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ABSTRACT: It has been proven that thermochemical sulfate reduction (TSR) took place extensively in
the Lower Triassic carbonate reservoirs in Northeast (NE) Sichuan (PY)]]) basin. We have carried out
analyses on bulk rock compositions and isotope ratios together with petrography and fluid inclusions to
assess the impact of TSR on diagenetic process of Triassic dolomites. In this article, TSR-related burial
diagenesis is characterized by precipitation of calcite cement with negative 6"C values and high ho-
mogenization temperature. The light carbon isotopic compositions of this phase indicate that carbon
incorporated in this cement was partly derived from oxidation of hydrocarbon. The high homogeniza-
tion temperatures indicate that the thermochemical reduction of sulfates has been taking place in the
deep part of NE Sichuan basin. Additional evidence supporting this interpretation is the high Sr values
of this calcite cement. Moreover, the calcites have a 5'°0 of -8.51% to -2.79%. PDB and are interpreted
to have precipitated from high salinity fluids with 6"30 of +5%o to +13%. SMOW. Under cathodolumi-
nescence, these calcite cements appear dark brown or black, and both Mg concentrations and Mn/Sr
ratios are low. It is therefore indicated that seawater was the principal agent of precipitation fluids. Fi-
nally, it should be noted that although H,S and CO, increased as TSR continued, porosity has been ul-

timately destroyed by calcite cementation.
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calcite cementation, reservoir quality.

INTRODUCTION

Thermochemical sulfate reduction (TSR) has
been known as a common and widespread process in
Triassic carbonate reservoirs, NE Sichuan basin. The
reservoir quality of these marine strata must have been
altered by the chemical processes related to TSR, such
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as hydrocarbon consumption and H,S and CO, gen-
eration (Huang et al., 2008a, 2007a, b; Ma et al., 2008,
2007; Wang et al., 2007; Zhu et al., 2006a, b, 2005;
Cai et al., 2004). However, although calcite cements
must also be produced during TSR, little attention has
been given to them. In this article, we will present data
from the Feixianguan and Jialingjiang formations on
the occurrence, chemical characteristics, and signifi-
cance of the TSR-originated calcite cements, thus pro-
viding a geochemical method that can be used to dis-
tinguish the calcite cements produced by TSR.

According to Worden and Smalley (1996), the
simplest TSR reaction can be written as

CaSO4+CH4=CaCO;+H,S+H,0 1
and the reaction between anhydrite and ethane can be
written as

2CaS04+C,H¢=2CaC0O3+H,S+S+2H,0 2)

Reactions (1) and (2) provide the most reason-
able explanation for both occurrence of authigenic cal-
cite and oxidization of organic matter whose carbon is
incorporated into these calcites. According to these
two reactions, the so-called TSR-originated calcites
must fulfill at least two general criteria.

(1) Low 6"C values: hydrocarbon is a critical
reactant of this process, and oxidation of hydrocarbon
usually produces essentially light carbon. Thus, the
8"C of calcite cements produced by TSR theoretically
have very low 6"°C values. Reported 6°C values of
the TSR calcites in Triassic, NE Sichuan basin, range
from -10%o to -20%o (Huang et al., 2007a; Wang et al.,
2007; Zhu et al., 2005). Based on the calculation of
Huang (2010), the contribution of organic carbon to
TSR calcites ranges from 28% to 52%, and the more
the TSR organic carbon source contribution is, the
lower the 6"°C values in TSR calcites is.

(2) High precipitation temperature: temperature
is the most important factor governing TSR reactions.
The lower temperature limit for TSR is suggested to
be about 100 to 140 C. The fluid-inclusion homog-
enization temperature from TSR calcites in Triassic,
NE Sichuan basin, ranges from 110 to 240 C
(Huang et al., 2007a; Wang et al., 2007). The lowest
temperature measured was 110 C, approximately
commensurate with the BSR (bacterial sulfate reduc-
tion) upper bound and TSR lower limit as defined by
Machel (2001). Most of the measurements are in the

range of 130 to 170 ‘C (Wang et al., 2007).

