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Abstract In the Ordovician, a carbonate platform system grading from the platformal interior
eastwards to basin was developed in the Tazhong area of the Tarim Basin, and the study column is
located in the place where the paleoslope occurred. The isotope compositions of the carbonates
there are thus considered as having reflected those of simultaneous sea waters in view of its good
connection with the open seas. The carbon and strontium isotope compositions of the Ordovician
carbonates in the Tazhong area are analyzed, and their relationships to the sea-level fluctuations
are discussed as well. Studies have revealed that the carbon isotope composition is related posi-
tively with the sea-level fluctuations, whereas an opposing situation occurs to the strontium isotope
variation. Similar responses of carbon and strontium isotope compositions to the sea-level fluctua-
tions are reported elsewhere in the world, suggesting that the Ordovician sea-level fluctuations of
the Tarim Basin were of eustatic implication.
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The carbon isotope in the nature is stored mainly in two carbon reservoirs, organic carbon
and carbonate carbon. The *3C value of marine carbonates mainly depends on the relative amount
of the two carbon reservoirs, of which the oxygenated carbon is dominated by carbonate sedi-
ments rich in *3C, while the reduced one is dominated by organic carbons rich in **C. Many au-
thors™ ™ have extensively studied the secular variation of carbon isotope composition of carbon-
ate rocks since the Phanerozoic in order to document the global carbon cycles, carbon fluxes, cli-
matic changes and sea-level fluctuations.

Generally, most of Sr being input into the ocean is derived from the continental weathering,
87Sr/%sr ratio is hence a combined reflection of the continental surface, all rocks and surficial ar-
eas subject to the chemical weathering in ocean basins®. In this case, the time-dependent varia-
tion of ®’Sr/*Sr is interpreted as having been resulted from the differential supplies of Sr amounts
between different sources!®. As the sea-level rises, weathering slows down and surface runoffs
decrease, leading to a less supply of Sr from the sialtic weathered zone on the crust, and subse-
quently resulting in the decrease of ®’Sr/®Sr ratio in the ocean. By the contrast, the sea-level fall
results in the increase of ®’Sr/®®Sr ratio in the ocean. The variation of strontium isotope composi-
tions is, therefore, an indicator of sea-level fluctuations to some extent.
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The carbon and strontium isotope compositions and variations of primary carbonates in the
geologic record are important approaches to study global events such as weathering, orogeny, cli-
mate and sea-level changes, and to the global correlation” . However, less attention has been paid
to the strontium isotope variations for the Lower Paleozoic, especially for the Ordoviciant*> 4.
Scattered relevant studies, mainly involving in the Upper Proterozoic to the Lower Paleozoic (7. 18]
Devonian-Carboniferous™ 2% and Permian®?, have been reported elsewhere in China, but no
study on the aspect of the Ordovician strontium isotope has been conducted. This study aims to
document the carbon and strontium isotope compositions of the Ordovician marine carbonates and

their responses to sea-level fluctuations.
1 Geological setting and sampling

The sample locality is situated at the Tazhong area of the Tarim Basin, where a transitional
zone between the carbonate platform and the basin from west to east was developed in the Ordo-
vician. The well Tazhong 12 is chosen as the representative of this study since a platform marginal
environment, which was sensitive to sea-level fluctuations and circulated well with the open sea,
is identified in the borehole cores. The unaltered micritic limestones, which most likely represent
the primary carbon and strontium isotope compositions of the sea water, were sampled. 86 sam-
ples were collected from four borehole cores, of which 42 are from well Tazhong 12, 13 from well
Tazhong 29, 20 from well Tazhong 30 and 11 from well Badong 2. 656m of the Ordovician
strata was penetrated (4644—5300 m below surface) in Tazhong 12. The Lower Ordovician is
located from 5120 to 5300 m depth, containing conodonts Scolopodus asperus, S. bicostatus, S.
opimus and Drepanodus suberectus; the Upper Ordovician is located from 4644 to 5120 m depth,
containing conodonts Pseudobelodrna indinata, Plecpodrna bidentata, Aphelognathus sp. and
Oulodus sp., and corals Quepora sp., Heliolitis sp. and Eofletckeriella sp. The sampling interval is
15.62 m in average, which can meet the requirement of documenting the long-term variations of
carbon and strontium isotopic composition.

