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Abstract  This study presents an overview on the geological setting and geochemical characteristics of 

Pleistocene shallow gas accumulations in eastern Qaidam Basin, NW China. Five largest gas accumula- 
tions discovered in this region have a combined enclosure area of about 87 km 2 and 7.9 trillion cubic feet 

(tcf) of proven plus controlled gas reserves. The dominance of methane ( >99 .9% ) and the 8 13C and 
~D values of methane ( - 68.51%e to - 65.00%e and - 227.55%e to - 221.94%e, respectively) suggest 

that these gases are biogenic, derived from the degradation of sedimentary organic matter by methanogens 
under relatively low temperatures ( < 75°C ).  A sufficient supply and adequate preservation of organic 

matter in the Pleistocene sediments is made possible by the lake basin 's  high altitude (2600 -3000 m) , 
high water salinity ( > 15% ) and strong stratification. The deposition and extensive lateral occurrence of 

shore and shallow lake sands/silts in beach sand sheets and small sand bars provided excellent reservoirs 
for the biogenic gas generated from adjacent rocks. Effective but dynamic gas seals were provided by such 

factors as intermittent vertical variations in the sediment lithologies, hydraulic trapping due to mudstone 
water saturation, the hydrocarbon gradient created as a result of gas generation from potential caprocks, 
and the presence of a regional caprock consisting of 400 - 800-m-thick mudstones and evaporites. It ap- 
pears that the most favorable traps for large gas accumulations occur on structural slopes near the major gas 

kitchen, and the prolific gas pools are often those large gentle anticlines with little faulting complication. 

Key words biogenic gas; generation; accumulation; Quaternary; Qaidam Basin 

1 Introduction 

Shallow (mostly biogenic) gas accounts for over 
20% of the world' s discovered gas reserves ( Rice and 
Claypool, 1981; Claypool and Kaplan, 1974),  and 
represents one of the unconventional energy sources 
that increasingly attract the attention of petroleum geol- 
ogists. Numerous Cretaceous and Tertiary shallow gas 
accumulations have been documented throughout the 
world, and some accumulations such as those in Siberi- 
a, USA and Canada, are of very important economic 
value (Martini et al. , 1998 ;  Littke et al. , 1999; 
Shurr and Ridgley, 2002). Over the past decade, a 
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number of significant shallow gas accumulations have 
been discovered in China, such as the Qaidam, Songli- 
ao, Bohai Bay, Edian, Jianghan, Subei and Baise ba- 
sins (Qi Houfa et a l . ,  1997),  and the southeastern 
offshore areas (Xu Wang, 1997 ) including the Hang- 
zhou Bay (Lin Chunming et al. , 2004). 

The only giant shallow gas accumulations in China 
are located in the Sanhu Region of eastern Qaidam Ba- 
sin, NW China. Five largest gas accumulations discov- 
ered in this region have a combined enclosure area of 
about 87 km 2 and 7 .9  trillion cubic feet (tcf) of prov- 
en plus controlled gas reserves. The largest gas accu- 
mulations include those in the Sebei-1, Sebei-2 and 
Tainan gas fields (Fig. 1 ).  The gas payzones range 
from 65 to 1738 m in depth, with a single well daily 
production rate of 3.5 - 14 million cubic feet (mcf) .  
These gases were generated and trapped in the Pleisto- 
cene sediments (Zhou Zhuhong et al. , 1994; Gu Shu- 
song, 1996 ; Qi Houfa et al. , 1997 ; Guan Zhiqiang et 
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al. , 2001 ; Dai Jingxing et al. , 2003 ). 
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Fig. la. Map showing the oil and gas field locations and surface recognizable anticlinal structures in the 
Qaidam Basin, NW China; lb. enlarged map of the study area showing the Quatemary sediment con- 
tour, together with the biogenic gas fields. Sbl and Sb2. Sebei-1 and Sebei-2 fields; Tfs. Tuofengshan 
Field. 

The origin of shallow biogenic gas is a topic in- 
volving many discussions (Wang Wanchun et a l . ,  
2005 ). It is generally believed that biogenic gas is the 
product of anaerobic degradation of sedimentary organic 
matter at low temperatures, and it is typically trapped 
in relatively shallow and immature sediments (Rice 
and Claypool, 1981 ). The suitable biogenic gas habi- 
tats include swamps, paddy fields, anoxic freshwater 
lakes, sublittoral-marine bays, glacial drifts, and ma- 
rine sediments beneath the anaerobic sulfate-reducing 
zones (Vilks et a l . ,  1974; Rashid and Vilks, 1977; 
Schoell, 1980, 1983, 1988; Whiticar, 1990; Albert 

et al. , 1998; Okyar and Ediger, 1999; Lin Chunming 
et al. , 2004).  Such gases are different from routine 
ones (Liu Luofu et al. , 2005 ) ,  and typically rich in 
methane, but not associated with oil, and their origins 
can be constrained by carbon and hydrogen isotope da- 
ta of methane (Stahl,  1974, 1977; James, 1983; 
Shoell, 1983; Sundberg and Bennett, 1983; Faber, 
1987; Bemer and Faber, 1988; Galimov, 1988; 
Whiticar, 1990; Floodgate and Judd, 1992; Jenden et 
a l . ,  1993; Baylis et a l . ,  1997; Kaplan et a l . ,  
1997). 