Huang (2010) applied the term “tri-high calcite”
to calcite cements in Triassic carbonates, NE Sichuan
basin, due to their relatively high negative §"C values,
high homogenization temperature, and high strontium
content.

(3) High Sr contents: Sr contents of calcite ce-
ments are interpreted to reflect varied Sr/Ca ratios in
the diagenetic fluid. However, the amounts of Sr in
sulphate-rich waters should be limited by the rela-
tively low solubility of celestite

SO +Sr*" <8150, (celestite) (3)
Therefore, to be able to accumulate large amounts of
St, it is essential that the fluid become depleted in
SO,*, which may potentially be influenced by TSR.
Therefore, before epigenetic celestite precipitated, Sr
was extracted from the pore water and fixed in form of
calcite cements.

Almost all TSR-derived calcites have the former
two features in common. However, high Sr would not
be a common feature of all TSR. This is because the
presence of Sr-rich cements requires the source of
strontium in strata, which is presumably originally
composed of aragonite, in that aragonite usually con-
tains very high Sr values. In many Triassic carbonates
samples of NE Sichuan basin, it is common to find
carbonate grains composed entirely of ooids. Ooids
are identified as being composed originally of arago-
nite on the basis of their intra-cortical leaching ob-
served as Huang et al. (2007a) reported. Had these
ooids been originally calcitic, they would not have
been leached to produce the intra-cortical moldic
pores. Therefore, the source for high strontium is
available in Triassic carbonates reservoirs, NE Si-
chuan basin.

Given the recent interest about the link between
the TSR and gas reservoirs, the reexamination of
TSR-occurred rocks on the East Sichuan basin is ex-
tremely important. Although most early works has
proposed certain reasons, such as preserved as the
product of dedolomitization, to explain the presence of
calcite cements, this article presents clear evidence
that Triassic dolomite rocks in NE Sichuan contain
abundant calcite cements with “tri-high” signature,
which expected relative to TSR alone. Thus, we have
evaluated the effect of TSR within these gas reservoirs
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upon pore volumes during diagenesis.

SAMPLING AND ANALYTICAL TECHNIQUES
Based on the framework of the present project
supported by the National Natural Science Foundation
of China, Well HB-1 and Well L-2 were sclected for
the detailed sampling and measurements. These two
wells are located in the joint area of Mount Huaying
fastigiated fold belt and Mount Daba fold belt, NE
Sichuan basin (Fig. 1). Only one sample is collected
from Well L-2 at depth 3 285.89 m (Member 2,
Feixianguan Formation of Triassic). Other samples are
all collected from Well HB-1 at depths ranging from
4 484.21 to 4 490.01 m (Member 2, Jialingjiang For-
mation of Triassic). The age effect on isotope record
could be ignored due to sampling depth interval span-

ning only 5.8 m.
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Figure 1. Sketch geological map showing the loca-
tion of sampling wells.

Petrographic observations were carried out on the
uncovered, polished thin sections, some of which were
stained by Alizarin Red-S. These thin sections were
also prepared for cathodoluminescence (CL) analysis
of calcite cements. In thin sections, the mineralogy of

the rocks is predominantly calcite and dolomite.
Through microscope observation, the predominant
mineralogical compositions of the rocks are calcites
and dolomites, and calcites occur as blocky calcite
spar cements in fill of primary porosity of dolomites.

For chemical analysis, the remaining portions of
the samples were crushed into a powder (<200 mesh)
and three splits were made for each. One split was
preserved for backup, and other two splits were used
for element analysis: C and O isotope determinations,
respectively. Calcite and dolomite contents of the
samples were calculated from the measured CaO and
MgO values.

