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a b s t r a c t

Previous studies have shown that brines in an Ordovician paleokarst reservoir of the Lunnan oilfield in
the Tarim Basin, China, are the product of mixing of paleo-evaporated seawater in the east with pale-
ometeoric waters in the west. In order to put time constraints on the brine and related hydrocarbons in
this field, 10 brine samples were collected, for which the iodine concentrations and 129I/I ratios were
measured and discussed. The iodine concentration (3.70e31.2 mg/L) and the 129I/I ratio (189
e897 � 10�15) show that the iodine in the paleoseawater and meteoric water (MW) had different origins
and 129I characteristics. The paleoseawater has a high iodine content (~31 mg/L), indicating that iodine
was introduced into the reservoir along with thermally generated hydrocarbons, possibly in the Creta-
ceous, from the Caohu Sag in the eastern area. Based on consideration of all possible origins of iodine and
129I in the brines, it is suggested that the meteoric water maintained its initial iodine content (0.01 mg/L)
and 129I/I ratio (1500 � 10�15), whereas the iodine-enriched paloseawater (IPSW) exhibited a secular 129I
equilibrium (Nsq ¼ 39 atom/mL) as a result of fissiogenic 129I input in the reservoir over a long period of
time. The model of brine evolution developed on that basis confirmed that meteoric water entered the
reservoir in the Miocene at about 10 Ma, and partially mixed with the iodine-enriched paleoseawater.
The movement of meteoric water was facilitated by faults created during the Himalayan orogeny, then
became more dense after dissolving Paleogene halite and infiltrated into the reservoir at high pressure.
The iodine and 129I concentration in the brine contains information about the path and history of the
fluid in the reservoir. This may be useful in oil exploration, since the movement of water was, to some
extent, related to hydrocarbon migration.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Iodine is a liquid-dominated species since it is water soluble and
its large ionic radius (133 pm) precludes it from being readily
incorporated into minerals (Osborn et al., 2012). It is also strongly
biophilic, and often accumulates in marine organic matter
(10e490 ppm: Muramatsu and Wedepohl, 1998; 4.8e320 ppm:
liudayong@gig.ac.cn (D. Liu),
(C. Ning), houxl@ieecas.cn
Baoshou), xiaozhongy-tlm@
Muramatsu et al., 2004) by more than 100 times than that in sea
water (0.05 ppm). As crude oils have a low iodine content (1 ppm:
Fehn et al., 1987; 0e50 ppb: Moran et al., 1995b; 0.1e10 ppm:
Worden, 1996), it is assumed that iodine is released into adjacent
groundwater during maturation of organic matter in the source
rock (Fehn, 2012); thus iodine enrichment in brines serves as a
proxy for hydrocarbon migration.

Iodine-129 (129I, t1/2 ¼ 15.7 Myr) is the only long-lived radio-
isotope of iodine. Generally, there are three main sources of 129I: (i)
cosmogenic 129I produced by the spallation of Xe isotopes into the
atmosphere; (ii) fissiogenic 129I produced by spontaneous fission of
238U in the Earth's crust; and (iii) anthropogenic 129I produced by
nuclear weapons testing and fuel processing since the 1950s (Fehn,
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2012). In terms of these three sources, 129I analysis has been suc-
cessfully used for tracing and/or dating the fluids in a variety of
geological settings, such as surface water and groundwater
(Schwehr et al., 2005), hydrothermal fluids (Fehn et al., 1992),
basinal brine (Osborn et al., 2012) and deep crustal fluids (Fehn and
Snyder, 2005). Analysis of 129I has also been used to trace waters
associated with hydrocarbons in order to fix the age boundaries of
organic accumulations (e.g., brines in oilfields: Birkle, 2006; gas
hydrate: Fehn et al., 2000, 2003; forearc methane fields:
Muramatsu et al., 2001; coalbed methane: Snyder and Fabryka-
Martin, 2007; Snyder et al., 2003). While in these cases, the iden-
tification of the potential source formations was the main goal,
iodine dating might help to determine mixing patterns and timing
of brines in the Lunnan oilfield.

