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ABSTRACT

Deep saline aquifers are considered as the most promising option for geologic disposal of CO,. One of the
main concerns, however, is the integrity of the caprocks between and above the storage formations. Here,
a hydrogeochemical and isotopic investigation is presented, using ionic chemistry, stable isotopes (5'%0,
82H and #7Sr/®5Sr) and radiocarbon dating, on five saline aquifers on a regional scale, namely: Neogene
Minghuazhen, Guantao, Ordivician, Cambrian and Precambrian, all found in the Bohai Bay Basin (BBB)
in North China. Groundwater recharge, flow pattern, age and mixing processes in the saline aquifers show
that the Neogene Guantao Formation (Ng) in the Jizhong and Huanghua Depressions on both of the west
and east sides of the Cangxian Uplift is a prospective reservoir for CO, sequestration, with a well confined
regional seal above, which is the clayey layers in the Neogene Minghuazhen Formation (Nm). However,
this is not the case in the Cangxian Uplift, where the Ng is missing where structural high and fault zones
are developed, creating strong hydraulic connections and trans-formational flow to the Nm aquifer. Com-
paring storage capacity and long-term security between the various hydrogeologic units, the depressions
are better candidate sites for CO, sequestration in the BBB.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Deep saline aquifers are promising geological formations for
long term sequestration of large quantities of CO, as a means of cli-
mate change mitigation (IPCC, 2005), since they offer the largest
storage volume among all kinds of underground spaces for geolog-
ical CO, sequestration and are widely distributed in sedimentary
basins throughout the world (Koide et al., 1993). It is proposed that
CO, be injected at depths greater than 800 m to be kept in super-
critical state (Bachu, 2003). When injected into the formation, CO,
spreads in the porous medium, displacing formation water and
occupying an increasing portion of the flow domain (Pruess and
Garcia, 2002), then being trapped through coupled physical and
chemical mechanisms, including geological trapping (IPCC, 2005),
hydrodynamic trapping (Bachu et al., 2007) and geochemical trap-
ping (Gunter et al., 1997).

One of the major concerns for the sequestration is leakage of
CO, from the reservoir. On a regional scale, the saline aquifer
should be capped by an extensive aquitard or aquiclude to ensure
CO, sequestration and to prevent it from escaping into adjacent
formations or to the surface (Bachu, 2000). Crucial factors in deter-
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mining the effectiveness of the caprocks include lithology, thick-
ness, diagenesis, ductility, and local and regional continuity (Ho
et al., 2005). There are several large Cenozoic-Mesozoic Basins in
eastern China, such as the Songliao Baisin, BBB, Subei-Southern
Yellow Sea Basin, East China Sea Basin and Pearl River Mouth Basin.
These basins are characterized by high porosity and permeability,
with good CO, source-sink matches and are potential areas for
deployment of large scale CCS (Li et al., 2009; Pang et al., 2012),
thus it is necessary to evaluate the confinement effectiveness of
the saline aquifers in these basins.

In this study, Tianjin is taken as an example to carry out a pri-
mary characterization of the caprocks of the saline aquifers by
examining the hydrodynamic regime of formation waters based
on hydrogeochemical and isotopic data.

2. Geologic and hydrogeologic settings

Tianjin lies in the eastern part of the North China Plain, bor-
dered by Beijing to the west, the Yanshan Mountains in Hebei
province to the north and the Bohai Sea to the east with an area
of 11,900 km? (Fig. 1). Tectonically, Tianjin is located at the north-
eastern part of the North China block, and is separated by the Baodi
Fault into two sub-tectonic units (Fig. 1), the northern unit belong-
ing to the Yanshan Folded Belt and the southern unit belonging to
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Fig. 1. Schematic geologic map of the substratum below the Cenozoic sediments, Tianjin. F1, Baodi Fault; F2, Cangdong Fault; F3, Tianjin Fault; F4, Baitangkou Fault; F5,

Hangu Fault; F6, Haihe Fault.

the BBB, both of which are developed on the Archean basement of
the North China Craton (Li, 1986; Liu et al., 1992; Allen et al.,
1997).

