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a b s t r a c t

The Neogene Guantao formation in the Beitang sag in the Bohai Bay Basin (BBB) of North China, a
Mesozoic–Cenozoic sedimentary basin of continental origin, has been chosen as a candidate for a pilot
field test of CO2 sequestration. Hydrogeological and geochemical investigations have been carried out
to assess its suitability, taking advantage of many existing geothermal wells drilled to 2000 m or greater
depths. Water samples from 25 wells and drill cores of three sections of the Guantao formation were col-
lected for measurements of mineralogy, water chemistry and isotopes (d18O, dD, d13C, 14C). Formation
temperature estimated by chemical geothermometry is in the range of 60–80 �C. Geochemical modeling
of water–rock–CO2 interaction predicts a strong geochemical response to CO2 injection. Besides the ele-
vated porosity (33.6–38.7%) and high permeability (1150–1980 mD) of the Ng-III formation and a favor-
able reservoir–caprock combination, it is also found that the formation contains carbonates that will react
with CO2 after injection. The low salinity (TDS < 1.6 g/L) offers high CO2 solubility. The 14C age of the for-
mation water indicates a quasi-closed saline aquifer system over large time scales, the lateral sealing
mechanism for CO2 sequestration requires further investigation. The CO2 storage capacity of the Guantao
formation within the Beitang sag is estimated to be 17.03 Mt, assuming pure solubility trapping.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Global warming and frequent drought and flooding events have
made anthropogenic emissions of CO2 a global concern. The con-
centration of CO2 in the atmosphere has risen from 280 ppm before
the Industrial Era (1750s) to about 380 ppm at the present day
(IPCC, 2005). A possible option to reduce CO2 emission from indus-
trial sources is to capture and dispose it in geological structures
including depleted oil and gas fields, unminable coal beds and deep
saline aquifers (Gunter et al., 1997; Pruess et al., 2003; Emberley
et al., 2004; Shafeen et al., 2004; Benson, 2006; Kharaka et al.,
2006; Gaus, 2009).

Due to their high storage capacity and wide availability, deep
saline aquifers found in sedimentary basins have proven to be
the most promising choice for CO2 sequestration. The global CO2

storage capacity of saline aquifers has been estimated to be from
350 Gt to 10,000 Gt (IPCC, 2005), which is >90% of the total space
available underground. The CO2 can be more effectively seques-
trated in geological formations at pressures higher than 7.34 MPa
(equivalent depth of about 800 m), and at temperatures above
31.1 �C, where CO2 will stay in a supercritical state with an
ll rights reserved.

.

elevated density up to 600 kg/m3, 400 times more condensed com-
pared to that at atmospheric conditions.

The injected CO2 can be sequestrated in deep saline aquifers
through a combination of physical and chemical trapping mecha-
nisms, which include stratigraphic or structural trapping, residual
trapping, solubility trapping, mineral trapping and hydrodynamic
trapping (Pruess et al., 2003; Xu et al., 2003; Moore et al., 2005;
Wigand et al., 2008; Gilfillan et al., 2009; Michael et al., 2010).
Once injected into a saline aquifer, CO2 will move and spread
slowly due to pressure gradients and gravitational effects as super-
critical fluid or free-phase CO2 and displace the groundwater in its
flow domain. Such mechanisms are called hydrodynamic trapping.
Residual trapping refers to part of the CO2 trapped in much smaller
pore spaces by capillary forces. Chemical trapping takes place
when CO2 dissolves in the formation water (solubility trapping)
and water–rock–CO2 interactions cause mineral trapping, which
is the most stable and permanent way of CO2 sequestration.
However, mineral trapping comprises an insignificant portion,
especially in the early stages after CO2 injection. Although consid-
erable effort has been made in understanding CO2 trapping mech-
anisms, there are still many unsolved issues. Different trapping
mechanisms would result in different CO2 storage capacity esti-
mates (IPCC, 2005; Audigane et al., 2007; Zhang et al., 2009).

Several commercial scale projects of CO2 sequestration in deep
saline aquifers (e.g. Sleipner, Snøhvit, Alberta acid gas injection, In
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Fig. 1. Location of the study area and distribution of sampled wells from the
Beitang sag in the Bohai Bay Basin (Ng: Guantao formation, Nm: Minghuazheng
formation).
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Salah) and pilot field tests of CO2 injection (e.g. Frio, Nagaoka, Ket-
zin, Gorgon) have demonstrated the technological feasibility of CO2

sequestration (Emberley et al., 2004; Kharaka et al., 2006; Saito
et al., 2006; Iding and Ringrose, 2009; Schilling et al., 2009; Rutq-
vist et al., 2009).