2 Methods and results

The carbon isotope analyses were carried out at the C-O Isotope Laboratory of Institute of
Geology and Geophysics, Chinese Academy of Sciences. Carbon (and oxygen) isotope composi-
tions were detected in a MAT-251 mass spectrometre, and the isotopic ratios were reported in %o
relative to the PDB standard. Duplicate precision of analysis was better than 0.08%.. The stron-
tium isotope analyses were performed at the Rb-Sr Isotope Ultraclean Laboratory of Institute of
Geology and Geophysics, Chinese Academy of Sciences. Unaltered micrites were chosen and
ground into powders, then were dissolved with 2.5 mol/L HCI; the residues were re-dissolved with
HF + HCIO, in a Teflon container at a low temperature. Rb and Sr were separated with AG50W X
8 (H") cation exchange column. Isotopic ratios were measured on a VG354 solid mass spectrome-
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tre. Duplicate precision of analysis was better than 0.03%o.

The analysis results indicate that 5**C value is generally in the range of — 4.52%0 —2.71%o
in wells of Tazhong 12, 29, 30 and Badong 2, mostly close to 1%o, within the range for the normal
marine carbonates. 42 samples were collected in well Tazhong 12, with a maximum value of §°C
up to 2.10%o, and a minimum of —1.45%.. The &**C of the Lower Ordovician is relatively low, in
the range of — 1.45%0—— 0.17 %o with an average of —1.08 %o. Relatively high values of 5*C
occur in the Mid-Upper Ordovician, in the range of — 0.15%0.—2.10 %o with an average of 0.92 %o
(fig. 1, table 1).

The ¥Sr/%sr ratios vary between 0.707 and 0.710 in the wells of Tazhong 12, 29, 30 and
Badong 2, generally in the range for the normal marine carbonates. In well Tazhong 12, the
87Sr/%Sr ratios are in the range of 0.7073—0.7094, with an average of 0.7083; and those in well
Tazhong 29 are in the range of 0.7080—0.7084, with an average of 0.7083. In well Tazhong 30,
the ratios are in the range of 0.7080—0.7088, with an average of 0.7083, and those in well Ba-
dong 2 are in the range of 0.7081—0.7083, with an average of 0.7082. The average isotopic ratio
of the four wells is 0.7082 (table 1, fig. 1).
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Fig. 1. The relationships between sea-level fluctuations and 5°C, Sr/®Sr values in the Ordovician of well Tazhong 12.
1, Mixed shelf facies; 2, shelf storm sedimentary facies; 3, open platform facies; 4, restricted platform facies.
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Table 1 6°C and ®’Sr/ %Sr values of the Ordovician carbonate rocks in the Tazhong area of the Tarim Basin