The Achean system is composed of gneiss, granulite and quartz-
ite, which constitute the local geologic basement, and is overlain
by a Middle-Upper Proterozoic shallow water marine succession.
The Phanerozoic system in the region is composed of Cambrian—
Middle Ordovician shallow-marine carbonates, Upper Carbonifer-

ous-Lower Permian carbonates and coal-bearing clastics, Upper
Permian-Triassic red beds and conglomerates, Jurassic coal-bear-
ing clastics and continental volcano-sedimentary units which over-
lie older units unconformably (Davis et al., 2001), Cretaceous
terrestrial volcanic rocks, volcaniclastic and clastic rocks, Eocene-
Oligocene inland lacustrine sandstone and clay, Neogene fluvial
and inland lacustrine sandstone, clay and Quaternary alluvial sand-
stone, clay and some marine deposits (Figs. 1 and 2).
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Fig. 2. A stratigraphic column of Tianjin (modified after Zhang et al., 2008) 1 = sandstone; 2 = mudstone; 3 = sandstone; 4 = oil shale; 5 = biological limestone; 6 = gypsum
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The northern unit of Tianjin in the Yanshan Folded Belt was up-
lifted in the Late Triassic-Early Cretaceous. The bedrocks are of
Precambrian, Cambrian, Ordovician, Carboniferous and Permian,
it outcrops to the north of Jixian (Fig. 1). To the south of Jixian, Qua-
ternary sediment with a thickness of 100-300 m overlies the bed-
rocks unconformably, with no Paleogene or Neogene sediments. As

the Quaternary sediment is too thin to be an effective seal, this unit
is not discussed in the study. The southern unit of Tianjin in the
BBB, which is a Cenozoic rifted intraplate basin, was developed
in the Late Cretaceous and consists of a series of sub-basins, or
Paleogene-Eocene rifts filled by a thick non-marine clastic succes-
sion (Li, 1986; Allen et al., 1997). A regional unconformity at the
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top of the syn-rift sediments separates them from Neogene to re-
cent strata, which were deposited during post-rift thermal subsi-
dence (Hu et al., 2001).

The intense tectonic activity in the Mesozoic and Cenozoic have
resulted in a structural setting of the BBB, which is dominated by
two major fault systems, a NNE-SSW oriented alignment, which
is transversely cut by the other tectonic lineament (Qi and Yang,
2010). There are several major faults in the southern unit, namely
the Baodi Fault, Cangdong Fault, Tianjin Fault, Hangu Fault and
Haihe Fault (Fig. 1). Among them, the Baodi Fault is a lithospheric
fault, the others are crucial faults. The characteristics of the faults
are summarized as follows.

The Baodi Fault strikes NW-NWW and dips SW-SSW, cutting
into the Nm with a drop of ca. 40-400 m in the Nm, and controlling
the distribution of the Mesozoic sediments (Fig. 1). The Cangdong
Fault extends NNE and dips SEE, and cuts into the Nm. The drop of
the fault is more than 1000 m in the Oligocene sediments (Fig. 1),
ca. 200 m in the Ng and ca. 100 m in the Nm. Rocks to the west of
the fault are of Precambrian and Paleozoic, while to the east of it
they are mainly of Mesozoic and Cenozoic (Fig. 1). The Tianjin Fault
strikes NNE and dips SSE, cutting into the Nm with a drop of ca.
60-300 m (Shao et al., 2010) (Fig. 1). The Baitangkou Fault strikes
NNE and dips SSE, with a drop of 100-200 m. It cuts off the bed-
rocks, leading to the unconformable contact of the Neogene sedi-
ments with the Mesozoic strata to the east and the Middle-
Upper Proterozoic strata to the west (Fig. 1). The Hangu Fault
strikes NW-NWW and dips SW-SSW, The fault cuts into Nm with
a drop of ca. 200 m and controls the distribution of the Paleoegene
sediments. There is almost no Paleoegene to the north of the fault,
while it is distributed widely to the south of it (Fig. 1). The Haihe
Fault strikes NWW and dips SSW; it cuts into Ng with a drop of
80-100 m, controlling the development of the Mesozoic and Ceno-
zoic sediments.

The NNE-SSW oriented faults form a horst-graben structure,
which within Tianjin are the Cangxian Uplift in the center, the
Huanghua Depression bordered by the Cangdong Fault to the east,
and the Jizhong Depression bordered by the Paleogene lacuna to
the west, all of which are bordered by the Baodi Fault to the north
with the Yanshan Folded Belt. The bedrocks of the Cangxian Uplift
are mainly of Middle-Upper Proterozoic and Paleozoic, with a bur-
ied depth of 1000-1600 m. The Mesozoic strata are mostly miss-
ing; the Ng is missing in the structural high from the central to
the south, resulting in the direct contact of the Nm with the under-
lying pre-Cenozoic bedrocks. In the Jizhong and Huanghua Depres-
sions, the bedrocks are of Middle-Upper Proterozoic, Paleozoic and
Mesozoic; the thicknesses of the Cenozoic sedimentary series are
1200-9000 m and 900-5000 m in the Jizhong and Huanghua
Depressions, respectively.