A typical small-scale pilot field test is that in the Frio sandstone
formation in Texas, USA, where 1600 tones of supercritical CO2

(SCCO2) were injected to investigate the behavior of SCCO2 in the
formation, including geochemical reactions and physical processes
of the CO2 plume (Hovorka et al., 2006; Kharaka et al., 2006). An
example of commercial scale CO2 sequestration in deep saline
aquifer is the Sleipner project in the North Sea, Norway, where
one million tons of CO2 has been injected each year into the Utsira
formation at the off shore natural gas fields since 1996 (Maldal and
Tappel, 2004). Geophysical and geochemical monitoring have not
detected any CO2 leakage so far (Arts et al., 2004). Both of the
above cases are targeted at sedimentary basins of marine origin,
where salinity is very high starting from that of seawater and for-
mation mineralogy is relatively uniform and aquifer pore space
heterogeneity is less pronounced.

Besides the field tests, laboratory experiments and numerical
simulation of CO2 migration and water–rock–CO2 interactions are
also being increasingly applied (IPCC, 2005; Kharaka et al., 2006;
Gysi and Stefánsson, 2008; Mito et al., 2008).

Most of the deep saline aquifers in Chinese sedimentary basins
that are close to emission sources, i.e. the Cenozoic sedimentary
basins on the eastern coast of China, are filled with continental
sediments, which make them behave differently from the marine
sedimentary basins already tested and studied in other countries
in terms of water chemistry evolution, matrix mineralogy, and
aquifer heterogeneity. In particular, water–rock interaction pro-
cesses are expected to be different and this has not been well
understood.

Being one of the most typical sedimentary basins in eastern
coastal China, the Bohai Bay Basin (BBB) is a potential candidate
for CO2 sequestration. Deep saline aquifers are widely distributed
with a high CO2 storage capacity. The Neogene Guantao formation
of Beitang sag, Huanghua Depression, near the center of the BBB
has been chosen as the test site for CO2 injection to study water–
rock–CO2 interaction processes, trapping mechanisms and other
related issues, including CO2 plume migration, environmental im-
pacts due to possible CO2 leakage and long-term monitoring
parameters. There is also a possibility of using the off-shore exten-
sion of the same aquifer. Once successfully tested on-shore, com-
mercial scale storage can probably be implemented off-shore.

The purpose of this paper is to discuss water–rock CO2 interac-
tion processes anticipated for a saline aquifer of continental origin
through hydrogeological and geochemical investigation of the res-
ervoir–caprock system, including water and drill core sample col-
lection and analyses as well as chemical thermodynamic modeling.

2. Study area

As one of the industrial centers in North China, the Tianjin area
is facing major challenges regarding CO2 emission reduction com-
pared to other areas in the country. Carbon dioxide emission is
mainly from coal-burning power plants. Carbon dioxide sequestra-
tion in deep saline aquifers is considered as a viable option because
the aquifers are widely distributed in the BBB. The Guantao forma-
tion composed of Neogene continental sediments is among the
most promising formations to serve as a reservoir for storage.

In order to study geochemical processes involved after CO2 is
injected so as to understand the trapping mechanisms and to ad-
dress safety issues associated with CO2 sequestration, section III
in the lower part of the Guantao formation in the Beitang sag near
the center of the BBB was chosen (Fig. 1).
The study area is located in the Tanggu District of Tianjin Binhai
New Area, where the Guantao formation has been the major aqui-
fer for geothermal energy development to supply heat and hot
water for space heating and recreation purposes in the past dec-
ades (Dong et al., 2004; Ma et al., 2006; Hu et al., 2007). Abundant
geological and hydrogeological data is available and wells are
available to collect water and drill core samples for water–rock
interaction investigations.
3. Geology of the Beitang Sag

The BBB is a large Mesozoic–Cenozoic intracratonic sedimen-
tary basin filled by continental sediments of Paleocene, Neogene
and Quaternary ages. The sedimentary center is in the Bohai Bay
area. The Beitang sag is located in the western side of the central
part of the BBB, which is bordered by the Hangu fault to the north,
by the Cangdong fault to the west, by the Haihe fault to the south
and by the Bohai Bay to the east (Fig. 1). Details of stratigraphic
features are shown in Figs. 2 and 3 (location of A–A0 cross section
is marked in Fig. 1).