Sample  Depth/m  ¥Sr/®sr  §°C(%0)  5°0(%0) Sample Depth/m  ¥'Sr/%sr  §°C(%0) & O(%o)
TZ12-44 4644.00 0.70801 -0.03 -5.98 TZ29-18 4523.40 — —-0.60 -7.97
TZ12-48 4652.20 0.70815 0.56 -8.16 TZ29-20 4856.70 — 0.00 -6.98
TZ12-50 4658.40 0.70796 1.31 —7.58 TZ29-21 5005.52 — —-4.52 -9.86
TZ12-52 4663.60 0.70819 1.19 -7.71 TZ29-23 5202.39 — -0.14 -8.21
TZ12-54 4670.38 0.70798 0.96 -5.95 TZ29-25 5380.06 — 2.25 -7.35
TZ12-56 4676.08 0.70805 0.99 -6.51 TZ29-28 5386.65 — 2.17 -6.87
TZ12-59 4685.75 0.70789 0.96 -6.35 TZ29-29 5546.70 — 1.73 -7.32
TZ12-60 4688.75 0.70816 -0.15 -6.26 TZ29-32 5552.00 — 2.00 -7.03
TZ12-62 4694.08 0.70827 1.35 -6.38 TZ29-34 5645.80 — 2.71 -7.00
TZ12-64 4700.48 0.70887 2.09 -6.47 TZ29-35 6273.00 0.70844 1.77 —6.60
TZ12-68 4714.60 0.70782 1.22 -6.10 TZ29-39 6284.32 0.70827 1.30 -5.15
TZ12-70 4720.00 0.70813 1.44 -5.65 TZ29-43 4914.50 0.70805 1.36 -4.17
TZ12-72 4724.90 0.70809 1.40 -5.95 TZ30-2 4467.50 — 1.35 -3.34
TZ12-74 4730.90 0.70820 2.10 —-4.54 TZ30-5 4472.00 — 0.40 -7.01
TZ12-76 4736.90 0.70744 1.21 -6.05 TZ30-6 4780.40 — -0.65 -8.77
TZ12-78 4744.40 0.70823 0.76 -5.83 TZ30-9 4786.40 — -0.85 —6.86
TZ12-80 5251.60 0.70731 0.76 -5.27 TZ30-12 4891.20 — 0.66 -5.49
TZ12-82 4809.00 — 2.00 -7.03 TZ30-16 4986.00 0.70809 0.96 -5.79
TZ12-84 4815.00 0.70784 0.62 -4.80 TZ30-18 4523.40 — 1.01 -6.07
TZ12-86 4874.00 0.70838 1.80 -5.64 TZ30-22 5028.80 0.70827 1.04 -5.70
TZ12-89 4883.00 — -0.65 -8.77 TZ30-26 5010.90 — 1.16 —6.89
TZ12-90 4885.00 — -0.85 —-6.86 TZ30-30 5022.80 — 1.22 -7.82
TZ12-92 4966.10 0.70842 1.83 -4.73 TZ30-32 5080.80 0.70879 1.29 -5.53
TZ12-94 4972.10 — 1.04 -5.70 TZ30-34 5034.80 — 1.47 -6.03
TZ12-96 4976.60 0.70853 2.02 -4.85 TZ30-36 5041.40 — 0.98 —5.59
TZ12-98 5068.50 0.70875 -0.10 -4.30 TZ30-40 5053.50 — 143 —5.46
TZ12-99 5072.00 — 0.98 -5.59 TZ30-45 5067.80 — 0.95 -5.43

TZ12-100 5075.00 — 143 -5.46 TZ30-46 5101.75 0.70821 1.22 -5.92
TZ12-102 5172.50 0.70879 -1.05 -6.83 TZ30-47 5088.18 — 1.72 -5.49
TZ12-103 5176.00 0.70871 -1.12 -7.47 TZ30-48 5089.60 — 194 -5.40
TZ12-106  5203.90 0.70895 -0.83 -6.80 TZ30-49 5092.95 — 1.68 -5.27
TZ12-108  5209.40 0.70887 -1.32 -7.10 TZ30-52 4303.34 0.70808 1.75 —5.67
TZ12-112 5221.90 0.70886 1.23 -6.77 BD2-18 4250.60 — 1.06 -8.13
TZ12-114 5227.90 0.70891 1.23 -6.95 BD2-19 4296.34 — 1.15 -7.05
TZ12-116 5233.40 0.70806 -1.45 -8.82 BD2-23 4304.14 0.70831 1.32 -5.24
TZ12-118 5240.51 0.70892 -0.17 -9.12 BD2-27 4312.14 — 1.52 -5.48
TZ12-119 5243.80 0.70897 -0.93 -7.89 BD2-29 4398.10 — 2.40 —4.46
TZ12-120  5245.30 0.70730 -0.96 -4.94 BD2-30 4400.80 0.70813 2.43 —-4.52
TZ12-121 5249.30 0.70827 -0.92 -5.98 BD2-31 4403.50 — 2.62 —-4.84
TZ12-122 5251.60 0.70731 -1.28 -5.14 BD2-32 4483.00 — 2.19 -4.71
TZ12-123  5296.00 — -1.21 —-4.17 BD2-33 4486.23 0.70833 1.69 -6.44
TZ12-124  5300.00 0.70829 -1.37 -4.82 BD2-34 4682.00 — 1.39 -5.17
TZ29-17 4430.23 — -2.52 -10.99 BD2-35 4684.50 0.70938 1.24 -5.61