The target of the present study was the Ordovician paleokarst
reservoir in the Lunnan oilfield located in the northern Tarim Basin.
It is one of the major petroleum producers in that area (Fig. 1). The
reservoir is deeper than 5000 m below sea level (mbsl) and is well
known for its range of hydrocarbons, its weak intrareservoir con-
nectivity and the tilted oilewater contact. These characteristics
may be attributed to the multiple episodes of oil migration, evo-
lution of the karst system, blending of different fluids and complex
Fig. 1. (A) Study area and location of sampling wells in Lunnan oilfield, Tarim Basin, China.
profile fromWell LN11-H1 to Well LG353. Note: the oil/water volume ratios are shown in the
colors in Fig. 1B. Reprinted and modified from Chen et al. (2013) by permission from John
tectonic activity (Lu et al., 2004; Pang et al., 2007; Yang and Han,
2008; Zhang et al., 2011b).

Previous work on water chemistry and isotopes reached the
following conclusions: (i) the brines in the reservoir aremixtures of
infiltratedmeteoric water at the top of the Lunnan Uplift with rising
paleoseawater from the underlying marine strata in the Caohu Sag
in the eastern area; (ii) the eastern fluid regimes are chemically
separate from the western fluid regimes due to the larger contri-
bution of the meteoric waters (Fig. 1); and (iii) two tentative hy-
pothetical models of brine evolution were proposed (Chen et al.,
2013).

Nevertheless, the geological periods in which these waters
invaded remain unresolved. It is unclear whether the meteoric
water is related to the period of karst development, or was
intruded in a late basin uplift period. Furthermore, since the
paleoseawater was derived from Cambrian and Lower Ordovician
strata in the Caohu Sag, which itself is overlain by MiddleeUpper
Ordovician source rock, the important question remains as to
whether paleoseawater migrated with the generated petroleum.
The aims of our study are putting the time constraints on the brine
and related hydrocarbons using 129I isotopes as well as iodine
concentrations.
Insets in Fig. 1A are the structural maps of Tarim Basin and Lunnan oilfield. (B) Strata
short columns. Two fluid regimes are divided by dashed line in Fig. 1A and by different
Wiley and Sons.
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2. Sampling and measurements

2.1. Geological background

The Lunnan oilfield, also known as the Lunnan Low Uplift, is
located at the center of the Tabei Uplift in the northern part of Tarim
Basin (Fig. 1A). It is surrounded by the Luntai Uplift, the Caohu Sag
and the Manjiaer and Halahatang Depressions. Briefly, the local
depositional environments may be divided into marine (Cam-
brianeSilurian), transitional (CarboniferousePermian) and conti-
nental (TriassiceQuaternary) types, and the strata correspondingly
evolved from limestone and dolomite to sandstone andmudstones.
The tectonic evolution of the Lunnan oilfield can be divided into
four periods (Zhao et al., 2007). Among them, two extensive tec-
tonic movementsdthe Hercynian and Indo-Chinese orogenies (late
Paleozoiceearly Mesozoic)dexposed MiddleeLower Ordovician
carbonate strata, which evolved into a karst systeme that signifi-
cantly improved the physical properties of the present-day reser-
voir. Two sets of oil source rocks (MiddleeUpper Ordovician and
Lower Cambrian) are well reported in this region; oil source rocks
younger than Ordovician do not occur. The detailed geological
settings can be found in Chen et al. (2013), Wu et al. (2013) and
Yang and Han (2008).

2.2. Sampling

In connection with previous water chemistry studies, between
September 2009 and June 2010 the authors collected 37 brine
samples in the target area (Chen et al., 2013). For the present study,
10 oilfield water samples of 1e2 L volume were selected for mea-
surement of the iodine concentration and 129I/I ratio. Nine of these
were collected at depths between 5038 and 6667 mbsl in the
paleokarst reservoir at the top of the MiddleeLower Ordovician
carbonate strata (Fig. 1B). The other sample (LN101C) was taken
from the Triassic reservoir at depths between 4984 and
4984.5 mbsl. The Ordovician samples lay within the typical karst
interval (within 300 m: Gu, 1999; Pang and Shi, 2008), with the
exception of one sample, LG1, which was deeper (within
320e360 m).