The regional hydrogeology, from the top to the bottom, can be
summarized as follows: (i) the “Quaternary aquifer” consists of
continental sediments with a thickness of 250-550m, and
stretches across the whole basin, forming a seal for the underlying
Nm. It has been widely used for water supply. (ii) The “Neogene
aquifers”, including the Nm and Ng. The Nm covers the whole ba-
sin, with a thickness of 230-1300 m. It comprises continental clas-
tic sediments and is sub-divided into two members. The upper
member comprises siltstone inter-layered with mudstone and silty
mudstone. The lower member dominantly comprises mudstones,
inter-layered with fine sandstone. The sedimentary sequence
clearly shows a fining upward point bar sequence deposited in a
meandering river system. Since the upper member bears fresh
groundwater and has been used for water supply, taking account
of the risk of CO, leakage (Little and Jackson, 2010), the Nm is con-
sidered to be a potential regional seal rather than a reservoir. The
Ng is distributed across the whole basin except for some areas in
the structural high of the Cangxian Uplift (Fig. 1), with a thickness

of 126-1520 m, comprising silty and fine sandstones inter-layered
with mudstone in the upper and pebbled sandstone inter-layered
with mudstone in the lower, and was deposited in a braided river
system. It is characterized by high porosity and permeability,
which are 18-36% and 1160-2000 x 10~3 mD, respectively. (iii)
The “Paleogene aquifers”, including the Dongying (Ed), Shahejie
(Es) and Kongdian (Ek) Formations, mainly distributed in the Jiz-
hong and Huanghua Depressions, with thicknesses of 3000-
8000 m and 3000-5000 m, respectively. These aquifers are pros-
pects for CO, sequestration, but are not discussed in this study
due to a lack of data. (iv) The “Lower Paleozoic aquifers”, including
the Cambrian and Ordovician aquifers, which are located mainly in
the Cangxian Uplift. The Cambrian aquifer has a thickness of 50-
120 m and a buried depth of 1300-1800 m, while the Ordovician
aquifer has a thickness of 450-750m and a buried depth of
1000-2000 m (Lin, 2006). (v) The “Precambrian aquifers”, includ-
ing the Wumishan Formation of Jixian system (Jxw) and Qingbai-
kou system (Qn), with thicknesses of 2200-4600 m and 350-
600 m, respectively, and buried depths of 910-3200 m. The Lower
Proterozoic and Precambrian aquifers consist of limestone and
dolostone. These rocks had undergone erosion and leaching due
to regional uplift in the Middle Ordovician-Early Carboniferous
and Mesozoic-Paleogene, accompanied by intense tectonic activi-
ties, and are characterized by karst and fracture-dominated sec-
ondary permeability (Zhai, 1997).

3. Sampling and analysis

Altogether chemical data on 170 samples are considered,
among which 29 were collected from the geothermal production
wells sunk in the Neogene aquifers in the Huanghua Depression
and the Ordovician, Cambrian and Precambrian aquifers in the
Cangxian Uplift during two sampling campaigns in December,
2009 and March, 2010, respectively. Analyses of water were con-
ducted at the Analytical Laboratory, Beijing Research Institute of
Uranium Geology, where anions (F~,Cl",SO; ,NO;) were mea-
sured with a DIONEX-500 ion chromatograph, cations with an OP-
TIMA2X00/1500 ICP-OES and alkalinity using an automatic titrator
(785DMP™), The other 140 samples were collected from shallow
groundwater monitoring and thermal water exploration wells dur-
ing 2001-2007 and the analyses were conducted at Tianjin Geol-
ogy & Mineral Resources Experiment Center, where anions were
measured with a DIONEX-ICS-1500 ion chromatograph, cations
with an IRIS Intrepid II ICP-OES and alkalinity by titration. The
methods for cation measurements were those of the National Anal-
ysis Standard DZ/T0064.28-93 and for anions DZ/T0064.51-93,
while the same standard reference water samples distributed by
the National Institute of Metrology, China were used. The analyti-
cal precision was 3% of concentration based on reproducibility of
samples and standards and the detection limit was 0.1 mg/L. The
charge balance error ranges from —5% to 5% for 163 samples and
5% to 19% for the other six samples which may have been caused
by dilution or disturbance of organic matter. Another single sample
is cited from Minissale et al. (2008), with a charge balance error of
1%.