This study on the Pleistocene gas accumulations 
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in eastern Qaidam Basin aims to describe the general 
geological settings of shallow gas pools, with an em- 
phasis on the salt lake sediments, discuss the condi- 
tions required for the formation of gas pools, and pro- 
vide a synthesis on the geological controls of shallow 
gas distribution. 

2 Geological setting 

The Qaidam Basin is situated on northern Qinhai- 
Xizang (Tibet) Plateau (90 ° - 98°20  ' E, 35°55 ' -  
39°10 'N) ,  with an area of 121000 km 2 and 2600 - 
3600 m altitude above sea level. This intermontane ba- 
sin is surrounded by Kunlun in the south, Qilian in the 
northeast, and Altun mountains in the northwest (with 
the altitudes ranging from 4000 - 4500 to over 5000 m, 
Fig. 1 ). It is filled with over 16000-m-thick Mesozoic- 

Cenozoic sediments on the top of the pre-Mesozoic base- 
ment consisting of metamorphic and igneous rocks. 
Structurally, the basin is divided into a Mesozoic fault 
block zone in the north and two Cenozoic depressions in 
the west and south (Fig. 1 ). The depocenters of the 
basin during the Jurassic were located within the North- 
ern Fault Block Zone (NFBZ),  with several Jurassic 
freshwater lacustrine and deltaic coal-bearing petroleum 
source rocks being developed. During the Tertiary, the 
depocentres shifted to the Western Depression ( W D ) ,  
with the sediments being characterized by saline lacus- 
trine source rocks. The collision with the northeastward 
moving Indian plate during the Late Himalayan orogeny 
at the end of Tertiary resulted in differential uplift in the 
Qaidam Basin and the depocenters shifted further to the 
Eastern Depression (ED) during the deposition of the 
Pleistocene strata (Fig. 2A. 
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Fig. 2. Cross sections sho~dng the shift in depocentres in the Qaidam Basin and the variation in Quaternary sed- 
imentary facies in the Eastern Depression. 

The Eastern Depression, with an area of approxi- 
mately 37000 km 2 , contains an inland sedimentary se- 
quence dominated by lacustrine clastic rocks (Fig. 
2B). Its depocentres during the Quaternary were loca- 
ted immediately south of the current biogenic accumu- 
lation zones. The Pleistocene sediments were deposited 
in brackish water--saline lakes that peaked at approxi- 
mately 1.5 Ma (equivalent to the K 2 csistivity marker 

in Fig. 2B) .  The sediments generally have high C1- 

contents ( O. 5% - 2 .5% ) ,  which increase upwards 
within each sedimentary cycle. 

The Pleistocene sediments in the Eastern Depres- 
sion are distinguishable from the underlying Pliocene 
Shizigou Formation by their poor compaction, high po- 
rosity ( > 30% ) ,  high water content ( > 30% ) ,  and 
little lithification ( Kang Zhuling et al. , 2000). Based 
on its lithology and wireline log characteristics, the 
Pleistocene stratigraphic column can be divided, from 
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Fig. 3. Stratigraphic column of the Pleistocene Sebei Formation in the Tainan Gasfield area showing the po- 

sitions of stratigraphic correlation markers ,  gas pays and payzone divisions. 
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the bottom to the top, four formations: Sebei ( Q1 ) , 
Chaerhan (Q2) ,  Dabusen ( Q3 ) and Yanqiao ( Q4 ). 
The Sebei Formation is the main gas-bearing one in the 
study area, and it can be divided into three units 
(Fig. 3) .  The lower unit corresponds to the K~o - K13 
marker in Fig. 2B, with a thickness of about 310 m. 
Its lithologies include shallow gray-brownish gray mud, 
sandy mud, silt, muddy silt interbeds, with dark gray 
carbonaceous mudstone layers above the K12 marker. 
This unit is coarsest among the Pleistocene sediments, 
with sands and silts accounting for over 100-m cumula- 
tive thickness ( or 35% of the sedimentary column). 
The middle-upper units are equivalent to the K1-K10 
marker (Fig. 2B ) ,  with a cumulative thickness of 
1450 m. Their lithologies are dominated by dark gray- 
gray muds, with some shallow gray silts and muddy 
silts, in over 10 upward coarse to finer gravel grading 
cycles. The middle-upper units are generally rich in 
muds (70% - 8 0 % ) ,  and are considered the main 
source and reservoir units for biogenic gas in this ba- 
sin. The regional seals for the gas accumulation are the 
overlying Chaerhan, Dabusun and Yanqiao formations. 
These formations have a total thickness of about 300 
m, consisting of several evaporite sequences. The Yan- 
qiao Formation is dominated by evaporites, whereas the 
Chaerhan and Dabusun formations contain mainly gray 
to shallow brownish muds. 

