
R2 748 WIS A JE 721 0.1 0.3 0.00 99.5 0.1 1
BRI SE 721 018 3.16 2.50 93.08 3.55 0.032 2)
0.57 2.66 0.57 93.0 2.77 0.0 3)
R3 454 TR A 1,230 0.14 1.80 1.29 96.00 2.04 0.021 2)
047 227 0.55 96.0 1.26 0.0 3)
R4 456 R TE 0.06 4.30 4.08 89.10 6.50 0.053 2)
0.55 3.97 196 925 298 0.0 3)
R5 035 274 146 94.0 291 0.0 3)
R8 0.30 1.19 0.09 975 1.01 0.0 3)
TB1 285 B A JE 3,000 0.12 2.85 241 9331 3.70 0.022 2)
IR A I 103 BEEAE 1,000 0.3 9.5 840 776 129 1)
0.20 6.95 6.22 82.80 10.02 0.032 2)
KA BRI SE 0.7 194 16.8 21.2 587 1)
0.29 1145 10.39 43.23 45.00 0.033 2)
TR 0.1 103 9.90 70.7 18.8 <0.01 9.20 4)
TR 0.4 1.7 0.26 956 0.52 <0.01 —38.0 5)
HEKII AT 218 @MFEkE BWEIEAE #7110 0.3 10.6 9.50 787 10.4 1)
0.47 11.10 9.38 77.54 10.60 0.295 2)
@I 0.63 20.00 17.69 56.82 22.72 0.103 1)
AR 028 176 1658 82.0 0.026 <0.01 64.1 4)

D AR 1957), 2) K- B K (1968), 3) fM (1973),

(#H1E) : 225 IE N,/ 0,=3.66

4) Urabe et al. (1985), 5) {EHpiEA (2015)
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62 PG IR REE AT 2 H O HVE & s ER(b 2%
£ 3 IRRKDIHTHRER
/ﬂ’z‘ii’ R f;j: PH. At ;ﬁ% L' Na' K*  Ca' Mg NH, c S0, HCO, Br I HBO, B™ 6D 60 6%C ik
(m) (C)  (g/b (mg/1) (%)

FRRABE TR
R1 H 4525 19502 7.1 29597 3 11,140 160 268 66 0 13,560 4 6820 00 40 640 158 D
19518 84 345 30244 11256 279 219 59 13,640 35 7145 14.1 7.8 156 2)
19552 7.0 339 276 59 27 13,510 <2 7,750 39.2 5.8 860 212 3)
19616 7.0 29.260 12,100 302 274 54 13,975 41 8090 239 33 4
19632 70 31 10400 280 266 52 13,630 2 7,360 42.0 5.8 641 158 5)
19643 7.0 30.1 10540 225 268 62 14 13,600 41 7,722 6)
1967.10 7.28 325  30.565 11510 244 238 60 29 13,490 tr 7,625 117 6.8 394 97 7
R1 < 3131 19502 7.2 31544 8 11240 240 333 80 13,800 70 7248 0.0 40 561 138 D
1951.8 84 280 35686 11,794 248 243 68 13,610 41 8213 134 7.7 157 2)
1955.2 984 68 28 13,550 <2 39.9 5.7 697 172 3)
R2 7485 19518 82 285 35947 11,680 237 200 58 13,330 37 8201 20.0 75 144 2)
19552 69 30.9 203 53 30 12,940 <2 8570 417 5.7 673 166 3)
1961.6 7.1 28.630 11,020 118 80 35 12,515 16 9,650 34.6 5.2 4
19632 74 27 10500 240 215 48 13,320 2 8180 405 6.0 537 132 5)
19671 7.30 280 30.162 11270 228 216 50 28 13,266 tr 8296 12.0 6.2 360 89 7
R3 4542 19616 7.1 27.830 11,020 311 228 37 14,130 0.8 8420 372 5.4 4
19632 73 30 11,000 280 236 49 13,590 2 8230 411 6.4 603 149 5)
19643 7.0 315 10970 235 233 63 8 13,470 43 8290 6)
196710 7.35 320 30.598 11450 256 224 45 35 13,348 tr 8601 11.7 6.8 399 98 7
R4 4560 19616 7.0 30.420 10,650 254 199 46 12,675 45 7930 328 7.0 4
19632 70 23 10250 235 263 51 13,110 2 7,800 44.7 6.0 529 131 5)
19643 69 20.9 10,690 207 276 61 8 13,310 50 8420 6)
1967.10 7.28 19.0 30.564 11,340 220 238 61 36 13,384 tr 8296 10.0 6.4 360 89 7
19856 7.6 241  28.79 10,630 267 234 46 13,100 233 7810 478 118 13)
19967 744 265 10,610 230 206.9 43 11,760 00 7258 580 143 —26 20 53 13)
R5 1967.10 7.28 190 24472 10480 202 238 53 28 12,035 r 8206 93 6.0 310 76 7)
RS 196710 7.26 255 32.286 11,040 228 242 61 32 13,206 7,808 10.0 6.2 333 82 7
R9 197012 7.05 160 22.180 8760 * 123 * 220 49 33 9,503 7503 263 105 7)
R10 197012 7.1 260 28.686 11,060 213 216 52 33 12,743 7,991 320 147 7
R11 197012 71 330 28.908 11,040 213 259 41 3 12,887 7749 326 131 7)
19846, 72 235  24.06 9,000 * 117 * 134 33 9,343 30.5 9,181 278 69 10)
R12 197012 71 250 30.820 11,630 233 220 19 36 13,427 8418 35 110 7)
13,610 —20 29 8)
TB-1 2850 19632 7.0 23 10,130 245 308 50 13,160 2 7490 407 7.0 576 142 5)
19643 7.0 10,810 301 300 58 22 13,060 39 7806 6)
TB-2 2500 19632 72 18 11,130 145 * 380 54 12,990 79300 40.3 6.2 438 108 5)

