J. Cent. South Univ. (2015) 22: 2665—2680

DOI: 10.1007/s11771-015-2797-y Q Springer

Formation mechanisms and distribution of high quality reservoirs in
deep strata in Palacogene in northern steep slope zone of
Bonan sag, Jiyang depression, China

MA Ben-ben(7¥5%), CAO Ying-chang($ 1), JIA Yan-cong( ¥4 f{iliE), WANG Yan-zhong(F-#i /L)
School of Geosciences, China University of Petroleum, Qingdao 266580, China

© Central South University Press and Springer-Verlag Berlin Heidelberg 2015

Abstract: Petrographic analysis combined with various techniques, such as thin section identification, petro-physical property testing,
mercury penetration, oil testing results, was used to assess basic reservoir characteristics of deep strata in Palacogene in the northern
steep slope zone of the Bonan sag, China. The formation mechanisms of high quality reservoirs in deep strata were discussed
according to evolution characteristics of paleopressures and paleofluids in geological period. The deep reservoirs have poor physical
properties and mainly develop extra-low porosity, extra-low and ultra-low permeability reservoirs. Reservoir spaces mainly consist of
secondary pores and overpressure fractures. Early overpressure, early hydrocarbon filling and dissolution by early organic acids are
the major formation mechanisms of high quality reservoirs. The conglomerate in inner fan which had a poor primary physical
property mainly experienced strong compaction and calcareous matrix recrystallization. The physical properties of the inner fan were
poor with weak dissolution because of poor mobility of fluid. The reservoirs mainly are type IV reservoirs and the distribution
extends with the burial depth. The braided channel reservoirs in the middle fan had relative good primary physical properties and
strong ability to resist compaction which favored the preservation of primary pores. Large amounts of the secondary porosities were
created due to dissolution by early organic acids. A series of micro-fractures generated by early overpressures would be important
migration pathways for hydrocarbon and organic acids. Furthermore, early overpressures had retarded maturation of organic matters
and organic acids which had flowed into reservoirs already and could keep in acid environment for a long time. This process would
contribute significantly to reinforcing the dissolution and enhancing the reservoir quality. The braided channel reservoirs were
charged with high oil saturation preferentially by early hydrocarbon filling which could inhibit later cementation. Therefore, the
braided channel reservoirs develop a great quantity of reservoir spaces with type I, type Il and type III reservoirs in the majority in
the deep strata. With the burial depth, distributions of type I and type II reservoirs are narrowed and distribution of type III reservoirs
decreases first and then extends. The reservoirs both in outer fan and in interdistributary of the middle fan have extremely poor
physical properties because of extensive carbonate cementation. The type of the reservoirs mainly is type IV.
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quality reservoirs can provide guidance theoretically on
petroleum exploration in deep strata.
With a relatively mature exploration on shallow

1 Introduction

Petroleum exploration in deep reservoirs, which
refers to those at burial depth more than 3 km, deserves
more specialized attention worldwide [1-6]. As
petroleum exploration technology advances, the relative
high quality reservoirs could be developed in the context
of general low porosity and low permeability, and these
sweet spots in deep reservoirs are characterized by better
rounded, good sorting and small amounts of authigenic
cements. Great heterogeneity of deep reservoirs is
commonly demonstrated because of complex evolution
of diagenesis and physical property. Consequently,
identifying genetic mechanism and distribution of high

strata in the northern steep slope zone of the Bonan sag,
China, the upper part of the fourth member of the Shahejie
formation (Es4s) in Palacogene is identified as the main
areas of current deep exploration interest and enormous
potentials for petroleum exploration on Es4s are visible
with oil testing results [7]. However, deep reservoirs had
undergone multi-stage of cementation, dissolution,
hydrocarbon-filling and complex metasomatism, as well
as overpressures in the burial history [7—10]. As a result,
physical properties of the reservoirs went through
complicated evolutionary process. The aim of the present
work is to have a detailed description of the
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characteristics of deep reservoirs and to identify
formation mechanisms and distribution of high quality
reservoirs in palacogene in the northern steep slope zone
of the Bonan sag, by means of petrographic analysis
combined with thin section identification, petro-physical
property testing, mercury penetration and oil testing
results.