Two major element oxides (CaO and MgO) were
analyzed using volumetric analysis method with 0.1%
detection limit and 2% error; two trace elements (Mn
and Sr) were determined by atomic absorption spec-
trophotometer with the testing limits of 5x10° and
42x10° and 13% and 14% errors, respectively. Fe was
analyzed by colorimetry, with the testing limits of
0.01% and the errors less than 8%. These analyses
were carried out at the Geological and Mineralogical
Testing Center of Huayang in Sichuan. Carbon and
oxygen isotope compositions of samples were accom-
plished at Wuxi Research Institute of Petroleum Ge-
ology, Research Institute of Petroleum Exploration
and Production, SINOPEC. They were measured in a
Finnigan MAT 253 mass spectrometer and reported in
the 6"°C and 'O notation relative to the PDB stan-
dard. SY/T6404-1999 standard was used during the
laser fluorination analyses. Precision is on the order of
0.2%o for 6"°C and 6'*0. CL observation was under
the Leica microscope using CL8200MKS5 lumino-
scope system. Operating conditions were mean 12 kV
and 300 pA.

RESULTS

Thin-section analysis of these calcite cements in
the Triassic dolomites revealed two varieties with dis-
tinct crystal fabrics (Fig. 2). Some of the cements
were composed relatively finely crystalline, developed
dispersively in intercrystal pores of silty to finely
crystalline dolomite (Figs. 2a—2c). Because such small
size place severe constraints on the application of ba-
sic geochemical techniques, geochemical information
of these calcites have been partially masked by the
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dolomite matrix, thus, they were regarded as the
products of dedolomitization before. The second vari-
ety of cements was composed of much larger crystal-
line, felted calcite crystals (Fig. 2d), and such rela-
tively large size allows the worker to easily determine
their origin. Individual crystals of these dolomites ex-
hibit planar-e (euhedral) to planar-s (subhedral) tex-
tures. The absence of both euryhaline and stenohaline
organisms, the abundant stromatolite structure, and the
present of interbedded gypsum would suggest that the
sediments in Member 2 of the Jialingjiang Formation
have been dolomitized by hypersaline and high Mg/Ca
ratio fluid.

Table 1 provides the bulk-geochemistry data for
all silty to finely crystalline dolomite samples. The
calcite content varies between 1.26% and 98.83%
based on calculation of MgO and CaO values of the
chemical analysis. Two samples of extremely low

MgO content (calculated calcite >98%, almost the
pure secondary calcite) are characterized by extremely
low 8"°C values (-20.23%o and -16.19%o, respectively),
very high strontium content (1 564 ppm and 3 400
ppm, respectively), and relatively high homogeniza-
tion temperatures (one of the samples shown in Fig.
2d has the temperature range of 114-134 °C; mean T,
is 125 °C). Their unusual element and isotope com-
position verifies the interpretation that calcite cements
have a TSR origin. In contrast, the calcite content of
other 16 samples is relatively low (varies between
1.26% and 17.84%). Their 5"C values show a moder-
ate scattering in the ranges of 1.57%o to 7.02%0 and
their Sr content drops to the range of 80 ppm to 385
ppm. These two geochemical parameters cannot be
used directly as evidence in support of cement forma-
tion via TSR, so they will be discussed more fully be-

low.

Figure 2. Thin-section photomicrographs showing TSR calcite cements features in finely-silty crystalline

dolomites. All images are plane light. (a)—(c) Extensive finely crystalline calcite (stained to discriminate

against dolomite) cements fill pore spaces among the dolomite crystals, Well HB-1, Member 2, Jialingjiang

Formation; the diagonal line of the image is 0.75 mm; (d) TSR calcite occurs as white, large crystals that

grew out from the edge of the dolomite matrix, which is the dark, fine-grained material in the bottom of the

image, Well L-2, Member 2, Feixianguan Formation; the diagonal line of the image is 3.75 mm.