Quaternary clay and sandstone sediments are widely distrib-
uted in the study area at variable depths from 0 m to more than
520 m, composed of clay and sandy clay. The Neogene Minghuazh-
eng and Guantao formations lie unconformably above the highly
folded, Mesozoic to Precambrian crystalline basement (Fig. 3).
The Minghuazheng formation overlies the Guantao formation at
a depth of about 1300 m and is composed of mudstone and sandy
mudstone of variable thickness, interbedded with sandstone. Re-
gional electrical conductivity values are 2–7 X m. The extensive
Quaternary and Neogene Minghuazheng formations are considered
excellent cap-rock layers to prevent CO2 from escaping after being
injected into the Guantao formation.

In the Beitang sag, the thickness of the Guantao formation is
from 350 m in the west to about 550 m in the east. It is composed
of a series of red fluvial sandstone units with distinct sedimentary
cycles. From top to bottom, three sub sections, i.e. Ng-I, Ng-II and
Ng-III are distinguished with the Ng-III as the intended aquifer
for CO2 sequestration. The Ng-III is composed of sandstone, sandy
gravel and gravel while Ng-II represents a thin layer of mudstone,
serving as an immediate cap-rock seal.

Drill cutting samples show that the local mudstone zone of the
Ng-II formation contains pyrite. According to XRD analysis of drill
core samples from the Guantao formation, the reservoir rock is
mainly composed of quartz, feldspar (including albite and
anorthite), montmorillonite, illite, kaolinite and minor chlorite. To-
tal chemical analysis shows that the rock is mainly composed of



Fig. 2. The stratigraphic column of well TR20 in the Beitang sag.

Fig. 3. (A–A0) Cross-section of the Beitang sag. Q: Quaternary, Nm: Neogene
Minghuazheng formation, Ng: Neogene Guantao formation, E: Eocene, C–P:
Carboniferous and Permian, Pt: Proterozoic, Pz: Paleozoic, Mz: Mesozoic.
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silica and alumina (about 69.4 wt.% and 11.9 wt.%, respectively, Ta-
ble 1). The Fe2O3 and CaO are 3.2% and 2.5%, respectively.

Based on logging data from geothermal wells, the permeability
of sandstone in the Guantao formation varies from 1.165 to
2.003 lm2 (about 1150–1980 mD), while the porosity is 33.6–
38.7%. These values are considered as indicative for favorable con-
ditions for CO2 sequestration and provide opportunities for the
study of geochemical processes (solubility trapping and mineral
trapping mechanisms). Compared to the underlying Eocene strata,
Guantao is a reservoir with elevated porosity and permeability and
lower salinity characteristics, and a more economic depth range.
The cross-section in Fig. 3 shows that the Guantao formation has
a regional extension, offering flexibility in terms of avoiding con-
flicts with other underground resource utilization schemes.

The Beitang sag is tectonically located in the northern part of
the Huanghua depression of the BBB. There are two main fault sys-
tems in the area with NNE and NWW oriented alignments, includ-
ing the Haigu fault in the north, Cangdong fault in the west and the
Haihe fault in the south. The Cangdong fault is a major regional
fault system that was formed during the Mesozoic period and reac-
tivated in Cenozoic. It controls the distribution of the Guantao for-
mation to a certain extent. The Haihe fault extends into the Bohai
Sea towards the east and serves as a tectonic boundary between
the Beitang and the Banqiao sags. The Hangu normal fault located
on the northern border of the Beitang sag controlled sedimentation
during Mesozoic and Paleocene periods. The planned CO2 injection
well is located near Haihe fault and possible leakage from this fault
will be monitored to assess any possible impacts on environmental
safety.



Table 1
Total chemical analysis of reservoir rock (Ng) in the Beitang sag (in wt.%).

Sample ID SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI FeO Total

Ng-I 76.34 0.27 11.13 2.26 0.03 1.09 1.23 2.48 2.73 0.09 1.94 1.02 99.59
Ng-II 76.82 0.24 10.93 2.09 0.03 1.34 1.32 2.23 2.32 0.06 2.40 0.95 99.78
Ng-III 55.08 0.67 13.55 5.21 0.08 5.48 4.99 1.58 2.68 0.12 10.52 2.42 99.96
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4. Sampling and analyses

Several sampling campaigns were implemented in December
2009 and May 2010, during which water samples were collected
from 24 geothermal production wells, with depths from 1400 m
to 2100 m, including 19 from the Neogene Guantao formation
and five from the overlying Minghuazheng formation in the
Beitang sag. Chemical and isotopic analyses have been completed.
The locations of the sampled wells are shown in Fig. 1.