3 Carbon and strontium isotope compositions and their relationships to sea-level fluctua-
tions

3.1 Carbon isotopes
The carbon isotopes of the Early Ordovician in the Tazhong area are relatively light. In the
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well Tazhong 12 (5176—6296 m below surface), for example, the 5§~°C is mostly negative, rang-

ing from —1.45%o to 0.17 %o, with an average of —1.08 %o. A rapid increase of 5~C value from
-1.12%0 up to 2.02 %o occurred in the transitional period from the Early Ordovician to the
Mid-Late Ordovician (5176 — 4976 m deep) (fig. 1). 5°C is mostly positive, ranging from 0.15%o
to 2.10 %o, with an average of 0.92 %o, apparently heavier than that of the Lower Ordovician car-
bonates, with a less peak amplitude.

5°C gradually increases from the Early Ordovician to the Late Ordovician, and a rapid in-
crease in carbon isotope weight with high amplitudes occurred in the transitional period. By com-
paring 8-C variations with the sea-level fluctuations(fig. 1), a positive relationship between them
is revealed, such that relatively high 6'3C values correspond to relatively highstanding sea-levels,
and vice versa. During the transgressive periods, the sea-level rise leads to the increasing of the
shelf area, deepening of water, rising of wave bases and upward shifting of photosynthe-
sis-influenced depth. These would result in the photosynthesis attenuation in the lower waters,
increase of oxygen-consumption amounts of the primary waters and consumption of oxygen dis-
solved in water, which further lead to the expansion of oxygen-depleted or anoxic environments.
Moreover, the lesser meridional gradients during the transgressions will result in more equable
climatic conditions, and this would lead to the decrease of oxygen dissolution in water and
re-oxygenation rate of bottom water, and eventually to the oxygen-depleted conditions or expan-
sion of anoxic water. Furthermore, a sea-level highstand will result in the formation of warm sa-
line at bottom, density stratification of seawater and increasing biomass productivity and nutrient
supply in the surface water column. All these will facilitate the burial and preservation of organic
carbon. In the total dissolved carbon reservoirs of modern oceans, 5°C value will keep zero, as
the output ratio of the organic carbon to the carbonate carbon is 1: 4. A positive excursion of 5*C
will occur, as the burial rate of the organic carbon is faster than that of the carbonate carbon!?®.
With the increase of the buried organic carbon in carbonates, accompanied with the decrease of
erosional organic carbon influxes to oceans due to the reduction of landmasses, CO, dissolved in
seawaters is rich in *C. In this case, the carbonates fractionally equilibrated with seawater possess
relatively heavy isotopic carbons, leading to the increase of 5*3C of carbonate carbons and de-
crease of 5°°C of organic carbons. On the contrary, 6*>C values of the carbonate carbon atoms will
decrease, while those of organic carbon atoms will decrease during sea-level lowstands.

3.2 Strontium isotopes

The strontium can remain in seawater for 19 Ma®™, while the full mixing of seawater only
takes 1 ka'®. Thus the strontium isotopes of seawater in open sea are constant in any given time,
as proven by the results of ®’Sr/®Sr ratios of modern ocean seawater. However, the ®’Sr/*Sr in
seawater varied with times since the Phanerozoic. The primary 'Sr/%°Sr ratios of carbonates are
generally in the range of 0.706 —0.710. They are commonly contributed by three kinds of sources:
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(1) mantle-derived strontium supplied by ocean mid-ridge hydrothermal or sea-floor volcanic ac-
tivities, whose primary ®’Sr/®®Sr values are relatively low, commonly ca. 0.704; (2) terrigenous
strontium supplied by old crustal sialic rocks through chemical weathering, possessing a high
primary 'Sr/*°Sr, generally ca. 0.720; (3) strontium provided by marine carbonates through
chemical weathering, with a primary ¥’Sr/%Sr of ca. 0.708. The marine strontium isotope compo-
sitions are mainly contributed by the latter two sources, if no large-scale sea-floor volcanic activ-
ity takes place. Moreover, intensity of the weathering is directly related to the sea-level fluctua-
tions, so the weathering rate will decrease as the sea-level rises, resulting in less strontium influxes
from weathered sialic rocks and subsequently the decrease of marine strontium isotopic ratios. On
the contrary, the marine strontium isotopic ratios will increase as the sea-level falls.