3 Samples and methods 

Used in this study are 55 gas samples, 320 mud- 
stone samples and 240 sand/sihstone samples collected 
from the Pleistocene strata in the Sanhu Region of east- 
ern Qaidam Basin. The 22 exploration and appraisal 
wells from which the samples were collected cover all 
of the discovered shallow gas accumulations in the 
study area. The gas samples, collected at their well- 
heads or separators, were analyzed routinely for chemi- 
cal composition and for stable carbon, hydrogen and 
helium isotope composition of methane. Oil-associated 
gas samples from several oilfields in the western and 
northern parts of the Qaidam Basin were also collected 
and analyzed for geochemical comparison. In addition 
to routine paleomagnetic and paleotectonic analysis, 
the mudstone samples were analyzed using a Rock- 
Eval/TOC analyzer for their total organic carbon con- 
tent (TOC). A portion of the mudstone samples were 
suspended in distilled and deionized water, and the 
C1- and total salt contents were determined by ion 
chromatography. The selected mudstone samples were 
extracted using dichloromethane for their soluble organ- 
ic content, and the extracts were subjected to routine 
petroleum geochemical characterization by gas chroma- 

tography and gas chromatography-mass spectrometry. 
All of the rock samples were also characterized 

routinely for their seal and reservoir properties (miner- 
alogical composition, pore texture, porosity and perme- 
ability). Detailed bacteria counting was made on a 
number of recent mud samples from the bottom of the 
Qinghai Lake and mudstone samples from 15 explora- 
tion wells (0 -2000 m in depth) using the Maximum 
Probable Number approach (Siebert and Hattingh, 
1967). Several culture samples were used in subse- 
quent laboratory incubation experiments to estimate the 
gas generation capacities and mechanisms. In order to 
evaluate the key geological controls on the occurrence 
of biogenic gas accumulations, regional sandstone and 
mudstone isopach maps were made based on seismic 
reflection data, calibrated using mud log and wireline 
log data from approximately 110 wells. 

4 Results and discussion 

4.1 Gas geochemistry and origin 

Fifty-five shallow gas samples from the Sebei-1 
and Sebei-2 gas fields were analyzed for both chemical 
composition and stable carbon isotope ratios of the 
methane. Hydrogen isotope data of the methane were 
also collected from a dozen of gas samples. The sum- 
marized results (Table 1 ) showed that the samples 
were dominated by methane ( >99.9% ) ,  with minor 
C2+ hydrocarbons ( <0 .07% ) ,  N2 and CO2. Gas 
samples from the Yanhu gas field contain more N 2 and 
CO 2 , as well as trace amounts of H2S ( Table 1 ).  The 

13C and 8D values of methane in these gases range 
from -68.51%~ to -65.00%~ and -227.55%~ to 
-221.94%o, respectively. The 8D values of methane 

are within the range of worldwide commercially pro- 
duced gases from sedimentary basins ( -310%o to 
-130%o, Schoell, 1980; Jenden et al. 1993). The 

~D values of the Sebei gases are close to those of the 
oil-associated gases from the western part of the Qaid- 
am Basin ( -210.8%0 to - 157.8%e), suggesting the 
common origin of methane from sedimentary organic 
matter ( Fig. 4 ) .  This is supported by the lack of a re- 
markable depletion of deuterium in methane that is 
commonly associated with abiotic methanogenesis (e.  
g. up to -470%v in Canadian Shield rocks, Sakata et 
al. , 1997 and references therein). These results indi- 
cate a biogenic origin for the shallow gas, in contrast to 
those thermogenic gases derived from other parts of the 
Qaidam Basin. As reported in Su Aigauo et al. 
(2003) ,  gases derived from the Jurassic coal-bearing 
strata in the Northern Fault Block Zone (e. g. the Nan- 
baxian, Lenghu and Mahai fields ) contain 81% - 
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94% methane and 1% - 10% N 2 + C 0 2 ,  with 8 13C 1 

values in the range of -24%e to -37%v. On the other 
hand, oil-associated gases in the Western Depression 

(Zhang Xiaobao et a l . ,  2002) contain 78% - 9 5 %  
methane and 2% - 4 %  N: + COz, with 8 13C 1 values 

in the range of -42%0 to -29%0. 

