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Direct Rubidium-Strontium Dating 
of Hydrocarbon charge Using Small 
Authigenic illitic clay Aliquots from 
the Silurian Bituminous Sandstone 
in the tarim Basin, nW china
Shaojie Li1,2, Xuan-ce Wang  2,3,4, chao-feng Li5, Simon A. Wilde  1,2, Youyu Zhang6, 
Suzanne D. Golding  4, Keyu Liu7 & Yuxiang Zhang8

illitic clay is ubiquitous in clastic hydrocarbon reservoirs, and the host for several radiometric isotopes 
such as the potassium-argon (K-Ar) and rubidium-strontium (Rb-Sr) systems. this study applied the 
isotope-dilution thermal ionization mass spectrometry technique for small samples (3–4 mg) to conduct 
illite Rb-Sr isotope dating of five illitic clay samples from the Silurian bituminous sandstone (SBS) 
intersected by five drillholes in the Tarim Basin, NW China. The 87Rb/86Sr ratio of clays is fractionated 
mainly by the addition of Rb during the illitization of mixed-layer illite/smectite (i/S), which is the 
dominant clay species in the tarim Basin samples. the subsample-scale Rb/Sr isotope values suggest 
that each subsample may contain i/S particles of slightly variable degrees of illitization. three of the 
analyzed samples (H6, KQ1 and TZ67) generated Rb-Sr isochron ages of 141 ± 61 Ma, 332 ± 32 Ma 
and 235 ± 8 Ma (errors quoted at 2σ), respectively. these results are similar to the corresponding K-Ar 
ages (125 Ma, 389 Ma and 234 Ma). The isotopic ages are consistent with the timing of hydrocarbon 
charge which varies in different drillholes as constrained by basin modelling, indicating that a closed-
system behavior is attained by the hydrocarbon charge that inhibits the illitization of i/S. the Rb-Sr 
isotope analyses of the other two samples (YM35-1 and Q1) that did not yield isochron ages suggest 
the conditions for producing isochrons were not satisfied, which may be caused by disturbance of the 
isotope system by a post-charge hydrothermal event. the outcomes of this study show the robust 
potential of Rb-Sr clay subsample geochronology for cross-checking isotopic ages yielded by other 
systems (e.g. K-Ar system) and constraining the timing of hydrocarbon charge.

In a hydrocarbon system, knowledge of the timing of the hydrocarbon charge is crucial for understanding its 
evolution. Emplacement of hydrocarbon in a porous reservoir alters its chemical condition and affects min-
eral diagenesis1–5. Authigenic illitic clay commonly occurs in hydrocarbon reservoirs and its diagenesis is sen-
sitive to fluid flow1,5. Several long-lived radiometric isotope systems, including potassium-argon (K-Ar) and 
rubidium-strontium (Rb-Sr), are hosted in illitic clay, and these isotope systems can document the timing of 
clay diagenesis and constrain fluid flow history3,6–10. Closed system behavior of isotope systems in illitic clays is 
related to its diagenesis6. Illitic clay diagenesis requires appropriate temperature conditions (e.g. >60 °C)8 and 
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the availability of sufficient potassium6. The illitization process may cease if either condition is not satisfied6. The 
isotopic systems (e.g. Rb-Sr and K-Ar) in illitic clays remain closed if illitization ceases because there is no K/Ar 
or Rb/Sr exchange between the mineral and external environment6.

Potassium-Ar clay geochronology has been proven a useful tool for investigating fluid flow in depositional 
basins3,5,10. The K-Ar method is based on the β+ decay of 40K to 40Ar11, and an isotopic age is acquired through 
separate measurements of K and Ar on two aliquots of a single sample12. The 40Ar-39Ar method is a variant for the 
K-Ar method, with an additional irradiation pre-treatment of samples, where 39K is transformed into 39Ar by fast 
neutrons12. Although the 40Ar-39Ar method has recognized practical analytical improvement compared to the 
K-Ar method, e.g. simultaneous analysis of radioactive and radiogenic atoms on the same aliquot, which prevents 
uncertainties induced by sample heterogeneity12, the 39Ar recoil associated with the irradiation procedure may 
result in spurious age data for micrometer-size clay minerals13–15.

The Rb-Sr isotope system is another applicable geochronometer for illitic clays. The isochron age is yielded 
through the regression of Rb-Sr isotope data obtained generally by either bulk analysis or the acid-leaching 
technique10,16–18. The age yielded by bulk analysis represents an average estimate of a suite of cogenetic samples, 
instead of a single sample, thus may be unfavorable for precious samples (e.g. petroleum drillcore). Rb-Sr anal-
ysis of different acid leaching fractions of a sample may yield an isochron age for the single sample because Sr is 
more leachable than Rb, thus generating Rb/Sr fractionation between leachate and residue10,19,20. However, ions 
at leachable sites may be susceptible to geo-fluid flows and Sr isotopic heterogeneity may occur between different 
leaching fractions, resulting in spurious ages7.

Owing to the development of the low-blank Rb/Sr chemistry procedure and high-sensitivity isotope-dilution 
thermal ionization mass spectrometry (ID-TIMS)21,22, it becomes achievable to determine the Rb-Sr isotopic 
composition for illitic clays in small quantities (3–4 mg). Therefore, an isochron may be established for a single 
clay sample through Rb-Sr analysis of multiple extractions from the same sample (i.e. “subsamples”) without 
additional experimental leaching steps. The aim of this study is to illustrate the feasibility of this dating method 
through cross-checking against K-Ar ages for the samples initially reported in ref.13.

Silurian bituminous sandstone (SBS) is a significant hydrocarbon reservoir in the Tarim Basin, northwest 
(NW) China. In recent years, a series of K-Ar clay geochronology studies of this target have been reported, show-
ing that clay diagenesis in the SBS is related to the hydrocarbon charge5,13,23–26. In this paper, subsample Rb-Sr 
data for five SBS clay samples are presented. These samples have been characterized in terms of mineralogy and 
K-Ar geochronology in ref.13.