For cation analysis, samples were acidified with HNO3 to adjust
pH to less than 2. For dissolved CO2 and HCO�3 , titration with
0.05 M NaOH and 0.02 M HCl were carried out in situ. Dissolved
inorganic C in the water was collected using the SrCl2 precipitation
method in situ. Some physical and chemical parameters like pH,
temperature, conductivity, Eh and dissolved O2 as well as Fe(II)
were determined in the field, using a multi parameter device HACH
Sension 156. Samples were filtered using a 0.45 lm membrane in
the laboratory before analysis.

Chemical analysis of the water samples was performed in the
Analytical Laboratory of the Beijing Research Institute of Uranium
Geology. Main anions (F�, Cl�, SO2�

4 and NO�3 ) were determined
using a DIONEX-500 ion chromatograph and HCO�3 by a 785DMP
titrator and cations with an OPTIMA2X00/1500 ICP-OES, trace ele-
ments by ICP-MS, all within one week of sampling.

Stable isotopes (d18O, dD, d13C) and 14C were determined in the
Water Isotope and Water–Rock Interaction Laboratory, and Stable
Isotope Laboratory and Cosmogenic Isotope Laboratory at the Insti-
tute of Geology and Geophysics, Chinese Academy of Sciences
(IGG-CAS). d18O and dD values were determined with a laser
absorption water isotope analyzer Picarro L1102-I, d13C ratios by
MAT253 isotope mass spectrometer and 14C using the benzene
preparation and liquid scintillation counting measurement.
Table 2
Chemical and isotopic analyses of formation water in Guantao (Ng) and Minghuazheng (N

Sample ID Formation T (�C) pHf F Cl NO3 SO4 HCO3 Ca Mg

TG08 Nm 40.4 8.2 3.2 52.1 0.1 53.4 596 5.1 0
TG10 Nm 46 8.4 4.3 21.2 0.0 28.2 669 4.6 0
TG13 Nm 43 8.6 4.0 85.1 0.8 73.8 590 10.0 2
DL20 Nm 51 8.2 5.7 300.8 3.3 205.5 513 24.0 7
DL31 Nm 47 8.0 5.4 296.5 1.4 200.9 560 26.0 8
DG49 Ng 58 8.2 7.7 605.4 0.8 181.2 559 18 7
DL10 Ng 62 7.2 7.2 316.6 1.3 202.8 610 34.3 6
DL25 Ng 73 7.0 9.6 336.6 0.0 228.2 530 60.0 17
HX38 Ng 53.5 7.9 3.9 221.5 0.6 320.4 455 45.0 6
JN02 Ng 64 7.4 8.3 423.3 0.0 240.1 616 47.0 6
KF01 Ng 60 7.7 5.3 225.5 1.3 163.2 645 11.6 0
KF02 Ng 66 7.6 6.9 258.0 0.1 175.3 635 10.9 0
TG03 Ng 72 8.0 5.8 305.8 1.5 191.6 645 12.0 1
TG05 Ng 70 7.4 5.7 315.5 1.1 220.5 641 12.7 1
TG14 Ng 70 7.6 4.9 272.7 2.2 172.0 670 10.8 1
TG18 Ng 60 7.7 6.4 284.6 1.2 196.9 620 12.9 1
TG19 Ng 63 7.5 6.7 324.8 1.1 208.6 651 14.0 1
TG20 Ng 63 7.4 4.5 277.4 1.5 184.7 641 14.7 1
TG24 Ng 46.4 7.6 5.6 204.9 1.0 143.9 613 23.1 4
TG38 Ng 66 7.9 6.0 273.3 0.4 205.4 673 14.0 7
TGR28 Ng 64 8.4 6.5 359.8 0.9 240.6 479 11.8 0
TR19 Ng 54 7.7 6.2 258.8 0.0 173.7 611 18.8 3
TR19B Ng 36 7.7 6.9 356.7 0.8 233.6 602 19.5 3
TR20 Ng 36 7.8 5.2 283.4 1.5 182.9 606 19.0 3
In addition, three drill core samples from the Guantao forma-
tion were collected from a new borehole in the sag and analyzed
for major and minor mineral and chemical components by XRD
and XRF in the IGG-CAS.
5. Hydrochemistry of the Guantao and Minghuazheng aquifers