Arthur et al.”® has documented the relationship between #’Sr/%Sr variations and sea-level
fluctuations of the Mesozoic and Cenozoic, and argued that the increase of 8’Sr/®*Sr coincided
with rise of sea-level, and vice versa. A similar pattern from the Silurian to the Cretaceous was
also documented by Vail et al.l’”. The Sr/%sr ratios of marine sediments therefore reflect the
sea-level fluctuations.

A similar relationship between strontium isotopic patterns and sea-level fluctuations in the
Cambrian has also been documented by Montanez et al.'!. During sea-level falls, the continental
area above the sea level increased, which led to the increase of &’Sr influxes to seas from conti-
nental crusts, and subsequently the rise of ¥Sr/%Sr in marine carbonates. An opposing pattern oc-
curred during sea-level highstands.

Therefore, it is very useful to take the ¥Sr/*Sr to document the sea-level change history in
view of the negative relationship between the strontium isotopic patterns and sea-level fluctua-
tions, provided that continuous sampling is conducted for the borehole cores.

The average of ¥Sr/%Sr of carbonates is 0.7083 in the Tazhong area, and herein is provision-
ally supposed to represent the Ordovician mean sea level in this area. In this case, the sea level is
supposed to having been lower than the mean sea level, as the #Sr/%°Sr value is larger than 0.7083.
Taking Tazhong 12 as an example, the sea-level change trend is well illustrated as seen in fig. 1
and table 1. The 8'Sr/®®Sr ratios vary undulantly, mostly less than 0.7080 (with an average of
0.7077 by four samples) at the depths of 5300—5245 m (lower part of the Lower Ordovician),
suggesting a relative sea-level highstand (up to the progressive maximum highstand), which were
likely modulated by frequent rises and falls. The ®’Sr/*®Sr values are relatively stable at the depth
of 5245—5170 m (upper part of the Lower Ordovician), and mostly are larger than 0.7082 (with
an average of 0.7088), suggesting a stable sea-level lowstand (reaching the progressive lowest
level). The isotopic pattern varies greatly at the depth of 5075—4803 m (lower part of Mid-Upper
Ordovician) from 0.7083 to 0.7094, with an average of 0.7085 (by 6 samples), suggesting a nota-
ble sea-level rise, but greatly undulatory in the late Early Ordovician. These isotopic values tend
to stable again at the well depth of 4744—4640 m (upper part of the Mid-Upper Ordovician),
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mostly ranging from 0.708 to 0.7082 and averaging 0.7081 (by 16 samples), suggesting a progres-
sive sea-level rise and slightly higher sea level than the everage one during this time.

The vertical variations of ®’Sr/*®Sr in Tazhong 12, revealed that a sea-level fall from rela-
tively highstanding to lowstanding occurred in the Early Ordovician, then a progressive sea-level
rise took place from the Middle through the Late Ordovician, and remained in a sea-level high-
stand. This pattern coincides with that achieved by the sequence stratigraphic approach®?®), and is
well correlated with that in South China and other places in the world®.

4 Conclusions

Based on the study on the carbon and strontium isotopes in the Ordovician marine carbonates
in the Tarim Basin, especially in the well of Tazhong 12, the relationship between the isotope
evolution and eustatic sea-level fluctuations is discussed and following conclusions are drawn:

(1) The carbon and strontium isotopes of unaltered Ordovician marine carbonates represent
those of primary seawaters, their evolution trends are consistent with the global evolution curve,
i.e., a gradual increase of 3C and a decrease of ¥’Sr/®Sr occurred from the Early through
Mid-Late Ordovician. This suggests that the carbon and strontium isotopic patterns are of global
significance and useful tools for studying global events and stratigraphic correlations.

(2) A positive and a negative relationships between carbon and strontium isotopes respec-
tively with sea-level fluctuations are revealed. A negative relationship between carbon and stron-
tium isotopes is thus present as well.

(3) The sea level in the Early Ordovician was relatively low, which rose rapidly and undu-
lantly between the Early and Mid-Late Ordovician, and reached a stable highstand of sea level in
the Mid-Late Ordovician.
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