Geological Background
The Tarim Basin is a large petroliferous basin in NW China (Fig. 1A), covering an area of ~5.6 × 105 km2 27–31.  
The basin is divided into eleven units, including six depressions (Manjiaer, Kuqa, Awati, Tangguzibasi, 
Southwestern and Southeastern) and five uplifts (Tadong, Tabei, Tazhong, Bachu and Tanan) (Fig. 1B)28,32. 
Multiple Phanerozoic tectonic events, related to global episodes, including Caledonian (Ordovician–Devonian), 
Hercynian (Carboniferous–Permian), Indosinian (Triassic), Yanshanian (Jurassic–Cretaceous) and Himalayan 
movements (Paleogene–Quaternary), have affected the basin (Fig. 2)30,31, that is filled with Paleozoic-Cenozoic 
sediments (Fig. 2)28,30. Cambrian–Ordovician carbonate rocks and Silurian–Devonian clastic rocks were depos-
ited in a marine environment (Fig. 2)27,30,33–35. A Carboniferous-Permian transitional basin was formed subse-
quently, after which continental clastic sediments were deposited during the Mesozoic to Cenozoic (Fig. 2)28,30,35.

Lower Silurian sandstone is a significant hydrocarbon reservoir in the Tarim Basin and accommodates 
abundant solid bitumen, and thus the reservoir is also named the Silurian bituminous sandstone (SBS)5,36. 
Hydrocarbons in the SBS have marine molecular and stable isotopic compositions and show genetic affinity to 

Figure 1. (A) Location of the Tarim Basin in China. (B) Map showing the locations of sampling drillholes.
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the underlying Cambrian-Ordovician source rocks36. The SBS is mainly distributed in the area surrounding the 
Manjiaer and Awati depressions36. Illite K-Ar geochronology shows that the timing of hydrocarbon charge in the 
SBS varies locally, owing to variation in the timing of hydrocarbon generation5,13.

Figure 2. Phanerozoic lithostratigraphic column of the Tarim Basin28.

No Drillhole Depth/m Strata Clay fraction size (μm)

Clay mineral content (%)

IR (%)f Potassium (%)g K-Ar age/MaI/Sb Ic Kd Ce

A YM35-1 5574 S1
a 0.3–0.15 97 0 0 3 5 6.07 287

B H6 6311.1 S1 0.3–0.15 92 4 4 0 20 5.1 125

C KQ1 2799.7 S1 0.3–0.15 66 11 0 23 25 4.95 389

D Q1 1719.1 S1 0.3–0.15 73 0 0 27 5 5.89 386

E TZ67 4642.78 S1 0.3–0.15 100 0 0 0 30 4.42 234

Table 1. Basic information concerning illitic samples in this study of the Tarim Basin. aS denotes Silurian. bI/S 
denotes mixed layer illite/smectite. cI denotes illite. dK denotes kaolinite. eC denotes chlorite. fIR (%) denotes 
interstratified ratio, i.e. the percentage of smectite layers in mixed layer illite/smectite. gPotassium (%) denotes 
K content in the samples. *Clay mineral content, IR values, K content and K-Ar age data for the samples in this 
study were reported in ref.13.

https://doi.org/10.1038/s41598-019-48988-3


4Scientific RepoRtS |         (2019) 9:12565  | https://doi.org/10.1038/s41598-019-48988-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

Sample Information and Analytical Method
The samples used in this study were 0.3–0.15 μm fractions of five clay samples utilized in the study of ref.13. The 
five illitic clay samples were separated from sandstone drillcores YM35-1, H6, KQ1, Q1 and TZ67 (Fig. 1B), using 
the method described in ref.13. Grain size fractions (<0.15, 0.15–0.3, 0.3–0.5 and 0.5–1.0 μm) were separated in 
distilled water using a progressive high-speed ultra-centrifuge13. The 0.3–0.15 μm fraction was selected for the 
Rb-Sr isotopic study based on the following considerations: (1) detrital minerals are generally coarser in size, 
whereas they may be mixed in the 0.5–0.3 and 1–0.5 μm size fractions5,9; (2) the finest fraction (<0.15 μm) may 

Figure 3. Strata histograms showing the sampling depth in each drillhole. (A) YM35-1; (B) H6; (C) KQ1;  
(D) Q1; and (E) TZ67.

Figure 4. Representative scanning electron microscope (SEM) images of illitic clays in the Silurian bituminous 
sandstone13. (A) Flaky ordered I/S particles in YM35-1. I/S particles contain small proportions of expandable 
smectite layers (interstratified ratio (IR) = 5%); (B) Flaky and filamentous ordered I/S particles in H6. 
I/S particles contain high proportions of expandable smectite layers (IR = 20%). (C) Honeycomb I/S and 
filamentous illites (I) in TZ67. I/S particles contain high proportions of expandable smectite layers (IR = 30%); 
(D) Honeycomb ordered I/S particles in TZ67. I/S particles contain high proportions of expandable smectite 
layers (IR = 30%).
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also contain inherited 87Sr atoms of detrital origin37,38. Thus, the 0.3–0.15 μm size fraction is the most appropriate 
for this study. Scanning electron microscopic (SEM) and X-ray powder diffraction (XRD) investigations by ref.13 
also confirmed the purity and authigenic origin of this size fraction. Ordered mixed layer illite/smectite (I/S) is 
the dominant species in all these samples with no detrital K-feldspar or illite identified13. Sample information, 
mineralogical information and K-Ar dating results and are listed in Table 1 and Figs 3 and 4.