2.3. Measurements

The ionic, molecular and isotopic compositions of the 10 brines
described in subsection 2.2 were reported by Chen et al. (2013). In
the present work, only the iodine concentrations and 129I/I ratios of
these brines have been measured. The iodine concentrations were
determined using a Thermal Electron Corporation X series II
inductively coupled plasma mass spectrometer (ICP-MS). Replicate
analyses yielded a precision better than 10%.

The samples for analyses by accelerator mass spectrometer
(AMS) were prepared by the four-step procedure of NaNO2 oxida-
tion, CCl4 extraction, NaHSO3 back-extraction and AgNO3 precipi-
tation. The 129I/I ratios in the recovered AgI were measured by AMS
using a 3 MV tandem AMS system (HVEE), located in the Xi'an AMS
Center. Details of the separation and measurement methods have
been reported elsewhere (Chen et al., 2014; Zhou et al., 2013).
Sample locations are shown in Fig.1. The chemical and isotopic data
are listed in Table 1.

3. Results and discussion

3.1. Iodine concentration and brine origin

Since chlorine and bromine are commonly considered to be
conservative elements in fluids, the IeCl and IeBr plots shown in
Fig. 2 assist in investigating the source of the iodine. Unlike other
ions, relatively few minerals in sedimentary basins have I and Br as
major constituents (Hanor, 1994; Kharaka and Hanor, 2007;
Worden, 1996). Chlorine is only affected by salt precipitation and
dissolution; bromine may be slightly concentrated when the fluids
are in contact with organic matter.

Iodine concentrations ranged between 3.70 and 31.2 mg/L,
which is basically consistent with reports in the literature for for-
mation waters (Worden, 1996) and oilfield waters (Fehn, 2012).
Fig. 2(A and B) shows that all samples lay above the seawater
evaporation trajectory (SET) with a 10- to 30-fold enrichment. Such
a high level of enrichment cannot be the result of seawater evap-
oration, halite dissolution or any process of mineral transformation
(e.g., albitization of plagioclase, or dolomitization), but rather it is
attributed to the presence of organic matter associated with the
biophilic character of iodine (Fehn, 2012). The highest iodine con-
centration was found in LG351C (31.2 mg/L) in the deep eastern-
most strata, and the lowest was in LN101C (3.70 mg/L) in the
shallow western strata. Such high concentrations of iodine in the
eastern samples imply that it came from one end member: paleo-
seawater sourced from rocks in the Caohu Sag located east of the
Lunnan oilfield (Chen et al., 2013). This water assimilated iodine
from maturing organic matter, and was then expelled with hy-
drocarbon migration. The lower concentration of iodine in the
western samples was the result of substantial dilution of iodine-
enriched paleoseawater (IPSW) by meteoric waters (MW) con-
taining relatively little iodine.

It is not clear whether the meteoric waters have obtained
additional iodine content by mixing with other fluids on the
ground surface or from the leaching of sedimentary rocks as it
infiltrated downward. Considering that there are no organic-rich
sediments younger than the Ordovician in the history of hydro-
carbon generation in this basin, the latter process might not have
occurred. Likewise, meteoric waters containing high levels of
dissolved chlorine from Carboniferous or Paleogene evaporites
(Chen et al., 2013) have caused the plotted samples in the eastern
fluid regimes to shift to the right somewhat in Fig. 2A. Never-
theless, no iodine could be released in the halite dissolution
process.
3.2. 129I/I ratio and age determination

Of the three sources of 129I (see section 1), firstly anthropogenic
sources may be disregarded since no artificial contamination took
place during the sampling, and modern meteoric water cannot yet
have infiltrated to the sampling depths. The other two sources
should both be taken into account in geological age determination,
however.

Cosmogenic 129I is calculated using the decay formula:

R ¼ Riexpð � l129tÞ; (1)

where R is the 129I/I ratio of the sample; Ri is the initial 129I/I ratio of
surface water (¼1500 � 10�15, Fehn et al., 2007); l129 is the decay
constant of 129I (¼4.41 � 10�8 yr�1); and t is the elapsed time.