2 Regional geological setting

The Bonan sag, located in the northern part of the
Jiyang depression, China, is a NE-strike, fault-
subsidence lacustrine basin and contains a steep slope
zone in the north and a gentle slope zone in the south.
The sag is bounded to the east by the Guxi fault, to the
west by the Yidong fault and to the south by the slope of
the Chenjiazhuang salient. In the north, the Chengdong
salient borders the sag, and this contact is marked by the
Chengnan fault [11]. The Bonan sag covers an area of
600 km’. The Palacogene mainly consists of the
Kongdian formation, Shahejie formation and Dongying
formation from bottom to top in the Bonan sag. The
Shahejia formation can be divided into four members,
namely the fourth member (Es4), the third member (Es3),
the second member (Es2), and the first member (Esl)
from bottom up. During the deposition of Esds,
nearshore subaqueous fans were developed and
large-scales of sandy conglomerate bodies with a
maximum thickness of 800 m were deposited on the
downthrown side of the Chennan fault in the northern
steep slope zone of the Bonan sag (Fig. 1). These sandy
conglomerate bodies are adjacent to lacustrine source

rocks and thereby they possess great potentials for
exploration with excellent geologic conditions for
hydrocarbon accumulation. So far, exploration for sandy
conglomerate bodies has made major breakthroughs in
the northern steep slope of the Bonan sag. Wells
Yigengl03, Yil04-1 and Yil09-1 have obtained
industrial oil flows with a high level of productivity [11].
The nearshore subaqueous fan can be sub-divided into
inner fan, middle fan and outer fan subfacies according
to depositional characteristics and hydrodynamic
condition (Fig. 2). Lithologies of the inner fan subfacies
are mainly composed of poor sorted, matrix-supported
conglomerates with angular and subangular gravels
(Fig. 2). Matrix-supported conglomerates with a great
thickness barely have apparent variation vertically in the
inner fan, where almost no lacustrine mudstones are
observed because of scouring erosion. The middle fan
subfacies could be sub-divided into braided channel and
interdistributary microfacies. Lithologies of the braided
channel microfacies are principally characterized by
pebbly sandstones and medium-coarse sandstones
(Fig. 2). They are moderately-well sorted with low
matrix contents and high level of textural maturity.
Sedimentary structures are primarily characterized by
normal graded bedding, scour surface as well as
contemporaneous deformation structure in the braided
channel microfacies. Lithologies of the interdistributary
microfacies are mainly composed of typical turbidites
featured by thin layers and fine grained (Fig. 2). Normal
lacustrine mudstones could be developed among
multi-periods of normal graded sandy conglomerate
bodies in the middle fan subfacies. Lithologies of the
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Fig. 1 Sedimentary facies of Es4s in Bonan sag (According to Ref. [12], modified)
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Fig. 2 Sedimentary characteristics of different sub/micro-facies in nearshore subaqueous fan

outer fan microfacies consist of dark gray mudstones
intercalated by thin sandstones and pebbly sandstones
(Fig. 2).

3 Reservoir characteristics

3.1 Petrography

Reservoir lithologies of the nearshore subaqueous
fan of Es4s in the northern steep slope zone of the Bonan
sag, China, are characterized by conglomerates, pebbly
sandstones, sandstones and dark gray mudstones. The
conglomerates  are
calcareous matrix as well as minor shaly one. Gravels
which are angular-subrounded are mainly composed of
limestone and granite-gneiss. Point counting data show
that clastic grains are composed of quartz with an
average mass fraction of 36.4%, feldspar 33.2% and rock
fragments 30.4% (Qs64F332R304), which indicates that
Es4s sandstones are lithic arkose and feldspathic
litharenite [13], as shown in Fig. 3. Unstable lithic grains
are dominated by metamorphic and rare sedimentary or
volcanic rock fragments. Matrix content ranges from
0.5% to 40% with an average of 8.3%. Cement content
ranges from 0.5% to 35% with an average of 8.1%. The
reservoirs contain carbonate cement as the most
abundant minerals, with quartz overgrowths present in
lesser amounts. Grains are poorly sorted as shown by
sorting coefficient ranging from 1.44 to 3.44 with an
average of 1.88. Generally, the textural maturity and
compositional maturity is quite low in sandy
conglomerate reservoirs of Es4s in the northern steep
slope zone of the Bonan sag.

matrix-supported with  major

3.2 Reservoir space
More than 210 thin sections and cores from 16

boreholes of sandy conglomerate samples in the

nearshore subaqueous fan of Es4s in the northern steep
slope zone of the Bonan sag, are selected for determining
the features of reservoir space. Secondary pores and
fractures are identified as the two major types of the
reservoir space in deep reservoirs. The secondary pores
mainly include the dissolution pores of feldspars and
rock fragments (70.3%) (Figs. 4(a) and (b)), as well as a
small quantity of the dissolution pores of carbonate
cement (12.5%) (Fig. 4(c)). A certain amount of primary
pores (15.2%) are observed as well (Fig. 4(d)).
Overpressure fractures are the main type of fractures in
deep reservoirs. They can either bypass grains or break
them up into small pieces, and show poor regularity and
directionality (Figs. 4(e)—(i)). Complex reservoir spaces
(Fig. 4(f)) can be formed by secondary pores and
fractures because of their genetic correlation. Secondary
pores can also be found under the circumstances where
developed
overpressure fractures and later acid fluids are able to

overpressure  fractures  are because
enter into reservoirs and thereby dissolution pores are
easily formed. Some fractures are filled with the later

carbonate cements (Figs. 4(g)—(1)).