The Rb-Sr chemistry and mass spectrometry analyses were completed at the State Key Laboratory of 
Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing. 
Five portions of each sample were randomly picked and each subsample was weighed so that 3–4 mg was 
obtained using an AG104 Mettler Toledo analytical balance. They were then dissolved with 87Rb-84Sr isotopic 
tracers in 0.1 mL HF (22N) and 0.03 mL HNO3 (14N) in screw-top PFA Savillex vials. The Rb and Sr fractions 
were separated and purified via a mini-column containing ~30 μL of Sr Spec resin21. Isotope ratios for Rb and 
Sr were determined using a multi-collector Triton plus TIMS instrument21,22. 87Sr/86Sr ratios were normalized 
to 88Sr/86Sr = 8.375209 using the exponential law. Duplicate analyses of Sr standard NBS987 during this study 
yielded a mean 87Sr/86Sr value of 0.710244 ± 0.000012 (2σ, n = 4) in good agreement with the reported value 
of 0.710251 ± 0.00001621. Analytical uncertainties for 87Rb/86Sr ratios were less than 1%. The blank during the 
analytical session was lower than 3 pg for Rb and 6 pg for Sr. The Rb-Sr isochron ages for samples were calcu-
lated using the ISOPLOT3.0 software39, applying a decay constant (λ87Rb) of 1.396 × 10-11 yr-1 40. Acids used 
during the Rb-Sr chemistry were all analytical reagent (AR) grade and were purified utilizing a SavillexTM DST-
1000 sub-boiling distillation system. Ultrapure water with resistivity of 18.2 MΩ cm-1 obtained from a Milli-Q 
Element system was used throughout this work. Errors of 87Rb/86Sr ratios are 1% (2σ).

Results
The results of Rb-Sr isotope dating of the five illite samples are presented in Table 2, Figs 5 and 6. The details for 
each sample are as follows:

YM35-1: Subsample A-3 has 87Sr/86Sr higher than the other subsamples (Table 2), and is not included in the 
calculations. The regression of the remaining four subsamples yields an isochron age of 111 ± 36 Ma (2σ, Fig. 6A). 
There is no obvious relation between 87Sr/86Sr and 1/Sr (Fig. 7A).

H6: Regression of the isotope data yields an isochron age of 148 ± 68 Ma (2σ, Fig. 6B). One subsample (B-4) 
slightly deviates from the isochron, and the regression without this point yields an identical age within uncer-
tainty (141 ± 61 Ma, 2σ, Fig. 6B). Initial 87Sr/86Sr (Sri) values of the two regressions also overlap within uncertainty 
(0.7137 ± 0.0069 and 0.7145 ± 0.0062, respectively, Fig. 6B). There is no relation between 87Sr/86Sr and 1/Sr, indi-
cating that the isochrons are not mixing lines (Fig. 7B).

ID No Rb (ppm) Sr (ppm) 87Rb/86Sr* 87Sr/86Sr Error (2σ)

Average value

Rb (ppm) Sr (ppm) 87Rb/86Sr

YM 35-1

A-1 371.6 80.97 13.35 0.760815 0.000009

380.0 81.57 13.54

A-2 457.6 96.04 13.86 0.761497 0.000012

A-3 249.7 54.01 13.45 0.762334 0.000014

A-4 422.1 91.06 13.49 0.760862 0.000012

A-5 399.1 85.76 13.54 0.761158 0.000013

H6

B-1 201.2 79.50 7.342 0.728876 0.000012

184.7 73.93 7.244

B-2 176.7 70.42 7.280 0.728789 0.000011

B-3 191.3 77.41 7.169 0.728541 0.000012

B-4 180.3 72.41 7.222 0.728740 0.000014

B-5 173.7 69.94 7.205 0.728636 0.000010

KQ1

C-1 265.4 155.0 4.971 0.735775 0.000012

223.0 138.5 4.680

C-2 231.9 142.9 4.709 0.734660 0.000013

C-3 223.3 145.6 4.449 0.733376 0.000014

C-4 235.2 152.6 4.473 0.733485 0.000014

C-5 159.2 96.27 4.800 0.735392 0.000012

Q1

D-1 227.7 58.18 11.40 0.774273 0.000014

203.2 51.90 11.43

D-2 215.3 58.53 10.71 0.769862 0.000013

D-3 215.9 51.81 12.15 0.779446 0.000010

D-4 183.2 46.73 11.42 0.774809 0.000013

D-5 173.7 44.26 11.45 0.775439 0.000014

TZ 67

E-1 120.2 78.10 4.462 0.724730 0.000012

105.4 72.16 4.267

E-2 100.5 81.84 3.559 0.721805 0.000013

E-3 103.7 64.98 4.629 0.725351 0.000010

E-4 93.24 59.98 4.507 0.724920 0.000012

E-5 109.4 75.92 4.176 0.723921 0.000013

Table 2. Rubidium-Strontium isotope data for illitic clays in this study of the Tarim Basin. *Error for 87Rb/86Sr 
ratio is 1% (2σ).
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KQ1: Regression of Rb-Sr data for the five subsamples yields an isochron age of 351 ± 97 Ma and Sri of 
0.7116 ± 0.0064 (2σ, Fig. 6C). One point slightly deviates from the main trend (C-5, Fig. 6C), and the regression 
without this point yields a similar isochron age of 332 ± 32 Ma and Sri of 0.7127 ± 0.0021 (2σ, Fig. 6C). There is no 
relation between 87Sr/86Sr and 1/Sr, indicating that the isochrons are not mixing lines (Fig. 7C).

Q1: Regression of all Rb-Sr data yields an age of 484 ± 51 Ma and a Sri of 0.6972 ± 0.0082 (2σ, Fig. 6D). A 
linear trend with a steeper slope is defined by the Rb-Sr isotope data of three subsamples (D-1, D-4 and D-5, 
Fig. 6D). The linear relation between 1/Sr and 87Sr/86Sr for the three subsamples suggests that this three-point 
“isochron” is a mixing line (Fig. 7D).