Table 1. Chemical and isotopic compositions of natural gases in the Qaidam Basin 

Composition ( % )  8 13C (~oo) Noble gas 
Field Well No. Depth (m) 

N 2 CO 2 CH 4 C2H 6 C3H 8 8 13C I ~ 13C 2 ~ 13C 3 8 13Cco 2 3He/4He R/Ra 

Tainan Tn4 1717.8 -1721 .2  99.93 0.06 0.01 - 6 8 . 5 4  - 4 6 . 5 2  - 3 2 . 5 8  

Tn6 1599 .0 -1602 .0  1.05 0.59 98.24 0.05 0.03 -68 .25  - 3 6 . 3 0  - 2 3 . 9 5  - 1 3 . 2 7  (4.27_+0.13) x l 0  -7 0.30 

Sebei-I Ssl 3 1053.4 - 1056.8 O. 68 99.24 0.06 0.02 - 68.51 

$4-15 1447.8 -1456 .4  0.007 0.40 98.23 0.97 0.22 - 6 6 . 3 2  - 4 4 . 8 0  - 3 2 . 7 I  

$22 780.4 - 7 9 7 . 4  99.94 0.059 -66 .21  - 4 3 . 7 9  - 3 2 . 9 0  

$24 1081.2 -1084 ,8  0.03 99.97 - 6 6 . 6 5  - 4 3 . 7 6  - 3 1 . 7 6  

$27 1256.2 - 1265.2 0.03 99.93 0.04 - 6 0 . 5 3  

$79 1026 .2 -1031 .2  0.005 99.20 - 6 6 . 3 2  -43 .63  - 3 2 . 2 2  

Sebei-2 Sz3 2.05 0.11 97.84 - 6 6 . 4 0  

$21 1479 .2 -1482 .0  0,44 99.21 0.25 0.06 - 6 4 . 9 0  - 3 7 . 6 6  - 2 3 . 5 7  - 2 0 . 0 4  (1.21 ±0 .11)  x l 0  -7 0.09 

Sxl t 1 3 2 . 2 - 1 1 3 5 . 6  2,17 0,68 %.95  0.07 0.03 - 6 7 , 0 3  - 3 7 . 5 7  -21 .51  (4. 19_+0.65) x l 0  -8 0,03 

$26 792 - 795 - 66.7 - 49.8 - 23.3 
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Fig. 4. Gas isotopic compositions as indicators for the bi- 
ogenic origin of gases in the study area. Fields for ther- 
mogenesis, fermentation and CO2 reduction were taken 

from Kaplan et al. (1997).  

4 . 2  Hydrocarbon source and gas generation 

The dark mud beds of the shallow to semi-deep 
lake facies in the Sebei Formation are possible sources 
for the shallow gas (Zhou Zhuhong et al. , 1994; Dai 
Jingxing et al. , 2003; Ding Anna et al. , 2003).  The 

dark mud beds are presently buried at up to 1500 m 
depth, with a cumulative thickness of up to 1400 m. 
These beds account for more than 70% of the sedimen- 
tary column, distributed over an area of up to 30000 
km 2 ( Fig. 1 ).  According to sporopollen assemblages 
( Dang Yuqi et al. , 2003 ) ,  the lower unit of the Sebei 
Formation was formed in a shallow lake under relatively 
wet climatic conditions ( 1.5 - 1.7 Ma) ,  whereas the 
middle-upper units contain more evaporates, indicating 
a cooler and drier climate after 1.5 Ma because of the 
high altitude. 

The hydrocarbon source beds in the study area in- 
clude organic-lean dark mudstones (with 0 .15% - 
0 .46% TOC and 100 - 2 0 0  mg extract per kg rock, 
Dang Yuqi et al. , 2003) and carbonaceous muds con- 
taining up to 19% TOC ( with an average of 9 . 0 6 %  ) 
and 6000 mg extract per kg rock. Data obtained from 
the Rock-Eval pyrolysis of the freeze-dried rock sam- 
ples and elemental analyses of the demineralized rocks 
(Table 2) indicate dominantly type-II! organic matter, 
and the relatively shallow burial and low vitrinite re- 
flectance values suggest thermally immature sediments. 
Due to the large difference in paleoclimatic conditions 
as suggested by the sporopollen data (Gu  Shusong, 
1993; Dang Yuqi et al. , 2003 ) ,  the 8 13C values of i- 

solated protokerogen samples from the upper-middle u- 
nits of the Sebei Formation are considerably higher 
( > - 2 4 . 5 % 0 )  than those from the lower unit 
( - 27.35%0 to - 25.79%0). 