5.1. Formation water chemistry

Water samples collected from the Guantao formation Ng-III
aquifer are of HCO3�Cl–Na or Cl�HCO3–Na type. The TDS (Total Dis-
solved Solids) concentration is from 1.15 g/L to 1.65 g/L (Table 2),
which is favorable for CO2 sequestration because lower salinity
means higher CO2 solubility in formation water. The wellhead tem-
peratures measured are mostly between 50 �C and 70 �C with three
wells below 50 �C. pH determined in situ indicates that the water is
neutral to alkaline with an average pH of 7.7. As shown in the Piper
diagram (Fig. 4), formation water is dominated by Na+, HCO�3 and
Cl� ions and the average concentrations are 496.6 mg/L,
605.3 mg/L and 310.8 mg/L, respectively, while Ca2+ and Mg2+ ion
concentrations are low. The F� concentration is from 3.9 mg/L to
9.6 mg/L with an average of 6.3 mg/L, while Si ranges from 30 to
48 mg/L with an average value of 37.8 mg/L.

Average concentrations of the trace elements Li, Sr, Ba and Cr
are 1.2 mg/L, 0.76 mg/L, 0.084 mg/L and 0.156 mg/L, respectively.
Metals like Cu, Zn, Mn and Pb are generally depleted in the water.

As a comparison, reservoir temperature and TDS in the water
samples of the Minghuazheng formation are lower than those for
the Guantao formation. The average temperature is 45.5 �C and
TDS is from less than 1 g/L to about 1.3 g/L and water chemistry
is uniformly of HCO3–Na type (Table 2, Fig. 4).
m) formations (pHf: pH measured in situ). Concentration of major elements in mg/L.

Na K SiO2 d18O (‰) d2H (‰) d13C (‰) 14C (pmc) TDS (g/L)

.8 309.0 4.5 22.0 �9.26 �73.0 �13.1 0.75

.7 293.0 4.1 25.9 �10.00 �72.4 �13.4 0.72

.0 300.0 11.8 29.8 �9.36 �72.6 �11.6 0.81

.8 434.0 44.0 �8.82 �73.4 1.28

.1 439.0 44.0 �8.87 �71.4 1.30

.5 579 44 �7.54 �68.0 1.72

.8 467.0 39.2 29.9 �9.38 �73.3 �6.1 12.79 1.42

.5 503.0 98.0 �8.30 �73.6 1.52

.9 418.0 44.0 �9.46 �72.2 7.58 1.29

.7 534.0 70.0 �9.10 �72.1 1.74 1.64

.9 477.0 10.0 39.8 �9.64 �71.8 �7.4 12.2 1.26

.9 496.0 9.8 39.7 �9.95 �71.1 �6.8 14.65 1.32

.0 531.0 11.4 43.4 �9.18 �72.0 �8.9 12 1.43

.0 546.0 10.1 40.7 �9.21 �72.7 �7.1 10.48 1.47

.1 519.0 11.5 48.0 �9.45 �72.2 �8.9 11.24 1.38

.3 491.0 10.4 38.6 �9.08 �71.0 �7.2 14.9 1.35

.4 557.0 10.9 38.8 �8.90 �72.2 �6.5 9.09 1.49

.4 509.0 10.5 37.1 �9.16 �72.6 �5.9 10.76 1.36

.8 397.0 32.1 33.5 �9.40 �72.9 �8.0 10.72 1.15

.0 476.0 45.0 �9.24 �72.2 1.36

.8 502.6 3.5 38.0 1.65

.1 465.0 17.7 33.0 �9.36 �73.3 �6.4 7.1 1.28

.2 523.0 18.0 34.9 �9.34 �72.1 1.50

.1 444.0 18.0 33.3 �9.43 �73.1 1.29



Fig. 4. Piper diagram of Neogene formation waters from the Beitang sag. The red
open-circles represent water samples collected from the Minghuazheng formation
while blue open-squares those from the Guantao formation. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. Plot of d13C vs. HCO�3 of geothermal water from the Guantao and
Minghuazheng formation, Beitang sag, Bohai Bay Basin, North China.

Fig. 7. Plot of d13C vs. 14C age of geothermal water from the Guantao and
Minghuazheng aquifers, Beitang sag, Bohai Bay Basin, North China.
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5.2. Isotope geochemistry and age of formation water

5.2.1. Isotope composition of formation water
d18O values of the Guantao formation water fall within a range

from �7.5‰ to �10.0‰ (VSMOW) and dD values from �68.0‰ to
�73.4‰ (Table 2, Fig. 5). Compared to the Guantao formation, the
Minghuazheng formation shows a similar trend with �8.8‰ to
�9.3‰ (VSMOW) and �71.4‰ to �73.0‰, for d18O and d2H,
respectively.