TZ67: Regression of Rb-Sr data yields a precise isochron age of 235 ± 8 Ma (2σ) with the Sri of 
0.71011 ± 0.00048 (Fig. 6E). There is no relation between 87Sr/86Sr and 1/Sr, indicating that the isochron is not a 
mixing line (Fig. 7E).

Discussion
Rb-Sr systematics of SBS illitic clays. To establish a Rb-Sr isochron, three criteria should be met: (1) 
a sufficient spread in 87Rb/86Sr, (2) homogeneous initial Sr isotopes (Sri), and (3) closed-system behavior6,7,9,16.

The mixed layer illite/smectite (I/S) is the dominant clay species in all the analyzed samples, totaling more 
than 50% of the entire clay composition (Table 1). The good negative correlation of 87Rb/86Sr with IR of I/S 
(Fig. 8A) implies that the 87Rb/86Sr ratio of the samples is controlled by the illitization of I/S. Smectite illitization 
is a ubiquitous process in the depositional environment41,42. I/S is composed of smectite and illite layers, and the 

Figure 5. Scatter plots of Rb vs Sr contents. (A) YM35-1; (B) H6; (C) KQ1; (D) Q1; and (E) TZ67.
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smectite can be transformed to illite with sufficient K supply41,42, as the negative relation between IR values and 
K contents shows in Fig. 8B. Because Rb has a geochemical behavior similar to K (Fig. 8C), Rb is also introduced 
to I/S during the illitization process (Fig. 8D). The broad positive correlation between the Sr contents and IR 
values of I/S indicates that the variation in Sr contents by illitization may be insignificant (Fig. 8E). Therefore, 
the Rb/Sr fractionation of clay samples is mainly controlled by the addition of Rb during the illitization of I/S. 
Subsample-scale Rb/Sr fractionation is also observed and the variation in 87Rb/86Sr ratio is generally below 1.5 
(Figs 6A–E). Such a small degree of Rb/Sr fractionation may be a response to the microscale chemical variation in 
the precipitation environment, and each analyzed subsample may contain I/S particles of slightly variable degrees 
of illitization.

Illitzation has the potential to homogenize the initial Sr isotopic composition of clays and the 87Rb/86Sr and 
87Sr/86Sr values for subsamples generally define a linear relation (Figs 6A–E). Regressions of the data of three sam-
ples, H6 (Fig. 6B), KQ1 (Fig. 6C) and TZ67 (Fig. 6E), yield isochron ages similar to the corresponding K-Ar ages 
and reflect the timing of illitization (Table 1). The consistency between Rb-Sr and K-Ar ages suggest that Sr iso-
topic homogeneity was attained during the illitization. Furthermore, the Rb-Sr age for TZ67 (235 ± 8 Ma, Fig. 6E), 
which contains 100% I/S (Table 1), has a better precision than H6 (141 ± 61 Ma, Fig. 6B) and KQ1 (332 ± 32 Ma, 
Fig. 6C), and this suggests that Sr isotopic homogenization may be easier attained within I/S particles than among 
different Sr-bearing phases (Table 1).

Figure 6. Scatter plots of 87Rb/86Sr vs 87Sr/86Sr ratios. The black line in each diagram is the isochron regressed 
from data of all subsamples. The red dash line is the isochron regressed through selected data. (A) YM35-1. The 
red dashed line is regressed without subsample A-3; (B) H6. The red dashed line is regressed without subsample 
B-4; (C) KQ1. The red dashed line is regressed without subsample C-5; (D) Q1. The red dashed line is regressed 
without subsamples D-2 and D-3; (E) TZ67.
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Closed-system behavior is another critical issue for Rb-Sr geochronology6. The isotope chronometer docu-
ments the time elapsed since the latest closure of the 87Rb-87Sr isotope system6. The acceptable Rb-Sr ages yielded 
by samples H6, KQ1 and TZ67 suggest that the Rb-Sr system in these samples did not undergo later disturbance. 
The Rb-Sr isotope system can show an open-system behavior during the illitization42, since it depends on the 
temperature and availability of reactants41. Thus, processes that change one of the conditions may terminate illiti-
zation and hence maintain a closed-system.

Geological significance of the Rb-Sr isochron ages. Geological factors such as burial, hydrothermal 
activity, and hydrocarbon charge can influence illitzation and reset the Rb-Sr isotope system in clays2,5,9.

Burial-induced temperature increments may increase the degree of illitization of clays, as temperatures 
increase with depth, facilitating illitization of I/S2,43,44. Burial history analyses show that the maximum tempera-
tures for the Silurian strata in H6, KQ1 and TZ67 were ~138 °C, ~180 °C and ~150 °C, respectively (Figs 9A–C)5,24, 
and not relevant to the respective IR of I/S (Table 1). Therefore, illitization of I/S in these samples may be more 
dependent on the availability of reactants.

Potassium, the dominant interlayer cation in illite, is a significant reactant for illitization and is more depleted 
in hydrocarbons compared to formation water in the reservoir. The hydrocarbon charge may, therefore, inhibit 
the illitization process and reset the Rb-Sr isotope chronometer3,5. The Rb-Sr ages for H6, KQ1 and TZ67 are con-
sistent with their K-Ar ages and the timing of hydrocarbon charge is constrained by basin modelling (Figs 9A–C. 
ref.13). Therefore, the Rb-Sr ages likely represent the timing of hydrocarbon charge in respective regions.