A sufficient supply and adequate preservation of 
organic matter is essential to the formation of biogenic 
gas accumulations ( Oremland and Taylor, 1978).  Be- 
cause of the lake basin' s high altitude ( 2600 - 3000 
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m) ,  high water salinity ( > 15% ) and strong stratifi- 
cation, the oxidized zone of the lake sediments is nar- 
row, leading to excellent preservation of organic matter 
in the Quaternary sediments under the Sanhu Region. 
In the study area, sulfate-reducing bacteria occurred 
from a few centimeters below the sediment-water inter- 
face to a maximum depth of 200 m. Anaerobic bacteria 
were commonly observed at the bottom of the water col- 
umn and within the sulfate reduction zone. However, 
the most favorable conditions for methanogens to thrive 
appeared to be in the sediments with burial depth of 

200 - 1750 m. Mud logging results from several explo- 
ration wells indicated that the maximum methane gen- 
eration in the study area occurred at the depth of 500 - 
1500 m, corresponding to a formation temperature of 
2 7 -  55°C. Laboratory incubation experiments using 
the Quaternary sediment samples collected from the 
study area indicated that methanogens thrived mostly 
under 62°C, and virtually no methane was generated 
during experiments conducted above 75 °C ( Deng Yu et 
a l . ,  1996). 

Table 2. Organic enrichment and kerogen composition of Quaternary sediments in the 
Sanhu Region of the Qaidam Basin 

WellNo. Depth (m) Lithology H/C O/C $2/$3 HI Oi ~13C (%0) Kerogentype Ro(%)  TOC (%)  

River mud - Dark mud 1.06 0.35 10.99 395 36 - 25.0 II l 0.42 

Lake mud - Dark mud 0.96 0.29 2.07 169 81 -19 .5  H2 0.43 0.15 

Tnl 114.5 Dark mud 0.49 0.20 0.5 48 97 -23 .0  Ml 0.35 0.14 

Tnl 315.1 Dark mud 0.61 0.19 0.24 18 76 -23.1 l[ll 0.45 0.16 

Tz2 205.0 Grey mudstane 0.66 0.23 6.67 38 6 - 22.4 m i o. 22 

Tz2 300.0 Grey rnudstone 5.22 2.29 0.24 22 90 - 23.9 $ 2 O. 25 

Tz2 350.0 Grey mudstone 0.59 0.25 0.30 22 75 - 21.0 ]II 1 0.27 

Sz6 400.0 Grey mudstone 3.90 1.52 0.31 60 192 -22 .6  1111 0.14 

Sz6 520.0 Grey mudstone O. 95 O. 16 O. 31 46 149 - 24.5 1112 O. 22 

Sz6 717.0 Grey mudstone 0.78 0.30 0.92 55 60 - 22.6 m l o. 41 o. 21 

sz6 973.0 Grey mudstone with carbonaceous band 1.06 0.25 2.22 151 68 - 25.8 1I 2 O. 36 1.47 

Sz6 1056 Grey mudstone with carbonaceous band 1.23 0.19 4.69 260 56 -27 .2  112 0.25 9.48 

Ssl 1206 Grey mudstone with carbonaceous band 1.13 0.27 2.40 178 74 - 27.4 II t  0.33 2.51 

Ssl 1240 Carbonaceous mudstane with marlstone O. 75 O. 19 1.22 67 55 - 24.0 ~ 1 O. 43 7.23 

Ssl 1422 Grey mudstane with carbonaceous band 0.98 0.24 2.14 129 60 - 26.2 ]~ 1 0.27 2.32 

Ssl 1537 Grey rnudstane with carbonaceous band 0.93 0.27 1.07 69 64 - 26.0 II 1 0.47 1.25 

Biogenic methane formation usually occurs via 
one of the two routes, reduction of carbon dioxide and 
acetate fermentation, even though the latter has both 
effects: acetate can be converted to methane and car- 
bon dioxide by methanogens, and the resultant fermen- 
tative carbon dioxide in turn provides carbon source for 
the methanogens to add hydrogen to form methane 
(Balch et al. , 1979; Mah, 1981). As discussed ear- 
lier, methanogens are common in the Quaternary sedi- 
ments of the study area. The stable carbon and hydro- 
gen isotopes of the methane in the Sebei Gasfield are 
significantly different from those of thermogenic gases 
in the Western Depression of the Qaidam Basin and 
those from acetate fermentation (Fig. 4 ). The ex- 
tremely low acetate concentrations in the potential gas 
source rocks (6 - 5 0  I~g/g) are clearly favorable to a 
derivation from carbon dioxide reduction (Ding Anna 
et al. , 2003). 