3.3 Reservoir physical properties

Physical properties of the sandy conglomerate
reservoirs are poor with a burial depth of 3000-4500 m
in the nearshore subaqueous fan of Es4s in the northern
steep slope zone of the Bonan sag. The porosities of the
studied samples are extra-low, ranging from 1.3% to
17.6% with an average of 7.5%. The permeability shows
a wide range from <0.01 to 130 mD and samples with
ultra-low permeability and extra-low permeability are in
the majority (Fig. 5). Porosity and permeability show a
branch-like correlation (Fig. 5(a)). Most samples with
lower porosities have higher permeabilities due to the
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Fig. 3 Ternary diagram showing various types of sandstones identified in Es4s reservoirs

Fig. 4 Reservoir space in deep strata of Es4s in northern steep slope zone of Bonan sag: (a) Dissolution pores of feldspars, well Yil73,
4115.6 m, plane-polarized light; (b) Dissolution pores of feldspars filled by ferrocalcite, well Yi110, 3365.5 m, plane-polarized light;
(c) Dissolution pores of carbonate cement, well Yi282, 3597.6 m, orthogonal polarized light; (d) Primary pores preserved by oil
filling, well Yil73, 4115.2 m, plane-polarized light; (e) Overpressure fractures filled with oil, well Yi283, 3955.8 m, plane-polarized
light; (f) Overpressure fractures, well Yil10, 3361.77 m, plane-polarized light; (g) Grain fractures filled with carbonate cements, well
Yi285, 3972.1 m; (h) Grain fractures filled with carbonate cements from core observation, well Yil10, 3364.95 m; (i) Grain fractures
filled with carbonate cements from core observation, well Yi284, 4223 m



J. Cent. South Univ. (2015) 22: 2665-2680 2669
103 3.0
(@) (b)
102 % ® 32+
St St an T e
\ 341
A 10 %, 00 oy . "
% ©
\E : ’Q L0 & I
>\ -
2 ° A, § o 3.6
% 100_ “ [ \? () ' \ §
g K . : Z Envelope
£ o Ro <1 | 5 38 ede p
5 e %ee? A curve of
10 e (L I .~ porosity
: % | 4.0+ o
02 ¥ : .
-ne
| =
-3 . . I Effective
10 0 5 10 15 20 44+ reservoirs
Porosity/% ) . I¢cumﬁ‘I
0 5 10 15 20
Porosity/%

Fig. 5 Reservoir properties in deep strata of Es4s in northern steep slope zone of Bonan sag: (a) A plot of porosity versus

permeability; (b) Relationship between porosity and burial depth (A total of 403 measured data of properties were from 16 wells.

Porosity cutoff (@eor) of reservoir was calculated by formation test method using plenty of measured properties, logging

interpretation properties and oil testing results, guop=—9.11nH+82.01, R*=0.84 (pcuon—Porosity cutoff; H—depth [14]); Data were

from Hekou oil production plant in Shengli Oilfield)

presence of overpressure fracures which result in high
permeability in deep strata. Progressive burial results in
increasing compaction and porosity loss, and most
reservoirs whose porosity is below the porosity cutoff of
effective reservoirs become invalid while the rest whose
porosity is above the cutoffs become high quality ones in
moderately to deeply burial reservoirs (Fig. 5(b)).

4 Formation mechanism of high quality
reservoirs

4.1 Early overpressure

Several methods can be wused to restore
paleopressures through fluid inclusion [15—17]. Using
the homogenization temperature and the measured
salinity of fluid inclusions, a relatively simple function
was established by which the homogenization
temperature could be related to the temperature and
pressure of inclusion formation and the composition of
the trapped fluid [17]:

p=A+A,T (1)
A,=6.100x107° +(2.385x10™" —a))T;, -

(2.855x107 + a, )T} = (ayT;, +a, T2 )m )
Ay=a; +a,T;, +9.888x 10T + (ay +a,T; )m (3)

where m=1000 W/[Mx(100— w)] is molality; M is molar
mass of NaCl; w is fluid inclusion salinity; 7} is
homogenization temperature of fluid inclusion; p is the
pressure; T is capture temperature of fluid inclusion and
can be calibrated by Tj, calibration curves of saline water