Ty 10,625 246 248 54 31 13,257 8,046 36.8 5.8 512 126
MAOB 1,500 19967 6.88 36.2 10950 174 109 331 10,510 0.0 7,078 596 147 13)
19967 699 39.2 11420 183 960 299 13,760 0.0 7,299 641 158 —25 24 21 13)
19967 695 40.4 11,760 183 100 282 13,770 0.0 7,304 596 147 13)
19967 7.1 526 328 11,418 13,340 7,263 15)
2007.9 7.5 508 287 11,600 205 626 296 13,600 20 7630 37.8 610 150 16)
20146 71 558 293 11,020 193 103 327 13,430 21 6868 169 600 148 15)
Ty 11,361 188 9 31 13,068 7,240 609 150

GG S 19502 72 17599 1 6760 80 103 163 0 6,028 7,602 0.0 2.0 252 62 D
69 165 14.755 5350 338  60.0 94 4570 72 8561 198 49 9)
198111 68 162 233 —41 —27 10)
19835 7.0 17.1 4313 12.8 12)
198312 69 167  14.87 5650 347 734 995 4,600 7.7 8,070 145 13)
19967 664 186 6,108 276 334 8.1 4,004 0.0 8380 235 58 —38 —28 33 13)
AT G 103 19518 82 162 27497 0867 189 222 470 11,930 99 6755 104 47 125 2)
19552 68 12 215 437 252 10,920 <2 6960 334 5.0 3)
i35 1930 7.7 11,009 255 293 57.2 19.6 13,048 17 8301 256 1438 416 103 18)
B 1935 74 8510 244 141 442 062 11,100 21 4484 168 5.9 417 103 18)
i35 80 190 27.831 9160 225 670 388 12,574 35 5803 563 139 9)
B 82 245 822 10800 219 137 470 13,070 15 7,560 31 27 11
i35 19835 7.6 22.7 11,650 33.3 12)
B 11,930 —23 21 8)
i1 1500 20086 7.2 346 11469 172 168 714 15073 <01 5880 227 —18 29 14)
it -2 450 200811 82 7.8 8123 121 104 714 8,565 67 5713 127 —23 10 14)
ik 018 10,600 380 409 1,280 0.036 19,100 2690 140 69  0.064 47 17)

R/ HT Tl mg/kg W SN SD, mg/kg = mg/l ELTHHANVDS
TP OFEN SRS, TBIZ HBO, > 200 12D\ T, 0.2467 & TR /2
1) HEFAEN (1952), 2) REE (1952), 3) A& (1957), 4) 7i% - HE (1962), 5 @i (1964), 6)%k% - B F (1968), 7 &M (1973), 8 @i (1974), 9) Wi (1981),

10) FAZEZRIFA (1985), 11) Takamatsu etal. (1986), 12) EAFIEA (1988), 13) #HH:-/NE (1998), 14) AfkaiEzy (2010), 15) I (2021) ,16) {RRIMTHE, 17) ALEF (2009),
18) i e (1982)

ERl ST TR
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K8 iE/AKDOD — 6% Yov k
£3DTF—F ZH,
PR - H 2 A INEE (2018), A2 IR SR KT I IE A
(1996) L « S (1983) DF—& ZfH A,
BEBEORAK-RAAKIIRERIFD (1985 OF—F & .
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Ca2t

11 Mg —cCa®" 7ovw k
£3DTF—F 2.
FHE - A A HAKTINE (2018) OF—% O—ZE A,

Br-
200

X 12

X3DT—H &M,
FR - T AHKIZNEE (2018) OF—% 2.