Seven samples collected during the sampling campaigns were
analyzed for 87Sr/26Sr ratios on a Finnigan MAT 262 thermal ioniza-
tion mass spectrometer at the State Key Laboratory of Lithospheric
Evolution, Institute of Geology and Geophysics, Chinese Academy
of Sciences (IGGCAS), according to Xu and Han (2009). The Mea-
sured 87Sr/®6Sr ratios were normalized against 3°Sr/%8Sr=0.1194
and the reported 87Sr/86Sr ratios were adjusted to the NBS SRM
987 standard 87Sr/%6Sr=0.71025. The measurement precision is
+0.000015.
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Stable water isotope composition on 16 groundwater samples
were taken from Minissale et al. (2008) and on another 55 samples
from both the sampling campaigns and the shallow groundwater
monitoring and thermal water exploration. Twenty-nine water
samples collected during the sampling campaigns were measured
for 3'80 and 8%H with a laser absorption water isotope spectrome-
ter analyzer (Picarro L2120-i) at the Water Isotopes and Water-
Rock Interaction Laboratory, IGGCAS. The results were reported
with respect to the Vienna Standard Mean Ocean Water (VSMOW)
in %o with precisions of +0.2%. and +0.5% for 820 and §H, respec-
tively, and the other 36 samples were measured at the Stable Iso-
topes Laboratory, IGGCAS with a Finnigan MAT 253 isotope ratio

mass spectrometry by chrome reduction and equilibration with
CO,. The results were also reported against VSMOW in %0 with pre-
cisions of +0.02%. and +0.1%. for 20 and §H, respectively.
Forty-two samples for '“C and 8'3C in dissolved inorganic C
(DIC) were collected in 2003 (Wang, 2005) and another 20 samples
for '4C and 9 for 5'3C were collected from the thermal water explo-
ration wells. The DIC for 'C determination was extracted as BaCO3
from 100 L groundwater by adding BaCl, and CO,-free NaOH solu-
tion to pH 10. Sample analyses using standard methods were per-
formed at the Institute of Hydrogeology and Environmental
Geology (IHEG), Chinese Academy of Geological Sciences. The 'C
activities of DIC were determined radiometrically by liquid
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Fig. 3. Location of water sampling wells in Tianjin.
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scintillation spectrometry (Quantulus™ 1220) with benzene as the
scintillation solvent, the results being reported in pMC (percent
modern carbon) with a measurement precision of +0.3 pMC. The
8'3C-DIC was measured with a MAT 253 mass spectrometer at
[HEG. The results are reported in %. deviations relative to the
PDB (Pee Dee Belemnite) standard with precisions of +0.1%..

The location of the sampling wells is shown in Fig. 3 and the
analytical results for the water samples are shown in Appendices
A and B.

4. Discussion
4.1. Water isotopes and origin

Stable isotopes in the water samples from Tianjin are shown in
Fig. 4. It is noted that all the samples plot to the right of the Global
Meteoric Water Line (GMWL) and the Local Meteoric Water Line
(Pang, 2000). Groundwaters from the Nm and Ng aquifers show
relatively high &H values with respect to those from the pre-
Cenozoic aquifers, which may indicate a higher recharge elevation
of the pre-Cenozoic aquifers. Using the relationship between isoto-
pic composition and elevation for eastern China (Liu et al., 2010),
the &2H values of the groudwaters suggest a similar origin, deriving
from precipitation at elevations roughly between 1400 and 2400 m
above sea level, perhaps in the Yanshan and Taihangshan Moun-
tains to the North and NW of Tianjin, respectively. 8*H values of
all the water samples fall within a narrow range, i.e. between
—76.7%0 and —68.0%. VSMOW, whereas 5'%0 values range widely,
from —10.2%0 to —7.5% VSMOW, showing an “oxygen shift”, which
may be explained by the temperature effect of water-rock ex-
change. The “Oxygen shift” of the waters increases from the north
to the south for each aquifer, indicating a groundwater flow direc-
tion from the north to the south.