Previous internal studies by PetroChina Qinghai 
Oilfield Company suggested that a minimum of 0 .18% 
TOC and 30% dark mudstone within the Quaternary 

sediment column is needed for significant biogenic gas 
generation, whereas 0.35% TOC and 50% dark mud- 
stone in the sedimentary column are necessary for fa- 
vorable biogenic gas kitchens (Gu Shusong, 1993; 
Zhou Zhuhong et al. , 1994 ). Although the specific 
merit of these criteria is debatable, this approach does 
not give us a practical tool for preliminary biogenic gas 
potential evaluation. Based on these criteria, the likely 
and favorable biogenic gas kitchen areas are estimated 
to be around 15000 and 4500 km 2 , respectively ( Fig. 
5 ). Perhaps not surprisingly, all of the known biogenic 
gas fields occur within the most favorable gas kitchens, 
with the gas generation intensity greater than 3.5 bil- 
lion cubic meters (BCM) per km 2. 

4 . 3  Biogenic gas reservoirs 

The Quaternary biogenic gas reservoirs in the San- 
hu Region were deposited mainly near a shoreline-shal- 
low lake setting, with the reservoir rocks being primari- 
ly beach sand sheets and small sand bars. The litholo- 
gy is dominated by silty detritus, with siltstones and ar- 
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gillaceous sihstones accounting for over 90% of the 
reservoir volumes. Fine-grained sandstones and oolitic 
sandstones are seen occasionally. The proportions of 
quartz, feldspar and other detritus are usually in the 
ranges of 38% - 6 0 % ,  17% - 3 9 %  and 5% - 2 8 % ,  
respectively. The sheet-like beach sands extend exten- 
sively laterally with each gas field, and some show ex- 
cellent correlation across several gas fields. The thick- 
ness of individual sand layers ranges from 1 - 3  m, 
with some sand bars up to 6 m. These sandy reservoirs 
generally show strong vertical heterogeneity but good 
lateral homogeneity, accounting for 16% - 28% of the 
total Quaternary sedimentary column. 
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Fig. 5. Variations in gas productivity in the Sanhu Region of 
the Qaidam Basin showing the relative locations of gas fields 
and gas source kitchens. 

Because all the Quaternary reservoirs in the study 
area are currently at the early stage of diagenesis, they 
possess excellent primary porosity ( 20% - 39%,  
mostly 22% - 3 6 %  ). The permeability ranges from 10 
to 2694 mD, with an average of 595 mD. The porosity 
generally decreases with increasing burial depth. The 
porosity and permeability vary with lithology (Fig. 6 ) ,  
which is more noticeable in deeper strata. As shown in 
Fig. 7, over 120 porous sand layers have been identi- 
fied in the Sebei Formation within the Sebei-1 Gasfield 
Pliocene strata. 

4.4 Caprocks and gas seal capacities 

The Quaternary mudstones in the study area are 
characterized by poor consolidation and high porosity. 
It is highly remarkable that such rocks could form ef- 
fective seals for such giant gas accumulations as ob- 
served in the Tainan, Sebei 1 and 2 gas fields. The 
following four factors are considered important in this 
regard. 

4. 4. 1 Differential porosity texture 

As mudstones are dominated by fine-grained clay 
minerals, they have much smaller pore throats and thus 
much higher breakthrough pressure than sandstones. 
Results obtained from the Qinghai Oilfield Company 
database indicated that the microporosities in the mud- 
stones are mainly 16 - 160 nm in diameter, 2 - 3 or- 
ders of magnitude lower than those of sandstones. The 
difference in porosity texture between the different li- 
thologies led to an increase in permeability from mud- 
stone, through silty mudstone and argillaceous silt- 
stone, to sihstone (Fig. 6) .  A difference of over three 
orders of magnitude in permeability between mudstone 
and sihstone would effectively stop or reduce the es- 
cape of gases in the underlying strata, forming the 
backbone of the Quaternary gas seals. 

4. 4 .2  Hydraulic seal 

The water saturation levels of the Quaternary mud- 
stones are up to 80% - 9 9 % ,  which is very important 
for sustaining the gas sealing capacity of the rock. 
When its pores are filled with water with high salinity, 
the gas permeability of a mudstone will be drastically 
reduced for three different reasons. Firstly, the in- 
creased elasticity reduces the probability of microfrac- 
ture formation. Secondly, the swelling of hydrophilic 
clay minerals reduces the net porosity and pore throat 
dimension of the rock. Thirdly, the presence of water 
increases the rock capillary pressure and thus the seal 
breakthrough pressure. This is in contrast to the silt- 
stones and sandstones that usually show much larger 
pore throats. 