Stable isotope ratios for the water samples indicate their mete-
oric origin. Guantao formation waters show a slight positive d18O
shift by 2.5‰ in the 2H vs. 18O plot (Fig. 5). This positive d18O shift
has also been observed in low temperature geothermal waters in
other sedimentary basins in China. In the Xi’an geothermal field
of the Guanzhong basin, the O shift amounts to as much as 10‰,
where the formation temperature is from 40 �C to 90 �C (Qin
et al., 2005). This has been interpreted as being caused by water–
rock interaction with carbonate rocks in the formation matrix
(Pang et al., 2010a,b).
5.2.2. d13C isotope and 14C age of the formation water
The average d13C value of the Minghuazheng formation water is

�12.7‰, while that of the Guantao formation is �7.2‰ (Table 2,
Fig. 5. Hydrogen and oxygen isotope ratios in Neogene formation waters from the
Beitang sag.
Fig. 6). The fact that the d13C of the Minghuazheng formation is
very different from that of the Guantao formation implies that
there is little hydraulic connection between both formations.

The HCO�3 and d13C relationship is a good indicator for the origin
of carbonates in water. For the Minghuazheng formation, soil car-
bonate dominates due to its shallower location and younger age, as
compared to Guantao formation, which gets its HCO�3 mainly from
the formation matrix (Fig. 6).

The 14C-age of Guantao formation water offers further evidence
for the discussions above. The age of Guantao formation water is
positively related to its d13C values (Fig. 7), which shows that longer
residence time allows more d13C enrichment as more carbonate is
dissolved from the formation matrix and there is less input of atmo-
spheric CO2 (Pang et al., 2010a). The 14C-residence time of Guantao
formation water ranges from 13.5 to 21.9 ka (Fig. 7), a quasi-closed
and tight underground environment for CO2 sequestration.
5.3. Modeling water–rock–CO2 interaction

In order to study the geochemical response of the Guantao
formation to CO2 injection, thermodynamic modeling of water–
rock–CO2 interaction has been carried out using PHREEQC V2.15
software with the wateq4f.dat thermodynamic database (Park-
hurst and Appelo, 1999). Since the hydrogeochemistry of Guantao
formation water is quite uniform (for details see Table 2), a water
sample from well TR19 and drill core samples from the Guantao
formation in the southeastern Beitang sag were selected as repre-
sentatives for the aquifer.

To simplify the modeling process, pressure influence and kinetic
aspects of minerals involved were not considered and the mea-
sured wellhead temperature of 54 �C was adopted. The model re-
ferred to 1 kg of water and 0.01 mol of rock reacting with
injected CO2 under the five different scenarios of 9.68, 14.24,
27.82, 69.92 and 196.8 mmol, respectively, resulting in partial
pressures or fugacity (P) of CO2 (g) of the saline water to be 10�1,
10�0.5, 1, 100.5, 10 bar accordingly (Li et al., 2010).



Table 3
Measured and calculated reservoir temperatures.

Code Ts (�C) Na–K Na–K–Ca Quartz Chalcedony

TG08 40.4 55.4 106.3 52.3 38.5
TG05 70 65.1 115.9 78.4 63.8
TG03 72 71.5 121.9 81.4 66.7
TG20 63 69.7 119.8 74.3 59.7
TG19 63 67.5 118.0 76.3 61.7
TG14 70 72.9 123.3 86.1 71.3
TG10 46 53.9 104.9 58.9 44.9
KF02 66 67.7 118.2 77.3 62.7
KF01 60 70.4 120.6 77.4 62.8
TG18 60 70.9 121.0 76.0 61.4
TG24 46.4 141.3 181.8 69.8 55.4
TG13 43 100.2 146.4 64.8 50.5
TR19 54 98.5 145.5 69.1 54.7

Ts: Sampling temperature at the wellhead. Geothermometers and their references
are: Na–K (Giggenbach, 1988), quartz (Fournier, 1977), chalcedony (Arnórsson
et al., 1983) and Na–K–Ca (Fournier and Truesdell, 1973).