4.2. Hydrochemistry and groundwater flow pattern

The chemical composition of water samples from the study area
is plotted in a Schoeller diagram (Fig. 5). It shows that samples
from the Quaternary aquifer have a TDS lower than 1000 mg/L
and are of Na-HCOs3 type, except for one shallow water sample
(#1) of Na-Cl type with higher TDS of up to 2300 mg/L, which
was formed during the Late Quaternary marine transgression. Most

5%H (%sVSMOW)

| | O Quaternary
-80 ANm

ANg
OOrdovician
O Cambrian

M Precambrian

-85 |

90 i . i ; i ; :
-11.0 -105 -10.0 95 -9.0 -8.5 -8.0 -7.5 -7.0
50 (%o \VSMOW)

Fig. 4. Isotopic composition of groundwaters in Tianjin.

samples from the Neogene aquifers have a TDS of 800-1000 mg/L
and are of Na-CI-HCOs; type, with a marked Na-HCO3; component
characteristic of lower TDS, i.e. 500-1000 mg/L. Samples from the
underlying pre-Cenozoic aquifers have a higher TDS of 1400-
1800 mg/L and are of Na-Cl type, except for one in the Yanshan
Folded Belt (#59) and three samples in the northern part of the Jiz-
hong Depression from the Ordovician (#51), Cambiran (#56) and
Precambrian aquifers (#113), respectively, having a lower TDS of
less than 900 mg/L and being of Na-HCOs3 type. Four samples from
the Ordovician aquifer (#45, 46, 47 and 50) are of Na-SO, type,
with a relatively high TDS of 3800-4500 mg/L and a high Ca con-
tent of 400-500 mg/L, which is an order of magnitude higher than
those of the other waters.

Distribution of groundwater TDS and evolution of hydrochemi-
cal facies of the various aquifers were studied to determine the re-
gional flow direction (Fig. 6). The TDS of the Nm aquifer increases
from the NE to the SW (Fig. 6a) as the hydrogeochemical facies
change gradually. In the Jizhong and Huanghua Depressions, TDS
increase gradually from 500 to 2200 mg/L from the north to the
south; groundwater evolves from HCO3;-Na type to Na-HCO3-Cl
and Na-CI-HCOs; types. In the area of the Cangixan Uplift where
the Ng is missing or near the major faults, water from the Nm aqui-
fer shows significant variations in TDS and water types. The lowest
TDS is 690 mg/L (#78), while the highest reaches 3710 mg/L (#24).
Various water types such as Na-HCO3, Na-CI-HCO3, Na-HCOs-Cl,
Na-S0,4-Cl and Na-CI-SO, exist, indicating mixing with groundwa-
ters from the underlying pre-Cenozoic formations (as will be dis-
cussed below). TDS distribution of the Ng aquifer shows a similar
pattern to that of the Nm (Fig. 6b). The groundwater in the northern
part adjacent to the Yanshan Folded Belt has a TDS of <800 mg/L
and is of a Na-HCOs type, towards the south, it gradually evolves
into Na-HCO5-CI and Na-CI-HCOs; types, being characterized by a
higher TDS of 1200-1900 mg/L. The TDS of water in the Ordovician
aquifer also increases from the NE to the SW, however, with a large
variation (Fig. 6¢). The TDS of sample #51 in the northern Jizhong
Depression is ca. 800 mg/L, while in the southeastern Huanghua
Depression it is 39380 mg/L (Gao et al., 2010). The water chemistry
is significantly affected by the Baitangkou Fault. Sample #44, 48
and 49 which are located to the east of the fault are of Na-Cl-
HCOs3 type with a lower TDS of ca.1500 mg/L, while sample #45,
46, 47 and 50 to the west of it are of Na-Ca-S0O,4-Cl type with a
much higher TDS of 3900-4500 mg/L. Water samples from the
Cambrian aquifer fall into two clusters, one is in northern Jizhong
Depression with a TDS of less than 1000 mg/L and is characterized
by a Na-HCOs type (#56), while the others in the Cangxian Uplift
near the Haihe Fault have a higher TDS of ca. 1500 mg/L and are
of Na-Cl type, with water chemistry similar to that form the local
Precambrian aquifers. The TDS of the Precambrian aquifer increases
gradually from less than 1000 mg/L in the north to more than
5000 mg/L in the south, while the water types evolve from Na-
HCOs in the Yanshan Folded Belt and northern Jizhong Depression
to Na-Cl-HCOs to the north of the Haihe Fault and Na-Cl-SO,4 to
the south of the Haihe Fault (Fig. 6d). Thus, the spatial change of
groundwater chemistry indicates that all the aquifers show a simi-
lar pattern in hydrochemical evolution, i.e. the goundwaters tend to
evolve from Na-HCOs; type to Na-Cl type as TDS gradually increases
from the NE to the SW of the study area, indicating a NE-SW orien-
tated flow path with the recharge area in the Yanshan Folded Belt,
and flow towards the south.