92 Sijing Huang, Keke Huang, Zhiming Li, Ming Fan, Ershe Xu and Jie Lii

Table1 CaO,MgO, Mn, Sr, Fe, 8'3C, and 620 statistics and calcite and dolomite contents for

Triassic dolomites containing calcite cements of interest

Well Member Sample Calcite Dolomite

Element composition

Isotope composition

ID (%) () CaO (%) MgO (%) Mn (10°) Sr(10°) Mn/Sr Fe (10°) 6°C (%) %0 (%o)
HB-1 J2  HB-1 1435 8585 3388  18.66 1731 38475 0.045 526.68 1.57 -4.04
HB-1 J2  HB-2 1194 8729 3296 1898 2225 22426 0.099 942.49 423 -3.90
HB-1 J2  HB-2 442 9354 3064 2033 2445 13553 0.180 916.12 5.21 -3.70
HB-1 J2  *HB-2 9883 191 5579 041 63.00 1564.00 0.040 300.00  -20.23 -8.51
HB-1 J2  HB-3 519 9319 3096 2026 27.56 15623 0.176 582.81 5.35 -3.81
HB-1 J2  HB-3 392 9494 3078  20.64 1192 14039 0.085 617.18 5.62 -3.40
HB-1 J2  HB-3 357 9456 3048  20.56 17.66 12634 0.140 740.01 5.76 -3.50
HB-1 J2  HB-4 1.63 9663 3002 21.01 2374 9737 0244 867.08 5.99 -3.21
HB-1 J2  HB-5 948 8847 3194 1923 27.86  193.87 0.144 891.79 5.44 -4.21
HB-1 J2 HB-6 210 9534 2989  20.73 2278 95.05 0240 1576.12  6.33 -3.31
HB-1 J2  HB-7 875 9207 3262  20.02 58.47 10429 0561 448644 572 -4.02
HB-1 J2  HB-7 126 9434 2912 2051 2951  86.56 0341 276513  6.50 -3.14
HB-1 J2  HB-7 875 9207 3262  20.02 58.47 10429 0561 4486.62  5.72 -4.02
HB-1 J2  HB-8 17.84 8283 3491  18.01 13.11 36737 0.036 383.26 2.52 -4.36
HB-1 J2  HB9 209 9620  30.14 2091 2609  87.19 0299 144994  7.02 -2.79
HB-1 J2 HB-10 219 9458 2971  20.56 27.14 11358 0239 2317.61  6.84 -3.59
HB-1 J2  HB-11 1070 9123 3346  19.83 70.85 15438 0.459 288153 632 -4.16
L2 F2  *L-1 9832 0.74 55.15 0.16 1500  3400.00 0.004 52.00 -16.19 791

J2 is the Member 2 of Jialingjiang Formation in Triassic; F2 for Member 2 of Feixianguan Formation in Triassic; total sampling in-

terval is 5.8 m; the same sample with different calcite and dolomite contents and correspondingly chemical and isotopic composition

has the same sample ID. *. The samples represent almost the pure secondary calcite; see text for detailed discussion.

DISCUSSION
Carbon Isotopic Composition and Carbon Source
of Calcite

A global coal gap of Early Triassic has yet con-
firmed that demise of vascular land plants lasted sev-
eral million years into Early Triassic (Korte et al.,
2003). Such scenario must have resulted in advanced
continental weathering that produced widespread clas-
tic successions such as the up to 700 m thick Werfen
Group of the Western Carpathians and the Alps (Bro-
glio Loriga et al., 1986), the “Alpine Buntsandstein”
in the Northern Alps, the up to 4 000 m thick Bunt-
sandstein of the Germanic basin (Lepper and Rohling,
1998), and the 200 to 600 m thick Moenkopi Forma-
tion of western North America (McKee, 1954).
Therefore, it is difficult to obtain coeval seawater in-

formation, thus, the research on the carbon isotope
composition of paleoseawater in this period is insuffi-
cient. Investigations of sections in South China (Payne
et al., 2004) and Iran (Horacek et al., 2007) have re-
vealed 0"°C curves for Early Triassic, which yield high
isotopic values up to around +5%o and rise to a maxi-
mum near +7%o. For these two sections, the samples
with high dolomite content do not show any deviation
in their carbon isotope ratio with respect to dolomite-
poor samples. Hence, the high §"°C values for sea-
water of that temporal interval are credible. The 6°C
values of the 16 dolomite samples with low calcite
cements (mean=+5.38%o) in our study in general agree
with those of their studied and thus primarily reflect
inheritance of marine carbon.