Figure 7. Scatter plots of 87Sr/86Sr vs 1/Sr ratios. (A) YM35-1; (B) H6; (C) KQ1; (D) Q1. The black dashed line is 
the regression of subsamples D-1, D-4 and D-5; (E) TZ67.
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9Scientific RepoRtS |         (2019) 9:12565  | https://doi.org/10.1038/s41598-019-48988-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

The new Rb-Sr age data therefore support the hypothesis of ref.13 that the timing of hydrocarbon charge in 
the Silurian reservoir varies locally. The hydrocarbon charge occurred earlier in the east of the Manjiaer depres-
sion (late Caledonian-Hercynian) compared to the southwest (Indosinian) and northwest of the depression 
(Yanshanian) (Fig. 9D). The Manjiaer depression is a major tectonic unit accommodating mature source rocks 
in the Tarim Basin and hydrocarbons discovered in the SBS around the depression have been demonstrated to 
be generated by source rocks within the depression45. Modelling implies that source rocks in the east side of the 
Majiaer Depression reached the maturity window earlier than in the west side of the depression45, resulting in the 
earlier timing of hydrocarbon accumulation in KQ1 than H6 and TZ67 (Fig. 9D). The earlier timing of hydrocar-
bon charge in TZ67 than in H6 may be due to the shorter distance between drillhole TZ67 and the source kitchen, 
which was located near the Tazhong uplift during the late Hercynian5.

implications for Rb-Sr clay hydrocarbon charge geochronology. This study presents new Rb-Sr 
isotope data for five SBS illitic clay samples from the Tarim Basin and shows that a sufficient spread in 87Rb/86Sr 
occurs at the subsample scale to allow construction of an isochron. Regressions of Rb-Sr data for samples H6, 
KQ1, and TZ67 yield three ages: 141 ± 61 Ma (2σ, Fig. 6B), 332 ± 32 Ma (2σ, Fig. 6C) and 235 ± 8 Ma (2σ, Fig. 6E), 
respectively. These Rb-Sr isochron ages are consistent with the timing of hydrocarbon charge as determined by 

Figure 8. The average Rb-Sr contents and 87Rb/86Sr ratios of each sample are compared with the XRD data. 
(A) 87Rb/86Sr vs interstratified ratio (IR) of I/S. IR is the percentage of smectite layers in I/S; (B) potassium (K) 
content vs IR of I/S; (C) Rb content vs K content; (D) Rb content vs IR of I/S; (E) Sr content vs IR of I/S.
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K-Ar geochronology (125 Ma, 389 Ma and 234 Ma, respectively, Table 1) and basin modelling results13. Therefore, 
the dating method used in this study has the potential to broadly constrain the timing of hydrocarbon charge.

The Rb-Sr isotope data of samples YM35-1 and Q1 did not yield acceptable isochron ages (Fig. 6A,D). For 
the mixed-layer illite/smectite, the K and Ar atoms reside in the interlayer space6. The closure of the K-Ar iso-
tope system is mainly influenced by heat-induced Ar-exchange46 and the closure temperature is estimated to be 
260 ± 30 °C47. The burial history of the studied area shows that the maximum temperature of Silurian strata was 
100–180 °C, which is below this temperature48. Therefore, the K-Ar isotope system is unlikely to be disturbed 
by later events. For the Rb-Sr isotope system, besides being hosted in the interlayer sites, a portion of the Rb-Sr 
atoms are absorbed by the external surface of I/S particles49,50. The Rb-Sr atoms hosted by the interlayer sites 
should be inert to external influence, whereas those absorbed by the external surface are readily removed by 
hydrothermal fluids46. Therefore, the Rb-Sr isotope system in I/S is more sensitive to hydrothermal fluids46. There 
was widespread hydrothermal flow in the Tarim Basin during the early Permian, associated with the 300-275 Ma 
Tarim Large Igneous Province (LIP)51,52. The hydrothermal events extensively influenced the western and Central 
Tarim Basin (Fig. 1B)53–55. Sample KQ1 was collected from the eastern Tarim Basin, where the influence of the 
Tarim LIP is insignificant (Fig. 1B), whereas samples YM35-1, H6, Q1 and TZ67 were collected from the area 

Figure 9. Based on the Rb-Sr and K-Ar age data and basin modelling results, the timing of hydrocarbon charge 
in the SBS of is constrained: (A) H6, Yanshanian period; (B) KQ1, Late Caledonian to Hercynian period and (C) 
TZ67, Indosinian period. (D) Generalized map showing the timing of hydrocarbon charge.

Figure 10. Schematic diagram showing the temporal and spatial relation between the hydrocarbon charge and 
early Permian Tarim LIP in the Tarim Basin.
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affected by the Tarim LIP (Fig. 1B). The hydrocarbon charge in samples H6 and TZ67 occurred subsequent to 
the Tarim LIP (Fig. 10)13, thus, the Rb-Sr isotope system in these samples can record the timing of hydrocarbon 
charge, which is the latest event in the region. In contrast, the timing of hydrocarbon charge in samples YM35-1 
and Q1 is older than the Tarim LIP (Fig. 10). Therefore, the Rb-Sr isotope chronometer that originally recorded 
the timing of hydrocarbon charge was most likely disturbed by hydrothermal activity (e.g. hydrothermal leaching 
of Rb/Sr atoms at easily-exchangeable sites of clays) associated with the LIP. Hydrothermal alteration may result 
in extensive subsample-scale redistribution of Rb-Sr atoms (e.g. sample YM35-1), or Sr isotopic heterogeneity, 
which further results in an apparent age for Q1 (484 Ma, an early Ordovician age) that is older than the formation 
age of the host (early Silurian).

conclusions
This study involved subsample scale (3–4 mg) Rb-Sr isotopic analysis of illtic clays utilizing samples from the 
Silurian bituminous sandstone (SBS) in the Tarim Basin, NW China. The results show that the Rb-Sr dating 
method has potential for dating hydrocarbon systems.

(1) The Rb-Sr analyses for samples H6, KQ1 and TZ67 yield isochron ages of 141 ± 61 Ma, 332 ± 32 Ma and 
235 ± 8 Ma (errors quoted at 2σ), respectively. These ages are similar to the corresponding K-Ar ages (125 Ma, 
389 Ma and 234 Ma, respectively), previously determined on the same samples in ref.13.