4.3. Relationship between aquifers

Water samples were examined for the effects of possible mixing
processes using both water chemical and isotopic methods.

Groundwaters from the Cenozoic and Pre-Cenozoic aquifers
show different patterns of water chemistry between each aquifers
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Fig. 5. Schoeller diagram for groundwaters in Tianjin. (a) Cenozoic aquifers; (b) Pre-Cenozoic aquifers.

(Fig. 5). Generally, groundwaters from the Pre-Cenozoic aquifers
show a somewhat homogenous chemical composition in the center
of the Cangxian Uplift (Fig. 5b). Waters with low TDS and Cl~ and
SO;~ content only exist in the recharge area near the Yanshan
Mountains, where water chemical compositions of the Precam-
brian (#113), Cambrian (#56) and Ordovician (#51) aquifers are
nearly identical (Fig. 5b), indicating the same water origin. How-
ever, waters from the Precambrian (#90, 92) and Ordovician aqui-
fers in the southern part of the Cangxin Uplift, have a much higher
TDS (Appendix A, Fig. 3). As shown in Fig. 7, TDS at various depths
of the pre-Cenozoic aquifers is quite uniform (1800-2000 mg/L),
indicating a close hydraulic connection vertically in and between
the aquifers as a result of well developed Karst and fractures in
these aquifers and groundwater convection induced by a high geo-
thermal gradient in the Cangxian Uplift (Minissale et al., 2008).

Groundwaters from the Neogoen aquifers show similar water
types to those from the Pre-Cenozoic aquifers except for the ones
in the north adjacent to the recharge area. Along the Cangdong,
Haihe and Baitangkou Faults, groundwaters from the Neogene
aquifers show higher TDS, while for those of the pre-Cenozoic
aquifers show lower TDS (Fig. 6). This can be explained by the high
permeability of the Cangdong and Haihe Faults. As shown in Fig. 8,
the apparent ages of the groundwaters from the Precambrian aqui-
fers become higher from the north to the south, indicating a south-
ward groundwater flow. The ages along the Cangdong, Baitangkou
and Haihe Faults are lower, and increase gradually further from the
faults. Thus these are water-conducting faults.

These faults cut into the Neogene formations and result in their
unconformable contact with the pre-Cenozoic formations. The
875r/86Sr ratios of the groundwaters (Fig. 9) show that the Sr con-
centrations and 87Sr/86Sr ratios of waters from the pre-Cenozoic
aquifers are higher than those of the Neogene aquifers. The
875r/85Sr values for the pre-Cenozoic aquifers are between
0.70422 and 0.711025, except for one sample from the Ordorvician
aquifer with a value of 0.708991, while for the Neogene aquifers
they are between 0.708103 and 0.710753. As global ratios of mar-
ine carbonate range from 0.7060 to 0.7095 (Veizer et al., 1999), the
observed trends associated with these 87Sr/%6Sr ratios of the pre-
Cenozoic aquifers, which is mainly comprised carbonate rocks,
must reflect lithological control of the argillaceous and siliceous
rocks contained in the formation or the underlying Achean crystal-
line basement. The waters from various aquifers along the Chang-
dong and Haihe Faults form a mixing line, except for #50 from the
Odorvician aquifer which may have mixed with another end mem-
ber (as will be discussed below). The mixing trend is also con-
firmed by the relationship of 3°H and the enthalpy of the
groundwaters from both of the Neogene and pre-Cenozoic aquifers
(Fig. 10). In the diagram the discharge enthalpies of the groundwa-
ters are calculated from well head temperatures which would have

only a minor uncertainty with respect to the reservoir tempera-
tures, from monitoring experience, of ca. 1 °C/km. All the samples
along the Cangdong, Haihe and Baitangkou Faults, especially in
the area where the Changdong and the Haihe Faults cut each other
fall on the same mixing line.