4. 4. 3 Hydrocarbon gradient seat 

Dark mudstones serve as both source rocks and 
caprocks for the biogenic gas. As the methanogenesis 
in a dark mudstone proceeds, a gradient in methane 
concentration will be created, leading to diffusion of 
methane from high potential to low potential field. The 
diffusion of methane from this rock would to some ex- 
tent stop or slow down the vertical flow of methane from 
the underlying rocks, thus forming a gas seal virtually 
by the hydrocarbon concentration gradient. 

4.4. 4 Regional caprocks 

The interplay of the above three factors is vital for 
the formation of immediate gas seals with the biogenic 
source/reservoir beds. The presence of 400 - 800-m- 
thick mudstone, anhydrite and halite above the verti- 
cally stacked, multiple gas pays also provides excellent 
regional caprocks for the biogenic gas pays. 
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Fig. 6. Relationships between porosity and permeability as a function of reservoir lithology in the study area. 
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Fig. 7. Structural maps and cross sections of the three largest biogenic gas fields in the Qaidam Basin. 

4.5  Biogenic  gas traps 

Figure 7 shows the structural enclosures and cross 

sections of the three major gas fields in the study area. 
A total of twelve structural traps have been identified so 

far in the Sanhu Region of the Qaidam Basin (Fig. 

1 ) ,  11 of which are surface structures. All of them are 

Quaternary. anticlines, occurring along the Northern 

Slope of the Eastern Depression. They are distributed 
in three rows, trending in an NW-SE direction. The 

amplitude of the anticlines decreases from north to 

south: the two anticlines in the northernmost position 

have large enclosure areas (600 and 370 k m 2 ) ,  big 

amplitude (450 and 370 m ) ,  and steep dipping ( 35 ° 

and 20 ° , respectively). The five anticlines in the mid- 

dle row show large variations in enclosure area (596 - 

96 km 2) and amplitude (200 - 1 8  m ) ,  with relatively 

gentle dipping ( < 5 ° ) .  The Sebei-1 and -2 structures 

are located on the third row of the structural belt, with 
extremely small dipping ( < 1 ° 3 0 ' ) .  Their enclosure 

areas are 71 and 128 km 2 , and amplitudes 60 and 17 

m, respectively. 
Surface erosion and fault intensity in the Quater- 

nary sediments decreased from north to south. For the 

three rows of structures, drilling results indicated that 

the residual Quaternary sedimentary columns increased 
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from 385 - 4 7 0  m in the north, 848 - 1 1 5 6  m in the 
middle, and over 1600 m in the south. A number of 
highly angular normal faults perpendicular to the anti- 
cline axis were observed in the structures of the north 
and middle rows. However, only 2 small, near-sur- 
face, normal faults have been observed in the Sebei-2 
anticline of the south row. 

The above structural variations generally favor the 

better preservation of anticlinal structures, thus impro- 
ving prospect for gas accumulation in the south row. 
Exploration results showed that little gas has been dis- 
covered from the structures in the north row; there 
have been found two small gas fields (Tuofengshan and 
Yanhu) and a gas-bearing anticline (Taijilaier) in the 
middle row, and two giant gas fields (Sebei-1 and -2) 
in the south row. 

In addition, a giant gas field has also been discov- 
ered recently in the Tainan anticlinal structure. This 
structure is located within the Central Sag area of the 
Eastern Depression, adjacent to the Northern Slope 
( Fig. 1 ). It is a near E-W trending, syndepositional, 
short-dimension subtle anticlinal structure, with no 
traceable faults or surface erosion. The structure has 
extremely gentle dipping, 1°15 ' -  1°35 ' in the south 
and 1 o 35' - 1 ° 45' in the north flank. Its enclosure 

area is 104 km ~ , and amplitude 110 m. 
Therefore, the most favorable traps for gas accu- 

mulation in the study area are located on the North 
Slope, near the depocenters and effective gas kitchens 
in the Central Sag area. These localities have experi- 
enced only mild tectonic activities, with relatively little 
faulting. 

4 .6  Biogenic gas accumulation models 

All of the biogenic gas accumulations in the study 
area occurred in vertically stacked payzones, each with 
separate gas-water contact. As the Quaternary sedi- 
ments were deposited in rhythmic bands, most of the 
thin mudstone and shale layers interbedded with 
sandy/silty beds can only act as dynamic barriers. On- 
ly those thick mudstones located near the top of each 
rhythmic cycle could be considered effective seals to 
prevent upward gas migration. 