Br —Cl" 7ov bk

BiREMNEWL (XA KRUE : HBO, 2% 500 mg/kg DL )
DR DR TH S GEH 20215 £ 3) 2%, ot
EIIN/RD B THBO, FHEETIIEADEO LM EE
L0HBEENE N, B/CI K (BILEH) $ 0.03 ~ 0.04
EFRM - AWK ELERD ERDOEmND, HEAE O
NTH 2 (K13), FEILE /KN T A K Z D HAT0.001
BELKLS, I7YERED CO,ZE0HMHAHTIZZ
DA 01 L, EERE W (g, 2020),

Mg J4Rs & LiT s/ & Mg — Li Hifk 27 % 5 (Kharaka
and Mariner, 1989) Z MW CEHEHE L7ZRE (¢ = 2200/ (log
(Mg"* / Li) +5.47) —273) 13 L& R1 T 100°C & 126°C, %
PRI T 62°C, BERT 135CTH D, WiFhbkiREZDEL,
RPN IR R EE A DY TOFURRE 87.1°C (AR, 2001
X0BNROEN, Lo T, HEAEE D ER T
IhizEifiEahs,
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BALTK BT ER A TE O FALCFE L TW SRR Aes
RIS & UTERI N EHEE I NDD, RRAKD(EE
HRICPBWTHEBEMOTFGIN/NI W &G, BMITIER
DT ER N,

B
BEEBIR A G ORFR (KFHE) 3B EENL T
JEHE, AARBHRIZE RG> CHEWE, X/, ENTHZEH
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DHHEIZ ONWTEHATENS, M EORKICHBILEL L
£,

5 B X M

BT ERA3A - W $9, 1983 : thl H A< PN e 47 o 3% iR
SR B SRK O FINARHLAR. 1R TR, 18(D),
37-50.

TRAAHET - MBS 1962 @ BEBIRILRORFR 45 3 #
S, BRI DOWT. RREEE 13(2), 33-40
TRAEER - HESAE - MIRE —, 1978 @ BERIRE M X e
FADRERIIVEEGE. Bk 120, 14

P EEE, 1982 @ BEERIR SRS, 445p.
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B, 1973 : 52Kk AR, SHFE - WHEE= - F
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IZDWT. REEE 39(3), 111-119.
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85(6), 315-320.
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mometers and their application to formation waters from
sedimentary basins. Thermal History of Sedimentary Ba-
sins. Method and Case Hiatories (eds. Naeser, N. D. and
McCulloh, T. H.), Springer-Verlag, 99-117.

Je¥y  BE 2009 @ kb [BE=hR] NHK Hikl, 257p.

AR, 2001 : JRSEHIER (BEFRIE S - SHEIE. D)
RIS 2 E A el 3 QREAS), 1-12.

REERY ¥R - WEHET - Bk i 1985 ERIR O BURK
DKFEB L OB RN, BRE, 36D, 1-11
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SI B E%E (SPE RRFE)

inch X 2.54*

ft X 3.048*
ft3 X 2.831685
bbl X 1.589874
kegf X 9.80665*
kgf /cmz X 9.80665*
atm X 1.01325*
Ibm X 4.5359237*
Ibf X 4.448222
psi X 6.894757
darcy X 9.86923
md X 9.86923
cP X 1.0*

cSt X 1.0*

cal X 4.186
Btu X 1.055056
A X 1.0*
HP(AN)w7) X 7.35499
hp@- %) X 7.46043
USgallon X  3.785412
US shortton X 9.071847
rpm

(‘F—32)/18

mile X 1.609344*
acre X 4.046873
knot X 5144444
g X 1.852
141.5 / (131.5 + °APD
mm Hg X 1.33322
mmH,O0 X  9.80665
ft H,0 X 2.98898

E—02 =m
E—01 =m
E—02 =ms
E—01 =ms
E+00 =N
E+04 =Pa
E+05 =Pa
E—-01 =kg
E + 00 N
E+ 03 =Pa
E—13 =m?
E—01 =pum?
E—16 =m?
E—04 =pum?
E—-03 =Pa-s
E—06 =m?/s
E+00 =
E+03 =]
E—10 =m
E—-01 =kW
E—01 =kW
E—03 =ms
E+02 =kg
=1/ min
E+ 00 =km
E+03 =m?
E—01 =m/s
E+03 =m
=g /cm3
E+02 =Pa
E+00 =Pa
E+ 03 =Pa
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