It is noted that water samples (#45, 46, 47 and 50) from the Or-
dovician aquifer in the structural high in the Cangxian Uplift where
the Ng is missing show a distinct character of much higher TDS and
SO2~ contents with respect to the others (Figs. 5 and 7). As shown
in Fig. 11, the mass concentration ratio of TDS and CI~ equals ca.
2.3 for the waters from the Neogene and pre-Cenozoic aquifers in
the central area of the Cangxian Uplift, Jizhong and Huanghua
Depressions. However, samples #45, 46, 47 and 50 from the Ordo-
vician aquifer deviate from the line with increased TDS mainly
caused by the increase in SO2~. None of the Neogene, Ordovician,
Cambrian and Precambrian aquifers have water of such a composi-
tion in the adjacent area, and the mineral compositions of the rock
in the Ordovician aquifer does not change significantly with re-
spect to the other Ordovician samples (Chen et al., 2009), thus
there must be another mixing water member which is from the
overlying or from the unconformable contact with the Upper Car-
boniferous-Lower Permian unites comprising carbonates and coal-
bearing clastics (Evangelou and Zhang, 1995). Samples #20 and 24
in this area where the Ng is missing also show higher SO3~ content
and the highest TDS of 2.5-3.6 mg/L among the water samples
from the Nm aquifer, which may be caused by mixing with ground-
water from the Ordovician aquifer as the two aquifers contact each
other directly due to the Ng being missing.

4.4. Carbon isotopes and groundwater ages

Much of the DIC in groundwater derives from gaseous CO, in
the vadose zone. This initial DIC containing high levels of 'C is
usually diluted by low 'C activity DIC from mineral dissolution
during groundwater recharge and flow. The large differences in
513C between the soil-derived DIC and carbonate minerals in the
aquifer provide a reliable measure of the dilution. Carbonate disso-
lution during recharge continuously increases DIC and enriches the
13C value. For '*C age correction in this process, the Fonts—-Garnier
model (Fontes and Garnier, 1979) and Pearson model (Pearson and
White, 1967) would be the representative of groundwater ages
(Chen et al., 2003). Here, the 3C-based Pearson model is used for
age correction. Assuming soil CO, is taken up by the water without
significant fractionation effects, the dilution factor g is given by

q= (6]3CDIC - 6BCcelrb)/(SBCsoil - 813Ccarb)

where §'3Cp;c is the measured 5'3C of DIC in groundwater, 8'3Cy; is
the 8!3C of soil CO,, and 8'3Ceay, is the 8'3C of the calcite being
dissolved.
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Fig. 6. Distribution of TDS for groundwaters in Tianjin. (a) Nm aquifer; (b) Ng aquifer; (c) Ordovician aquifer; (d) Precambrian aquifers.

With an estimated §'3C; of —23%. PDB and 5'3Ccar, of 0%0 PDB,
ages of the groundwaters are calculated (Appendix B, Fig. 12).

The result shows that waters from the Neogene aquifers generally
have higher ages than those from the pre-Cenozoic aquifers. Ground-
water ages for the Nm aquifer range between 13.6 and 24.0 ka B.P.

The samples are in the Cangxian Uplift except for one in the Huang-
hua Depression, with an age of 17.1 ka B.P. For the Ng aquifer,
groundwater ages fall between 8.4 and 20.2 ka B.P,, i.e. 8.4-13.5 ka
B.P. in the Cangxian Uplift, 12.8-15.4ka B.P. in the Huanghua
Depression and 10.7-20.2 ka B.P. in the Jizhong Depression.
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The pre-Cenozoic aquifers show lower values of groundwater
ages. From the top to the bottom, the water ages increase. Ground-
water from the Ordovician aquifer shows the lowest ages of 5.7-
8.7 ka B.P., while the Precambrian aquifers show the highest of
5.8-18.2 ka B.P. Groundwater age of the Cambrian aquifer is 9.7-
12.7 ka B.P., falling into the range of the Precambrian aquifers
due to the close hydraulic connection between the two units.

It is noted that groundwater ages of the Ng aquifer are lower
than those of the Nm aquifer in each structural units. The differ-
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Fig. 9. Reciprocal of Sr concentration vs. 87Sr/56Sr ratio for groundwaters in Tian.

ence in groundwater ages demonstrates that there seems to be
no significant groundwater mixing between the two aquifers, indi-
cating the sealing effectiveness of the aquicludes between them.