When fluids are isolated from surface water (either meteoric
water or sea water), 129I is no longer replenished and diminishes
following the decay formula, which allows the determination of the
time t of separation. After about 90 Ma, the 129I/I ratio from
cosmogenic input will be below the detection limit of AMS. As the
material is gradually buried, however, input from fissiogenic 129I
becomes significantly important.

Fissiogenic 129I is calculated using the approach defined by
Fabryka-Martin et al. (1989):



Table 1
Results of geochemical analyses of brines from the Ordovician paleokarst reservoir in Lunnan oilfield, Tarim Basin.

Sample Age Internal depth (m) Cla (mg/L) Bra (mg/L) I (mg/L) 129I/I (10�15) 129I (atom/mL) XIPSW
b (%)

LN11-H1 O1þ2 5209.5e5530 151,200 235 7.98 588 ± 38 21.9 25.6
LG701 O1þ2 5121.2e5262.5 132,300 198 8.95 588 ± 53 24.6 28.7
LN1 O1þ2 5038e5052 133,900 171 11.0 448 ± 27 23.0 35.3
LN101C T 4984e4984.5 134,500 117 3.70 897 ± 112 15.5 11.8
LG1 O1þ2 5520e5555 123,000 274 14.4 292 ± 21 19.6 46.0
LG111 O1þ2 5429.5e5500 120,800 273 21.6 359 ± 32 36.1 69.1
LG100-6 O1þ2 5433.5e5475 121,600 268 26.3 317 ± 21 38.9 84.3
LG16-2 O1þ2 5478e5505 12,6400 268 16.4 586 ± 65 45.0 52.7
LG351C O1þ2 6448.5e6486.5 75,070 205 31.2 189 ± 13 27.5 100.0
LG353 O1þ3 6411.7e6667 74,350 222 29.4 270 ± 19 37.1 94.3

Reference
Seawater (SW) 18,800c 67c 0.06c 1500f 0.43
Pre-anthropogenic meteoric water (MW) 18.46d 0.02d 0.01e 1500f 0.07

a Chen et al. (2013).
b XIPSW is the proportion of iodine-enriched paleoseawater (assuming LG351C represents this endmember, see text for details).
c GERM (2004).
d Tomaru et al. (2009).
e Zhang et al. (2011a).
f Fehn et al. (2007).
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N129 ¼ N238l238Y129r
�
E=P

�
ð1� expð � l129tÞÞ

�
l129; (2)
where N129 is the number of 129I atoms; N238 is the number of 238U
atoms; l238 is the decay constant for spontaneous fission of 238U
(¼8.5 � 10�17 yr�1); l129 is the decay constant for spontaneous
fission of 129I (¼4.41 � 10�8 yr�1); Y129 is the production rate of
mass 129 of that process (¼ 0.0003); r is the rock density; E is the
proportion of fissiogenic 129I released from the rock; P is the
effective porosity of the rock; and t is the time that fluids are in
contact with the rock. Generally, both cosmogenic and fissiogenic
sources should be considered together when interpreting 129I/I
values in geological situations.

The 129I/I ratios in the present study were between 1.89 � 10�13

and 8.97 � 10�13. Obviously, ‘old’ cosmogenic 129I from Ordovician
and underlyingmarine strata (>443Ma) can be neglected. Meteoric
water with iodine concentration of 0.01 mg/L and 129I/I ratio of
1500 � 10�15 alone cannot produce such high iodine concentra-
tions and ionic concentrations (most samples > 140 mg/L: Chen
et al., 2013), therefore, it is unreasonable that all the 129I in the
samples were cosmogenic and contained only in meteoric water.
Fig. 2. (A) I vs. Cl relationship and (B) I vs. Br relationship of oilfield waters. The seawater eva
and Volkova (1966). GP ¼ gypsum precipitaion; HP ¼ halite precipitation.
Nor can simple mixing of meteoric water and iodine-enriched
paleoseawater (IPSW)dassuming sample LG351C was the end-
menberdyield such 129I/I values as are shown in Fig. 3.