For those 17 samples taken from Well HB-1,
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their isotopic difference controlled by age could be
ignored due to the small sampling interval. It seems
that other factors responsible for these isotope varia-
tions must be taken into account. In order to clarify
this question, the 5" C, 5180, and Sr contents of these
samples are plotted against the amounts of calcite ce-
ments (Fig. 3).

Clearly, a definite relationship is visible between
the 6"°C values and calcite contents. Figure 3a shows
that the negative correlation of them yields a R value
of 0.99. In Fig. 3b, the bottommost data point in Fig.
3a, which represents the sample with high calcite con-
tent approximately equal to 100%, is excluded and the
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R value for the linear relationship is 0.89. This result
reflects the enrichment of '>C in calcite. On the basis
of the correlation between both parameters (using the
best-fit line), 5"C can be formulated as a function of
calcite percent: assuming sample with a composition
of 100% calcite, the 5"C value would have been re-
duced to -20%o from Fig. 3a and -14%. from Fig. 3b.
According to the calculation of Huang et al. (2010),
the relative contribution of organic carbon source for
the 0"°C values of -20%o and -14%o of authigenic cal-
cites are 57% and 40%, respectively. So, the formation
of these calcites is controlled primarily by TSR rather
than dedolomitization.
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Figure 3. Plots of 6"C, 6"0, and Sr concentration vs. calcite content for the 17 samples sampled from Well
HB-1. the depth interval of all samples is 5.8 m; (b), (d), and (f) represent the rectangles of (a), (¢), and (e),
respectively, which exclude the one outlying data point.
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Oxygen Isotopic Composition, Temperature, and than of their enclosing dolomites. By calculating using
Salinity of Calcite Precipitation Fluid Figs. 2c and 2d, as previously discussed, the PI0)
The relationship between calcite contents with values of the calcite cements would be -8.66%o and
5'%0 is shown on Figs. 2c and 2d. Obviously, these -11.04%o, respectively. In Fig. 4b, these 6'°O values in
samples exhibit a strong inverse correlation between conjunction with homogenization temperature of fluid
these two parameters because calcite cements are en- inclusions of these samples (Fig. 4a) used to exhibit
riched in '°O compared to their host dolomite. Due to the calcite precipitating fluid had oxygen isotopic
the temperature dependence of oxygen isotope frac- composition of +5%o to +13%o. In contrast to the -1%o
tionation during calcite precipitation, it can be inferred to -5%0 SMOW 6'°0O values of Triassic seawater, the
that the calcite precipitated under higher temperature calcite would be precipitated from high salinity fluid.
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Figure 4. (a) Distribution of homogenization temperature from primary fluid inclusions in Jialingjiang
Formation calcite cements of Triassic dolomites, Well HB-1, NE Sichuan basin; (b) equilibrium relationship
between 6'%0 of calcite, "0 of water, and fluid inclusion homogenization temperature (7}); contours are
for oxygen isotopic composition of water equilibriumed with the calcite, and the pattern is taken from
Huang (2010); the 6"%0 values of Triassic seawater are from Veizer et al. (1999); the range of 6"*0 medium
values of atmospheric water is from 15 contemporary meteoric water samples, which were taken from Pa-
cific Ocean, as Ren et al. (2000) reported; the data of square section @O are from pore-filling calcites (Figs.
2a-2c), which were developed in silty to finely crystalline dolomite, as listed in Table 1; the data of square
section @ are from Huang et al. (2007a); the data of square section 3 are from Wang et al. (2007).