4.5. Conceptual hydrogeologcial model

Based on the isotopic and chemical characteristics of the
groundwaters in the southern unit of Tianjin in the BBB, the
saline groundwaters receive recharge from precipitation in

Fs

Well
=21\ Age(kaB.P)
—— Fault

N
0 5 30 km A
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Fig. 8. Groundwater age of the Precambrian aquifers, Tianjin, showing preferential flows along the Cangdong, Haihe and Baitangkou Faults.
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the Yanshan Mountains to the north and the Taihangshan
Mountains to the NW. These waters are hosted in the continental
Cenozoic sediments and the pre-Cenozoic carbonate-rich forma-
tions with different circulation velocities, and flow towards the
south. Groundwaters in the Neogene formations move more
slowly than those in the pre-Cenozoic ones, with ages of 8.4-
24.0 ka B.P. and 5.7-18.2 ka B.P., respectively. As a result of well
developed Karst and fractures in the pre-Cenozoic formations,
these formations have close hydraulic connections. Due to the
higher permeability along the Cangdong, Haihe and Baitangkou
Faults, they form preferential pathways for groundwaters in the
pre-Cenozoic formations. However, the Neogene formations have
no significant connections with the underlying pre-Cenozoic for-
mations except in the Cangxian Uplift where the water-conduct-
ing Cangdong, Haihe and Baitangkou Faults cut into the Nm and
in the structural high where the Ng is missing. The conceptual
model illustrating circulation of the saline waters in Tianjin is
shown in Fig. 13.
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4.6. Implications for CO, sequestration

The Nm forms a continuous cover in the BBB within the Tianjin
area. Isotopic and chemical data show that there is little mixing be-
tween it and the underlying units except in the Cangxian Uplift
along the Cangdong, Haihe and Baitangkou Faults and the struc-
tural high in the Cangxian Uplift where the Ng is missing, indicat-
ing the multi-layer mudstones in it act as impervious aquicludes.
The groundwater age fall between 13.6 and 24.0 ka B.P., suggesting
a low rate of water flow and relatively static hydrodynamics, which
would preclude transport of CO, under hydrodynamic drive. Thus,
it has the potential to act as a regional seal.

The Ngis distributed widely in the Jizhong and Huanghua Depres-
sions and has no significant hydraulic connection with the overlying
Nm. The water age ranges between 12.8 and 15.4 ka B.P., also imply-
ing an inactive water circulation and a semi-closed system (Zhou
et al., 2008). With a high porosity and permeability of the formation,
which has a good injectivity, a large thickness of 80-700 m, indicates
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Fig. 11. Cl~ vs. TDS for groundwaters in Tianjin. CXU: Cangxian Uplift; HHD: Huanghua Depression; JZD: Jizhong Depression.
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Fig. 13. Conceptual hydrogeologcial model for aquifers in Tianjin.

a huge capacity and an adequate buried depth between 1500 and
2700 m, and so is a prospective saline aquifer for CO, sequestration.
However, as the formation is missing in the structure high, thus it is
not suitable to be used in the Cangxian Uplift.

The pre-Cenozoic units in the Cangxian Uplift have closed
hydraulic connections with each other through water-conducting
faults which also cut into the Nm and have lead to water exchange
between them, so CO, leakage may occur through the faulted zones.
Moreover, these formations are characterized by high permeability
resulted from well developed Karst and fractures, the water ages
mostly range between 5.7 and 12.0 ka B.P., indicating a relatively
fast water circulation, thus are not suitable for CO, sequestration.

5. Conclusions

Based on their hydrogeological and geochemical characteristics,
the suitability of the saline aquifers in Tianjin was examined pri-
marily from the circulation of the formation waters. The saline
waters in the Neogene and pre-Cenozoic formations are recharged
in the Yanshan Mountains to the north and the Taihangshan Moun-
tains to the NW, with ages between 8.4-24.0 and 5.7-18.2 ka B.P,,
respectively, and flows from the north to the south.

The Cangdong, Haihe and Baitangkou Faults are water conduc-
tive, and form preferential pathways for the pre-Cenozoic forma-
tions, cut into the overlying Ng and Nm and result in hydraulic
connections between them in the Cangxian Uplift.

The Nm is a potential regional seal except in the Cangxian Uplift
where the Cangdong, Haihe and Baitangkou Faults cut into it and in
the area of the structural high where the Ng is missing. The Ng
shows no significant mixing with the overlying Nm in the Jizhong
and Huanghua Depressions, and aquicludes in the Nm seem to be
impervious, having the potential to be an effective regional seal.

The pre-Cenozoic units in the Cangxian Uplift are not suitable
for CO, sequestration because the major faults such as the Cang-
dong, Haihe and Baitangkou Faults are water conductive and have
cut into the overlying Nm, resulting in hydraulic connections be-
tween them and trans-formational flow to the Nm aquifer.
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