0

5

10

15

20

25

Ca2+ K+ Na+ Mg2+ F- Cl- SO4
2- HCO3

-

mmol/l
initial solution

nCO2 = 27.82 mmol

Fig. 8. Chemical compositional changes at nCO2 = 27.82 mmol (PCO2(g) = 1 bar).
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Modeling the injection of 27.82 mmol CO2 caused a pH decrease
by about 1.5 pH units due to CO2 dissolution. Simultaneously, Al
and Si concentrations increased from 0 and 0.55 mmol/L to
5.1 mmol/L and 12.4 mmol/L, respectively, due to the dissolution
of Al-bearing silicate minerals (Fig. 8). Concentrations of conserva-
tive species, including Cl�, NO�3 remained constant while Na+

slightly increased. The Ca2+, Mg2+ and HCO�3 concentrations
increased, especially HCO�3 by 12.6 mmol/L. Compared with the
original formation water, calcite and dolomite were over-satu-
rated. Quartz and chalcedony became more over-saturated be-
cause of silicate mineral dissolution and the formation of
secondary minerals such as dawsonite.

This trend of water chemistry change is in agreement with pre-
vious modeling, experiments and field tests (Kharaka et al., 2006).
When CO2 is injected into the reservoir, it will first be dissolved in
the water, which will later decompose to H+ and HCO�3 . Water–
rock interaction will be accelerated as carbonate and aluminosili-
cate minerals will dissolve and secondary minerals (e.g. dawsonite)
will be formed. However, an increase of Fe was not observed in the
present simulation, which may be attributed to the lack of Fe-bear-
ing minerals (Kharaka et al., 2006; Mito et al., 2008).
6. Temperature and pressure conditions in the formation

Reservoir temperature (T) and pressure (P) conditions are
important parameters for potential CO2 sequestration sites as
CO2 will be in a supercritical state when T P 31.1 �C and
P P 7.38 MPa. Temperature and pressure conditions of the Guan-
tao formation have been established using well logging curves
from geothermal well completion reports in the Beitang Sag. The
average temperature and pressure gradients were found to be
3.74 �C/100 m and 1.03 MPa/100 m, respectively (Ma et al., 2006)
(Fig. 9). Drilling data for geothermal wells in the Beitang sag indi-
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Fig. 9. Subsurface temperature and pressure gradients for the Beitang sag, Bohai
Bay Basin.
cate that the Guantao formation is composed of a series of red
sandstone units with depth ranging from 1300 m to 1850 m deep.
Injected CO2 would stay in supercritical state in this depth range.

Based on the analysis of geophysical data and drilling informa-
tion, the injection well in the Guantao formation has inflow zones
at depths from 1350 m to 1718 m. Temperature at the wellhead is
60 �C and downhole pressure is about 15 MPa. Since CO2 solubility
in formation water is in function with the reservoir temperature,
pressure and salinity, reservoir temperature conditions were esti-
mated using established chemical geothermometers (Table 3).

According to previous experience in the region, the actual reser-
voir temperatures are usually higher than those measured at the
wellhead by 10–15 �C. Low chalcedony geothermometers are
considered to be unrealistic, and cation geothermometers are gen-
erally not reliable in this kind of low temperature environment due
to non-equilibrium with feldspars and clay minerals due to kinetic
effects. The Quartz geothermometer temperatures are considered
representative of typical reservoir temperature with a range be-
tween 50 and 90 �C in the formation.

7. Storage capacity assessment

Carbon dioxide can be sequestrated in deep saline aquifers
through a combination of physical and chemical trapping mecha-
nisms, including structural and stratigraphic, residual, solubility,
and mineral trapping and integrated hydrodynamic trapping (IPCC,
2005).

When CO2 is injected into a deep saline aquifer, it will first
move due to pressure and gravitational gradients and a part of it
will dissolve in the formation water. The gravity segregation and
fingering phenomena will affect the sweep efficiency (Ef), which
depends on the reservoir permeability, thickness and mobility ratio
of the injected CO2 and the properties of the formation water (Ta-
naka et al., 1995; Xu et al., 2006; Zhang et al., 2011). The solubility
of CO2 in the formation water is controlled by salinity (TDS), reser-
voir temperature and pressure, whereby solubility increases with
increasing pressure and decreasing salinity and temperature.

Several CO2 capacity assessment methods have been developed
based on these trapping mechanisms which involve a wide range
of uncertainties because of the complexity and variations of these
trapping mechanisms during CO2 migration and dissolution pro-
cesses (Bachu and Adams, 2003; Li et al., 2004; Bachu et al.,
2007; Bradshaw et al., 2007; Ogawa et al., 2009; Takahashi et al.,
2009; Vangkilde-Pedersen et al., 2009).

There is no widely accepted standard method for storage capac-
ity assessment. Tanaka and coworkers set up two models based on
underground structures (Tanaka et al., 1995; Takahashi et al.,



Table 4
Reservoir parameters of the Beitang sag for CO2 capacity calculations.