(2) Mixed-layer illite/smectite (I/S) is the dominant clay species (>50%) in all the samples. The illitization of 
smectite layers in I/S introduces Rb to clays, thus fractionating the 87Rb/86Sr ratios. Minor Rb/Sr fractionation is 
observed at the subsample scale and suggests that each subsample may contain I/S particles of slightly variable 
degree of illitization. Smectite illitization also has the potential to homogenize the initial Sr isotopic composition 
of clays as evidenced by the Rb-Sr isochrons yielded in this study. Hydrocarbon charge may cease the illitization 
process and result in closed-system behavior of the Rb-Sr isotope system in clays. Therefore, the Rb-Sr isochron 
ages for samples H6, KQ1 and TZ67 are interpreted as recording the timing of hydrocarbon charge: they are con-
sistent with basin modelling results.

(3) Rb-Sr isotope analysis for samples YM35-1 and Q1 did not yield acceptable isochrons for constraining the 
timing of hydrocarbon charge. This may be caused by post-charge hydrothermal activity associated with the early 
Permian Tarim LIP. Hydrothermal alteration may result in extensive subsample-scale redistribution of Rb-Sr 
atoms (e.g. sample YM35-1), or generate Sr isotopic heterogeneity, which results in an apparent age that is older 
than the formation age of the host (e.g. Q1).

References
 1. Busch, B., Hilgers, C., Lander, R. H., Bonnell, L. M. & Adelmann, D. Reservoir quality and burial model evaluation by kinetic quartz 

and illite cementation modeling: Case study of Rotliegendes, north Germany. AAPG Bulletin 102, 293–307 (2018).
 2. Ehrenberg, S. & Nadeau, P. Formation of diagenetic illite in sandstones of the Garn Formation, Haltenbanken area, Mid-Norwegian 

continental shelf. Clay Minerals 24, 233–253 (1989).
 3. Hamilton, P., Kelley, S. & Fallick, A. E. K-Ar dating of illite in hydrocarbon reservoirs. Clay Minerals 24, 215–231 (1989).
 4. Pollastro, R. M. Considerations and applications of the illite/smectite geothermometer in hydrocarbon-bearing rocks of Miocene to 

Mississippian age. Clays and Clay minerals 41, 119–119 (1993).
 5. Zhang, Y., Zwingmann, H., Liu, K., Todd, A. & Luo, X. Hydrocarbon charge history of the Silurian bituminous sandstone reservoirs 

in the Tazhong uplift, Tarim Basin, China. AAPG bulletin 95, 395–412 (2011).
 6. Clauer, N., Williams, L. B. & Fallick, A. E. Genesis of nanometric illite crystals elucidated by light-element (hydrogen, lithium, boron 

and oxygen) isotope tracing, and K–Ar and Rb–Sr dating. Chemical Geology 383, 26–50 (2014).
 7. Gorokhov, I., Siedlecka, A., Roberts, D., Melnikov, N. & Turchenko, T. Rb–Sr dating of diagenetic illite in Neoproterozoic shales, 

Varanger Peninsula, northern Norway. Geological Magazine 138, 541–562 (2001).
 8. Morton, J. P. Rb-Sr dating of diagenesis and source age of clays in Upper Devonian black shales of Texas. Geological Society of 

America Bulletin 96, 1043–1049 (1985).
 9. Uysal, I. T., Golding, S. D. & Thiede, D. S. K–Ar and Rb–Sr dating of authigenic illite–smectite in Late Permian coal measures, 

Queensland, Australia: implication for thermal history. Chemical Geology 171, 195–211 (2001).
 10. Zwingmann, H., Clauer, N. & Gaupp, R. Structure-related geochemical (REE) and isotopic (K-Ar, Rb-Sr, δ18O) characteristics of clay 

minerals from Rotliegend sandstone reservoirs (Permian, northern Germany). Geochimica et Cosmochimica Acta 63, 2805–2823 (1999).
 11. Wasserburg, G., Hayden, R. & Jensen, K. J. A40-K40 dating of igneous rocks and sediments. Geochimica et Cosmochimica Acta 10, 

153–165 (1956).
 12. Clauer, N. The K-Ar and 40Ar/39Ar methods revisited for dating fine-grained K-bearing clay minerals. Chemical Geology 354, 

163–185 (2013).
 13. Zhang, Y., Liu, K. & Luo, X. Evaluation of 40Ar/39Ar Geochronology of Authigenic Illites in Determining Hydrocarbon Charge 

Timing: A Case Study from the Silurian Bituminous Sandstone Reservoirs, Tarim Basin, China. Acta Geologica Sinica (English 
Edition) 90, 684–703 (2016).

 14. Clauer, N., Jourdan, F. & Zwingmann, H. Dating petroleum emplacement by illite 40Ar/39Ar laser stepwise heating: Discussion. 
AAPG Bulletin 95, 2107–2111 (2011).

 15. Yun, J.-B., Shi, H.-S., Zhu, J.-Z., Zhao, L.-H. & Qiu, H.-N. Dating petroleum emplacement by illite 40Ar/39Ar laser stepwise heating. 
AAPG bulletin 94, 759–771 (2010).

 16. Middleton, A. W., Uysal, I. T., Bryan, S. E., Hall, C. M. & Golding, S. D. Integrating 40Ar–39Ar, 87Rb–87Sr and 147Sm–143Nd 
geochronology of authigenic illite to evaluate tectonic reactivation in an intraplate setting, central Australia. Geochimica et 
Cosmochimica Acta 134, 155–174 (2014).

 17. Bofinger, V., Compston, W. & Vernon, M. The application of acid leaching to the Rb-Sr dating of a Middle Ordovician shale. 
Geochimica et Cosmochimica Acta 32, 823–833 (1968).