Detailed examination of the Tainan Gasfield by 
Dai Jingxing et al. (2003)  indicated that the Tainan 
anticline was initiated at the Early Pleistocene (Late 
Himalayan orogeny) because of the compressing force 
from north and south directions (Fig. 8 ).  During the 
deposition of the K H marker, the amplitude of the 

Tainan anticline had reached a few meters. This was 
followed by a relatively calm period of structural devel- 
opment. After the deposition of the K 7 marker, the an- 

ticlinal development was accelerated, with the structur- 
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Fig. 8. Structural evolution of the Tainan anticline. 

al amplitude reaching approximately 30 m by the time 
of the K 3 deposition. During the Middle-Late Pleisto- 
cene to Holocene, the Qinghai-Xizang (Tibet) Plateau 
was strongly compressed by the subducting Indian Plat- 
form. The resultant Tainan anticlinal structure has an 
amplitude of 110 m for the K 9 marker. The structural 

evolution is similar at the Sebei-1 and Sebei-2 gas field 
locations, except that the structures were formed slight- 
ly earlier. 

Figure 9 illustrates the expected sequence of e- 
vents as biogenic gas migrated into a previously water 
wet structure. The migrating oil initially entered the 
coarse sand/silt layer immediately below the thick 
mudstone caprocks, and only a relatively small part of 
the accumulation was initially gas saturated. As more 
gas migrated into the structure, the increased buoyant 
pressure caused the gas to displace water and drove the 
gas-water contact down. When the gas-water contact 
went below the top of the underlying porous sand/sih 
layer, the gas began to accumulate in this new reser- 
voir zone. Freshly generated gas, generated from one 
or both sides of the trap, was forced to advance into the 
structure and drove the gas-water contact of this new 
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Fig. 9. Generalized biogenic gas accumulation model for the Sanhu Region of the Qaidam Basin. 

reservoir zone further down. Eventually, multiple pay- 
zones with close vertical approximation would be 
formed for a single trap. These payzones can be con- 
sidered as a single gas reservoir unit, ultimately con- 
trolled by the same thick mudstone caprocks. As more 
gas was accumulated in the trap, the gas column grew. 
When the buoyant pressure became greater than the 
critical breakthrough point of the mudstone seal, some 
of the pores in the seal open and gas leakage occurred. 
When gas leakage reduced the net gas buoyant pressure 
to or below the mudstone breakthrough point, the mud- 
stone became a gas seal again and gas accumulation 
continued. Therefore, the formation of biogenic gas ac- 
cumulations in the study area is the result of highly dy- 
namic processes. 

Testing results showed that almost 99 % of the bio- 
genic gas reserves occurred in the Lower-Middle Pleis- 
tocene strata (between K2 to K10 marker). Key charac- 
teristics of the biogenic gas accumulations in the study 
area include ( 1 ) shallow burial depth ( 500 - 1500 
m); (2)  strong structural control on gas yields, with 
the gas yields decreasing drastically from the top to the 

flanks of the anticlinal structure ; (3)  the presence of 
many mudstone interbeds within the gas column, lead- 
ing to multiple gas-water systems; (4 )  high free gas 
flow during testing (7 - 21, up to 50 mcf/d)  ; and 
(5)  increasing trap enclosure area and gas reserves 
with increasing reservoir depth for all of the major gas 
fields. 

5 Conclusions 

This study provided an overview on the geological 
setting and geochemical characteristics of the Pleisto- 
cene shallow gas accumulations in eastern Qaidam Ba- 
sin, NW China. The dominance of methane ( > 
99.9% ) and the ~ 13C and ~D values of methane 

( - 6 8 . 5 1 % ~  to -65 .00%~ and -227.55%~ to 
-221.94%v, respectively) in these gases suggested a 

biogenic origin associated with methanogenesis of sedi- 
mentary organic matter under relatively low tempera- 
tures ( < 75°C ). The formation of a large quantity of 
biogenic gas in the Pleistocene sediments of the study 
area is possible as the sufficient supply and adequate 
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preservation of organic matter is ensured by the lake 
bas in ' s  high altitude (2600 -:'3000 m ) ,  high water 
salinity ( > 15% ) and strong stratification. The depo- 
sition and extensive lateral occurrence of shoreline-la- 
custrine sands/silts in beach sand sheets and small 
sand bars provided excellent storage spaces for the bio- 
genic gases generated from interbedded dark mud- 
stones. Effective gas seals are largely related to the 
variation in porosity of different lithotypes, the hydrau- 
lic seal due to the high water saturation of the mud- 
stones, the hydrocarbon gradient created because of the 
due role of dark mudstones as both gas source rock and 
caprock, and the presence of a regional caprock con- 
sisting of 400 -800-m-thick mudstones and salts above 
the vertically stacked gas pays. The most favorable 
traps for large gas accumulation tend to occur on the 
structural slopes near the major gas kitchens, in large 
but gentle anticlines that have experienced only mild 
tectonic activities with relatively little faulting. 
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