Parameters Reservoir information

Rock type Sandstone
Density of CO2 at standard conditions (q) 1.977 kg/m3

Storage factor (Sf) 0.5
Effective formation thickness (h) 450 m
Storage area (A) 2.03 � 109 m2

Porosity (U) 36%
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2009). Model (1) is configured to be applied to aquifers in anticlinal
structures and model (2) to aquifers in monoclinal structures on
land and 100% solubility trapping. Since the Guantao formation
can be treated as aquifers in monoclinal structures on land, model
(2) has been adopted for CO2 capacity calculation here.

MCO2 ¼ Ef � A � h �U � q � ½Sg=BgðCO2Þ þ ð1� SgÞRsðCO2Þ� ð1Þ

MCO2 ¼ Sf � A � h �U � RsðCO2Þ � q ð2Þ

where Ef is the sweep efficiency (fraction, dimensionless), A is stor-
age area (m2), h is effective formation thickness (m), U is effective
reservoir porosity (fraction, dimensionless), Sg is saturation of
supercritical CO2 (fraction, dimensionless), Bg(CO2) is CO2 forma-
tion volume factor (m2/m3, reservoir volume/standard volume),
Rs(CO2) is CO2 solubility in formation water (m3/m3), q is density
of CO2 at standard conditions (kg/m3) and Sf is the storage factor
(fraction, dimensionless)

These are essential parameters in CO2 capacity calculations,
some of which depend on empirical data. Capacity estimates for
the Beitang sag are partly based on measured parameters on reser-
voir porosity, permeability, stratum thickness and spreading area.
Carbon dioxide solubility in formation water is calculated accord-
ing to a theoretical model from Duan and Sun (2003) and Duan
et al. (2006). The parameters used to calculate storage capacity
are listed in Table 4.

The porosity of the Guantao formation, measured in drill cores
ranges from 33.6% to 38.7% with an average value of 36% used.
The effective formation thickness is estimated to be 450 m. A
spreading area of 2030 km2 was adopted (Deng et al., 2006). The
density of CO2 at standard conditions is 1.977 kg/m3 and a CO2 sol-
ubility of 0.05239 kg/kg at formation conditions was calculated
based on a salinity of 0.15%, temperature of 54 �C and pressure of
15 MPa. The storage factor was assumed to be 0.5 for the Guantao
formation according to the literature (Tanaka et al., 1995; Shafeen
et al., 2004; Ogawa et al., 2009; Takahashi et al., 2009). A more
accurate capacity assessment will rely on detailed geological infor-
mation of the target formation and numerical simulations should
be carried out. Using the parameters (Table 4) and the model (2)
presented above, the CO2 storage capacity of the Beitang Sag is
estimated to be 17.03 Mt.

8. Conclusions

A hydrogeological and geochemical characterization has been
carried out on the Neogene Guantao formation in the BBB, North
China, focusing on the Beitang sag in Tianjin area. It is a sedimen-
tary basin filled with continental sediments that is rather different
from previous studies but typical for Chinese sedimentary basins.

A good combination of reservoir (sand aquifers with high poros-
ity and permeability) and cap-rock features (multi clay layers with
great thickness and low permeability) is confirmed. Water chemis-
try with low salinity, elevated porosity and permeability of the
host formation, low to medium temperature, and pressure ranges
offers favorable conditions for CO2 sequestration. The isotopic
composition of Guantao formation water suggests the presence
of carbonate in the host rock so strong water–rock interaction
within the reservoir is expected which may result in changes of
formation porosity and permeability after CO2 injection.

The residence time based on 14C in Guantao formation water
indicates that the formation is a quasi-closed system on large time
scales and the role of regional groundwater in CO2 sequestration
requires further investigation in terms of lateral sealing mecha-
nisms. Results from geochemical modeling of water–rock–CO2

interaction show that the injection of CO2 will induce similar
changes in water chemistry to those observed in previous tests
(Cantucci et al., 2009; Kharaka et al., 2006) except for Fe that is
missing in the system. Integrating geochemical information with
other parameters such as porosity and effective thickness, the
CO2 storage capacity of the Guantao formation at the Beitang sag
is estimated to be 17.03 Mt, assuming 100% solubility trapping.

Overall, the site is considered suitable for a CO2 sequestration
pilot test with emphasis on geochemical responses and hydrody-
namic effects. The geochemical information can be used for plan-
ning post-injection monitoring operations. Fault systems are
developed in the study area, so possible leaks along these natural
conduits should be further investigated.
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