 18. Morton, J. P. Rb-Sr evidence for punctuated illite/smectite diagenesis in the Oligocene Frio Formation, Texas Gulf Coast. Geological 
Society of America Bulletin 96, 114–122 (1985).

 19. Mutlu, H. et al. Rb–Sr systematics of fault gouges from the North Anatolian Fault Zone (Turkey). Journal of Structural Geology 32, 
216–221 (2010).

 20. Clauer, N., Chaudhuri, S., Kralik, M. & Bonnot-Courtois, C. Effects of experimental leaching on Rb|Sr and K| Ar isotopic systems 
and REE contents of diagenetic illite. Chemical Geology 103, 1–16 (1993).

 21. Li, C.-F. et al. A rapid single column separation scheme for high-precision Sr–Nd–Pb isotopic analysis in geological samples using 
thermal ionization mass spectrometry. Analytical. Methods 7, 4793–4802 (2015).

https://doi.org/10.1038/s41598-019-48988-3


1 2Scientific RepoRtS |         (2019) 9:12565  | https://doi.org/10.1038/s41598-019-48988-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 22. Li, C.-F., Guo, J.-H., Chu, Z.-Y., Feng, L.-J. & Wang, X.-C. Direct High-Precision Measurements of the 87Sr/86Sr Isotope Ratio in 
Natural Water without Chemical Separation Using Thermal Ionization Mass Spectrometry Equipped with 1012 Ω Resistors. 
Analytical chemistry 87, 7426–7432 (2015).

 23. Zhu, G. et al. Alteration and multi-stage accumulation of oil and gas in the Ordovician of the Tabei Uplift, Tarim Basin, NW China: 
Implications for genetic origin of the diverse hydrocarbons. Marine and Petroleum Geology 46, 234–250 (2013).

 24. Zhu, G. et al. The occurrence of ultra-deep heavy oils in the Tabei Uplift of the Tarim Basin, NW China. Organic Geochemistry 52, 
88–102 (2012).

 25. Zhu, G. et al. A well-preserved 250 million-year-old oil accumulation in the Tarim Basin, western China: Implications for 
hydrocarbon exploration in old and deep basins. Marine and Petroleum Geology 43, 478–488 (2013).

 26. Zhu, G. et al. Accumulation and reformation of Silurian reservoir in the northern Tarim Basin. Acta geologica sinica (English edition) 
86, 209–225 (2012).

 27. Hanson, A., Zhang, S., Moldowan, J., Liang, D. & Zhang, B. Molecular organic geochemistry of the Tarim Basin, northwest China. 
AAPG bulletin 84, 1109–1128 (2000).

 28. Hu, S., Wilkes, H., Horsfield, B., Chen, H. & Li, S. On the origin, mixing and alteration of crude oils in the Tarim Basin. Organic 
Geochemistry 97, 17–34 (2016).

 29. Huang, H., Zhang, S. & Su, J. Palaeozoic oil–source correlation in the Tarim Basin, NW China: A review. Organic Geochemistry 94, 
32–46 (2016).

 30. Jia, C. & Wei, G. Structural characteristics and petroliferous features of Tarim Basin. Chinese Science Bulletin 47, 1–11 (2002).
 31. Kang, Y. & Kang, Z. Tectonic evolution and oil and gas of Tarim Basin. Journal of Southeast Asian Earth Sciences 13, 317–325 (1996).
 32. Li, S. et al. Origin and quantitative source assessment of deep oils in the Tazhong Uplift, Tarim Basin. Organic Geochemistry 78, 1–22 

(2015).
 33. Luo, X., Zhao, Z. & Meng, Y. Application of an odd/even predominance of n-alkanes in oil–source rock correlation: taking the lower 

Paleozoic strata of the Tarim Basin as an example. Toxicological & Environmental Chemistry 97, 409–416 (2015).
 34. Xiao, Z. et al. Source, oil charging history and filling pathways of the Ordovician carbonate reservoir in the Halahatang Oilfield, 

Tarim Basin, NW China. Marine and Petroleum Geology 73, 59–71 (2016).
 35. Guo, X. et al. Hydrocarbon accumulation processes in the Dabei tight-gas reservoirs, Kuqa Subbasin, Tarim Basin, northwest China. 

AAPG Bulletin 100, 1501–1521 (2016).
 36. Tian, H. et al. Formation and evolution of Silurian paleo-oil pools in the Tarim Basin, NW China. Organic Geochemistry 39, 

1281–1293 (2008).
 37. Clauer, N., Giblin, P. & Lucas, J. Sr and Ar isotope studies of detrital smectites from the Atlantic Ocean (DSDP, Legs 43, 48 and 50). 

Chemical geology 46, 141–151 (1984).
 38. Clauer, N., Środoń, J., Francu, J. & Šucha, V. K-Ar dating of illite fundamental particles separated from illite-smectite. Clay Minerals 

32, 181–196 (1997).
 39. Ludwig, K. User’s manual for Isoplot 3.00: a geochronological toolkit for Microsoft Excel. Barkeley Geochronology Center. Special 

publication 4, 1–71 (2003).
 40. Rotenberg, E., Davis, D. W., Amelin, Y., Ghosh, S. & Bergquist, B. A. Determination of the decay-constant of 87Rb by laboratory 

accumulation of 87Sr. Geochimica et Cosmochimica Acta 85, 41–57 (2012).
 41. Bethke, C. M., Vergo, N. & Altaner, S. P. Pathways of smectite illitization. Clays and Clay Minerals. 34, 125–135 (1986).
 42. Altaner, S. P. & Ylagan, R. F. Comparison of structural models of mixed-layer illite/smectite and reaction mechanisms of smectite 

illitization. Clays and Clay Minerals 45, 517–533 (1997).
 43. Franks, S. G. & Zwingmann, H. Origin and timing of late diagenetic illite in the Permian–Carboniferous Unayzah sandstone 

reservoirs of Saudi Arabia. AAPG Bulletin 94, 1133–1159 (2010).
 44. Środo, J., Clauer, N., Huff, W., Dudek, T. & Bana, M. K-Ar dating of the Lower Palaeozoic K-bentonites from the Baltic Basin and the 