All the values falling above the mixture line in Fig. 3 imply that
either (i) extraneous iodine was added to the meteoric water,
forcing the data to shift to the right, and/or (ii) an excess amount of
129I was added to the fluids, forcing the data to shift upward. In
theory, the meteoric water may have acquired foreign iodine
(including 129I) when it mixed with other fluids on the surface, in a
similar fashion to that reported for the Atacama Desert of northern
Chile (�Alvarez et al., 2015; P�erez-Fodich et al., 2014). In that
example, the tectonic uplift of the Andes produced a sufficiently
high hydraulic potential of iodine-rich fluids in Jurassic marine
sediments (�Alvarez et al., 2015) to cause large-scale movement
(>20 km) of groundwater, which finally mixed with meteoric water
in the Atacama Desert. However, in the present case, no studies
have supported the historical occurrence of this kind of extensive
surface fluid movement. Another possible source of excess iodine is
the groundwater in overlying sediments, which could have mixed
with the infiltrating meteoric water. Organic-rich marine sedi-
ments (Fehn, 2012; Fehn et al., 2007), which are regarded as source
poration trajectory (SET) was generated using data from GERM (2004) and Zherebtsova



Fig. 3. Mixing diagram for 1/I vs. 129I/I. Mixing is assumed to take place between
iodine-enriched paleoseawater (IPSW, assuming LG351C represents this endmember)
and meteoric water (MW). The data for the endmembers is listed in Table 1.

Fig. 4. Modeled effect of mixing different proportions of iodine-rich paleoseawater
(IPSW) at secular equilibrium with meteoric water (MW) infiltrating downward at
different times. The data for the endmembers is listed in Table 1.
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rocks by petroleum geologists, are generally considered the source
of iodine. In the Lunnan oilfield, the upper strata are transitional
and terrestrial silicate rocks with a low total organic carbon (TOC)
content, and certainly with a low iodine content. Also, it is expected
that infiltrating meteoric waters would flow along narrow conduits
such as faults; in which case, close contact between meteoric water
and porewater in sedimentary strata is less likely, and therefore
excess iodine take-up by meteoric water is unlikely to have
occurred. Hence, excess 129I may be the more likely reason for data
shift from the mixing line in Fig. 3.

For the same reason, the presence of fissiogenic 129I leached by
meteoric water from overlying U-enriched mudstones and sand-
stones can be excluded indirectly. Only two potential fissiogenic
129I sources might be responsible for the excess 129I: (i) fissiogenic
129I from underlying U-enriched source rocks; and (ii) in situ pro-
duction of fissiogenic 129I. Excess 129I from paleoseawater expelled
with hydrocarbon migration may also be excluded. Based on the
reconstructed thermal maturation model, hydrocarbons were
expelled from the MiddleeUpper Ordovician source rocks in the
Caohu Sag during the Cretaceous and early Tertiary (in fact > 100
Ma: Fig. 5 in Xiao et al., 2005). Even supposing that the paleosea-
water obtained 129I from the spontaneous fission of 238U in the
source rocks, most of it would have decayed in the subsequent 90
million years. Therefore, an in situ source seems to be the most
probable.

To use Equation (2) to estimate the 129I concentration in brine,
values must be assigned to the parameters r, E and P. Carbonate
density is 2.8 g/cm3 (Fabryka-Martin et al., 1985) and U concen-
tration is assumed to be 1e2 ppm or 2.5� 1018e5.0� 1018 atom/kg,
which is typical of carbonates (Becker et al., 1972; Fabryka-Martin
et al., 1985). The E/P ratio is generally assumed to be between 1
and 3 (Fabryka-Martin et al., 1989; Liu et al., 1997; Moran et al.,
1995a), but may be as high as 100 for granite (Fabryka-Martin
et al., 1989) or volcanic rocks (Fehn et al., 1992) or metabasalt
(Bottomley et al., 2002). Here, we have assumed E/P ¼ 10, as the
transport of 129I into fluids may be quite efficient in carbonate
rocks. The carbonate is readily dissolved and recrystallized in
diagenesis. Visual and microscope observation indicated a consid-
erable proportion of carved structures and cements (mainly calcite)
in the samples, implying the occurrence of dissolution and
recrystallization.