Strontium, Manganese, and Ferrous Contents and pore-filling calcites (Figs. 2a—2c) of Jialingjiang For-
CL Features mation are precipitated from a fluid with high stron-
As previously discussed, continued TSR process tium content (Fig. 3b).
should produce a progressively higher Sr*" in the pore Manganese and iron concentrations have also
waters, resulting in an increased incorporation of been measured and plotted versus calcite fractions.
strontium in calcite. The silty to finely crystalline do- However, the absence of correlation between them
lomite in Member 2 of Jialingjiang Formation show a (Fig. 5) indicates that Mn and Fe concentrations are
positive correlation between the calcite fraction and not the sensitive indicators of TSR. In addition, the
the strontium concentration (Figs. 3e and 3f). This can manganese contents of all samples are less (Table 1),
be interpreted to indicate that the calcite cements are which range from 12x10 to 71x10°, with an average
enriched in strontium relative to dolomite matrix. Us- of 31x10°° (Table 1). These samples, of course, com-
ing the calculation discussed in the previous section, monly exhibit very dull luminescence during CL ex-
the strontium content of the sample would be amination (manganese as an activator for lumines-

1 573.69x10°® from curve in Fig. 3¢ and 1 431.58x10° cence). All the samples also have very low Mn/Sr ra-
from curve in Fig. 3f. The result indicates that the tios (ranging from 0.004 to 0.56 with an average of
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0.22; see Table 1) and Mn/Sr <2 is a typical signature
of carbonates unaltered by meteoric fluids (Huang,
2010, 2008b; Kaufman et al., 1993, 1992). Therefore,
the geochemical data of these samples would gener-
ally represent the original information of seawater.
The concentrations of iron might be complicated be-
cause it has a wide variety of sources and sinks such
as the clay minerals and other iron-rich aluminosili-
cates. However, the total iron contents of these

95

diagenetically altered dolomites are primarily less than
1 000 ppm (Fig. 5b), which are slightly depleted
compared to most other dolomites. All these trace
elemental information for the dolomite samples maybe
mostly relevant to seawater. Therefore, seawater
(more exactly, the changed seawater) was the principal
agent of dolomitization fluids and calcite precipitation
fluids.

70 5
(a) 3=0.210 1x+26.681 (b) R
60} . R=0.073
4 y=-10.618x+1707.5
50k R=0.037
5 40} T3l
—~ = *
2 e 22t
20l . * $
1 -
10} ¢ . 23 ~0’ o o
*
O 1 1 1 O 1 1 1
0 5 10 15 20 0 5 10 15 20
Calcite (%) Calcite (%)

Figure 5. Crossplots of Mn and Fe concentration vs. TSR calcite concentration.

CONCLUSIONS

TSR is widespread in the Triassic deposits, NE
Sichuan basin. Authigenic calcites occur as blocky
calcite spar cements in fill of primary porosity and are
found predominantly in Triassic dolomites, especially
the dolomites with evaporates.

The high negative 6"°C values, the high homog-
enization temperatures, and the high strontium content
are the most important features indicative of TSR ori-
gin for calcite cements in Triassic, NE Sichuan basin,
which can be used to distinguish the authigenic cal-
cites produced by TSR.

The formation of the calcites, developed primar-
ily in silty to finely crystalline dolomites, is controlled
primarily by TSR rather than dedolomitization.

The TSR calcites have precipitated from solution
with high salinity (water salinities more than that of
marine water), low manganese content, and low
Mn/Sr ratios. Therefore, under CL, they display very
dull luminescence. It suggests that the TSR calcites
precipitation fluids should be relevant to marine orig-
inated water.

Although tremendous quantities of H,S and CO,,
which may have enhanced impact on the reservoir
quality, could be produced, TSR would reduce poros-

ity and permeability due to extensive calcite cements.
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