Baltic Shield: implications for the role of temperature and time in the illitization of smectite. Clay Minerals 44, 361–387 (2009).
 45. Zhao, M.-J. et al. Lower palaeozoic source rocks in Manjiaer sag, Tarim Basin. Petroleum Exploration and Development 35, 417–423 (2008).
 46. Kralik, M. Interpretation of K–Ar and Rb–Sr data from fine fractions of weakly metamorphosed shales and carbonate rocks at the base 

of the northern calcareous Alps (Salzburg, Austria). Tschermaks Mineralogische und Petrographische Mitteilungen 32, 49–67 (1983).
 47. Evans, J. Dating the transition of smectite to illite in Palaeozoic mudrocks using the Rb–Sr whole-rock technique. Journal of the 

Geological Society 153, 101–108 (1996).
 48. Youyu, Z., Keyu, L. & Xiuquan, L. Geochronology of Authigenic Illite: Principles, Methods and Applications. Science Press. Beijing. 

184, 313 (2016).
 49. Chaudhuri, S. & Brookins, D. G. The Rb-Sr systematics in acid-leached clay minerals. Chemical Geology 24, 231–242 (1979).
 50. Gorokhov, I. et al. Rb-Sr systematics of Vendian-Cambrian claystones from the east European Platform: implications for a multi-

stage illite evolution. Chemical Geology 112, 71–89 (1994).
 51. Xu, Y.-G., Wei, X., Luo, Z.-Y., Liu, H.-Q. & Cao, J. The Early Permian Tarim Large Igneous Province: main characteristics and a 

plume incubation model. Lithos 204, 20–35 (2014).
 52. Zhou, M.-F. et al. OIB-like, heterogeneous mantle sources of Permian basaltic magmatism in the western Tarim Basin, NW China: 

implications for a possible Permian large igneous province. Lithos 113, 583–594 (2009).
 53. Cai, C., Li, K., Li, H. & Zhang, B. Evidence for cross formational hot brine flow from integrated 87Sr/86Sr, REE and fluid inclusions of 

the Ordovician veins in Central Tarim, China. Applied Geochemistry 23, 2226–2235 (2008).
 54. Li, K. et al. Origin of palaeo‐waters in the Ordovician carbonates in Tahe oilfield, Tarim Basin: constraints from fluid inclusions and 

Sr, C and O isotopes. Geofluids 11, 71–86 (2011).
 55. Jin, Z., Zhu, D., Zhang, X., Hu, W. & Song, Y. Hydrothermally fluoritized Ordovician carbonates as reservoir rocks in the Tazhong 

area, central Tarim Basin, NW China. Journal of Petroleum Geology 29, 27–40 (2006).

Acknowledgements
This work was supported by the Science Foundation of Chang’an University (grant number 310827163412), and 
Strategic Priority Research Program of the Chinese Academy of Sciences (Grant No. XDA14010401). We would 
like to express special thanks to editor Dan Zhu for handling the manuscript and two anonymous reviewers for 
their constructive comments.

Author contributions
Shaojie Li interpreted the data and wrote the manuscript. Xuan-Ce Wang helped perform the chemical and 
isotopic analyses and evaluate the conclusions. Chao-Feng Li helped with Rb-Sr-Pb isotopic analysis and 
evaluated the data and conclusions. Simon Wilde evaluated the conclusions and improved the language. Youyu 
Zhang and Keyu Liu provided samples. Sue Golding evaluated the isotope data and conclusions and improved 
the language quality. Yuxiang Zhang helped improve the quality of the figures, tables and language. All authors 
contributed to the proofreading.

https://doi.org/10.1038/s41598-019-48988-3


13Scientific RepoRtS |         (2019) 9:12565  | https://doi.org/10.1038/s41598-019-48988-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-48988-3
http://creativecommons.org/licenses/by/4.0/

	Direct Rubidium-Strontium Dating of Hydrocarbon Charge Using Small Authigenic Illitic Clay Aliquots from the Silurian Bitum ...
	Geological Background
	Sample Information and Analytical Method
	Results
	Discussion
	Rb-Sr systematics of SBS illitic clays. 
	Geological significance of the Rb-Sr isochron ages. 
	Implications for Rb-Sr clay hydrocarbon charge geochronology. 

	Conclusions
	Acknowledgements
	Figure 1 (A) Location of the Tarim Basin in China.
	Figure 2 Phanerozoic lithostratigraphic column of the Tarim Basin28.
	Figure 3 Strata histograms showing the sampling depth in each drillhole.
	Figure 4 Representative scanning electron microscope (SEM) images of illitic clays in the Silurian bituminous sandstone13.
	Figure 5 Scatter plots of Rb vs Sr contents.
	Figure 6 Scatter plots of 87Rb/86Sr vs 87Sr/86Sr ratios.
	Figure 7 Scatter plots of 87Sr/86Sr vs 1/Sr ratios.
	Figure 8 The average Rb-Sr contents and 87Rb/86Sr ratios of each sample are compared with the XRD data.
	Figure 9 Based on the Rb-Sr and K-Ar age data and basin modelling results, the timing of hydrocarbon charge in the SBS of is constrained: (A) H6, Yanshanian period (B) KQ1, Late Caledonian to Hercynian period and (C) TZ67, Indosinian period.
	Figure 10 Schematic diagram showing the temporal and spatial relation between the hydrocarbon charge and early Permian Tarim LIP in the Tarim Basin.
	Table 1 Basic information concerning illitic samples in this study of the Tarim Basin.
	Table 2 Rubidium-Strontium isotope data for illitic clays in this study of the Tarim Basin.