Similar mechanisms have been cited in the literature to explain
the emanation of 129I from rocks: Scholz et al. (2010) made refer-
ence to the mineral replacement and liquefaction process in
explaining the origin of excess 129I in brines in the Gulf of Cadiz, and
Starinsky and Katz (2003) instanced the dissolutioneprecipitation
model of granitic rocks to explain the formation of brines in Ca-
nadian Shield.

The value of N129 at secular equilibrium (>90Ma) was calculated
to be 39e78 atoms/mL.A true assessment of the 129I source depends
on the validity of the above values. To assign more precise values to
the parameters, the U content in carbonate rocks needs to be
investigated in the future, and the E/P ratio cannot be measured in
the field. Nonetheless, the estimated value of 39e78 atoms/mL is
higher than the values detected in this study, which suggests that in
situ spontaneous fission of 238U has the potential to produce and
release enough 129I into the brine, supporting our hypothesis
regarding the source.



Fig. 5. Schematic diagram of brine evolution. (A) During the Cretaceous, iodine-
enriched paleoseawater (IPSW) was expelled into the reservoir. (B) During the
Miocene, meteoric water (MW) infiltrated downward to mix incompletely with pale-
oseawater at secular equilibrium.
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With regard to paleoseawater which had entered the Ordovician
reservoir before 100 Ma, it was found that three samples (LG353,
LG100-6 and LG111) contained a high proportion of paleoseawater
with similar 129I values (37.1, 38.9 and 36.1 atom/mL, respectively).
On that basis, the secular equilibrium value of 129I in brine from in
situ fissiogenic sources was assumed to be 39 atom/mL. Finally, the
only remaining question is the time at which meteoric waters were
introduced into the reservoir. Dilution of iodine-enriched paleo-
seawater by varying amounts of relatively iodine-depleted mete-
oric water in the past affect the current 129I concentration as well as
the 129I/I ratio and the calculated ages, because meteoric water
dilutes the original 127I but has no effect on the in situ fissiogenic
129I (Snyder and Fabryka-Martin, 2007). The implication is that the
mixed N129 as a function of the proportion of paleoseawaters, XPSW,
and the time of the meteoric water entry, t, incorporates amounts
from three separate contributors of 129I to the meteoric water: (i)
fissiogenic 129I in paleoseawater at equilibrium, (ii) diminishing
cosmogenic 129I in meteoric water, and (iii) in-situ generated fis-
siogenic 129I. The 129I concentrations and 129I/I ratios over time may
be calculated from the following equations:

N129 ¼ NsqXPSW þ Riexpð � l129tÞNMW ð1� XPSWÞ
þ Nsqð1� expð � l129tÞÞð1� XPSW Þ; (3)

in which R is given by:

R ¼ N129=ðNPSWXPSW þ NMW ð1� XPSWÞÞ; (4)

where Nsq is the secular equilibrium value (¼ 39 atom/mL); NMW is
the number of iodine atoms in meteoric water (¼ 0.01 mg/
L ¼ 4.74 � 1010 atom/mL, Table 1); NPSW is the number of iodine
atoms in paleoseawater, as represented by the brines in samples
LG351C and LG353 (¼ 31 mg/L ¼ 1.47 � 1014 atom/mL); and t is the
time at which meteoric water entered the reservoir. The other
parameters are as defined for Equations (1) and (2).

Most of the data falls along a line generated for 10 Ma (Fig. 4),
suggesting that mixing occurred when meteoric waters intruded
during the Miocene (~10 Ma). Some data (LG351C, LG16-2 and LG1)
are off this line, perhaps related to the complicated fluid paths in
the paleokarst. This reservoir is famous for its highly heterogeneous
permeability (0.0001e748 � 103 mm2) and porosity (0.15%e18.79%,
Pang et al., 2007; Yang and Han, 2008). Carbonate rocks can eject
more fissiogenic 129I than other sedimentary rocks, but the het-
erogeneity of the karst reservoirs causes the ejection efficiency (E)
to differ from well to well, and leads to the lesser accumulation of
fissiogenic 129I at some well locations (e.g., LG351C) but more
enrichment elsewhere (e.g., LG16-2).

3.3. Infiltration of meteoric water into reservoir at 10 Ma

Meteoric water dating to 10 Ma is consistent with the existing
tilted oilewater contact (Pang et al., 2007). Both facts indicate that
the aquifer in this reservoir is still an active hydrodynamic envi-
ronment, which may influence oil recovery. Although the occur-
rence of meteoric water in reservoirs up to 3000 mbsl is common
(e.g., Birkle and Maruri, 2003; Grobe et al., 2000; Matray et al.,
1994), in reservoirs as deep as the Lunnan oil field it has been
observed only in one other case so far (Activo Luna oilfield, Gulf of
Mexico, Birkle et al., 2002). Generally, the infiltration of meteoric
water indicates that one or more of the following processes has
occurred: high hydraulic pressure associated with a huge glacial
sheet, or orogenic movement (Grasby and Betcher, 2000), or the
development of fracture systems (Martini et al., 1998; Matray et al.,
1994), or gravity-driven descent after waters suffered surficial
evaporation (Birkle et al., 2002). Documented geological informa-
tion indicates enhanced aridification, not glacial activity, in the
Tarim Basin during the Cenozoic (Sun and Liu, 2006; Zheng et al.,
2015), but the Himalayan Orogeny in this region was intense and
peaked in the late Cenozoic along with the Tianshan Mountain
uplift and Kuqa Depression in response to the collision of the Indian
and Eurasian Plates (Zhang et al., 2011b, 2012; Zhu et al., 2013). The
Himalayan Orogeny could have allowed the infiltration of meteoric
water through faults, which then dissolved Paleogene lacustrine
halite. Eventally, meteroic water arrived in the deep reservior and
began to mix with palaeoseawater.

3.4. Improved brine evolution model

Based on the analyses of the iodine concentration and 129I data
in the brines, as well as earlier data (Chen et al., 2013), a more
precise model of brine evolution is proposed as shown in Fig. 5:

(i) During the Cretaceous period, thermally generated hydro-
carbons were expelled from marine Ordovician and
Cambrian source rock in Caohu Sag. Iodine-enriched
(~31 mg/L) paleoseawater (IPSW) entered the Ordovician
paleokarst reservoir. The original concentration of 129I in the
paleoseawater subsequently diminished gradually over time,
while fissiogenic 129I was continuously injected as the
product of radioactive decay of 238U in the surrounding
reservoir minerals and eventually the 129I concentration in
the brine reached secular equilibrium. For most samples, the
equilibrium value was 39 atom/mL, although the value may
differ in some wells.

(ii) At about 10 Ma (Miocene), meteoric water infiltrated
downward into the structural high points of the reservoir
through faults activated during the Himalayan orogeny. The
present formation water in the Ordovician paleokarst
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reservoir is the result of incompletemixing of meteoric water
having an initial iodine (0.01 mg/L) and 129I/I ratio
(1500� 10�15), and iodine-enriched paleoseawater (IPSW) at
equilibrium (Nsq ¼ 39 atom/mL).

4. Conclusion

As shown in above, the iodine-129 dating technique gives the
opportunity to determine the mixing patterns and timing of pale-
oseawater and meteoric water in the Ordovician paleokarst reser-
voir of the Lunnan oilfield, Tarim Basin, China.

The eastewest spatial trend of iodine and 129I data has
demonstrated the mixture of different fluids, which is consistent
with previous research (Chen et al., 2013). The paleoseawater with
high iodine content was derived from marine source rocks in the
Caohu Sag and entered into the reservoir during the Cretaceous,
when the source rocks reached their maximum oil generation.
Subsequently, this formation water gained fissiogenic 129I from the
reservoir, eventually reaching secular 129I equilibrium. The mete-
oric water with initial iodine and 129I signatures invaded the high
structural positions in the reservoir, and mixed incompletely with
the iodine-enriched paleoseawater in the Miocene (about 10 Ma).
Faults activated by intense tectonic movement during the Hima-
layan orogeny provided channels for the infiltrating meteoric wa-
ter, and the dissolution of Paleogene evaporites produced an
additional driving force.

We have shown here that 129I contains information about fluid
activities in complex reservoirs charged with waters from more
than one source, which is useful knowledge for reducing costs and
improving the efficiency of petroleum exploration.
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