inclusions [18]. In a NaCI-H,O system, a1:2.873X101,
ay=—6.477x10", a;=-2.009x10 ", a,=3.186x10 "
Therefore, the paleopressures could be reestablished
in accordance with this method. The formation time for
paleopressure is concluded from 7, of fluid inclusion in
conjunction with the burial history (Table 1).
Paleopressure coefficients indicate that there were
two peaks of formation pressure in the geological time
(Fig. 6). The paleopressures were increasing quickly due
to the disequilibrium compaction in the early rapid
deposition, and reached its first peak with a pressure
coefficient of 1.71, approximately 32.5 Ma ago. After
32.5 Ma, the paleopressures were reducing rapidly as a
result of regional tectonic uplift and reached the
minimum, 246 Ma ago. The
temperature went up quickly with strata subsiding once
again, and source rocks of Es4s and Es3x [7-9] entered
into thermal mature stage with the rising temperature.
Eventually, the paleopressures increased again due to the
hydrocarbon generation and reached its second peak with
the pressure coefficient of 2.21 (Fig. 6). Evidently,
pressure coefficient of the latter stage was much higher
than that of the former stage. It illustrated that the latter
overpressures induced by the hydrocarbon generation
had exerted more important influence on reservoirs than
the former one duo to the disequilibrium compaction.
studies on overpressure generating
mechanisms demonstrated that abnormal overpressure
was generated by disequilibrium compaction in the early
rapid deposition [19—21]. Three mechanisms about

about formation

Previous
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Table 1 Paleo-pressures results reestablished by homogenization temperature and measured salinity of fluid inclusions

.. Paleo-
Well Strata Depth/m I_—IOSt Type Tw/°C Salinity/  m/ . TrC A A, p/MPa Age/ - Paleo- hydrostatic Pressgre
mineral %  (molkg ) Ma depth/m coefficient
pressure/MPa
Boshens Esds 5136 U Sl 4 006 036 11392 2273 222 2614 40 2000 19.6 133
overgrowth water
t: It-
Boshens Esds 5136 QU7 Salt 0o sos 005 112,05 —2254 224 2574 41 1900 18.62 138
overgrowth water
Yil2o  Esas 30382 QU Sl oo 053 009 11602 2298 221 2663 35 1850 18.13 1.47
overgrowth water
. Quartz  Salt-
Yil20 Es4s 3038.2 102.9 1.90 0.33  114.51 —2281 222 2629 37 1800 17.64 1.49
overgrowth water
. Quartz  Salt-
Yil29 Es4s 22139 128 10.49 2.00 143.81 —2686 21.0 33.68 8 2100 20.58 1.64
overgrowth water
. Quartz  Salt-
Yil29 Es4s 22139 129.1 3.85 0.68  145.10 —2665 20.7 33.53 8 2100 20.58 1.63
overgrowth water
It-
Yil2o  Esds 22139 W2 Sl g0 o066 501 10878 2252 230 2537 9 2000 19.6 1.29
overgrowth water
Yil29  Esas 20435 QU2 Salt oo o0s 132 15281 —2768 204 3539 8 2100 20.58 1.72
overgrowth water
. Quartz  Salt-
Yil29 Es4s 2243.5 133.6 6.72 1.23  150.35 —2738 20.5 3484 8 2100 20.58 1.69
overgrowth water
R Quartz  Salt-
Yil29 Es4s 2243.5 134.8 6.43 1.18 151.76 —2752 204 35.12 8 2100 20.58 1.71
overgrowth water
. Quartz  Salt-
Yil29 Es4s 2396.7 110.8 1.05 0.18 123.73 -2400 21.7 2854 14 1500 14.7 1.94
overgrowth water
. Quartz  Salt-
Yil29 Es4s 2396.7 119.9 4.32 0.77 13436 —2543 21.2 31.17 14 1500 14.7 2.12
overgrowth water
. Quartz  Salt-
Yil29 Es4s 2396.7 1249 5.25 0.95 140.20 —2616 21.0 32.54 14 1500 14.7 2.21
overgrowth water
R Quartz  Salt-
Yil29 Es4s 2396.7 122.6 4.01 0.71 137.51 -2579 21.1 31.87 14 1500 14.7 2.17
overgrowth water
t: It-
Yile0  Esas 31285 QUM Sl 06 1504 303 11649 2345 225 2721 27 2100 20.58 132
overgrowth water
. Quartz  Salt-
Yil60 Es4s 3128.5 81 1.39 0.24 88.93 —1903 23.6 19.28 34 1300 12.74 1.51
overgrowth water
. Quartz  Salt-
Yil60 Es4s 31293 141.8 15.14 3.05 15993 —2904 20.5 37.64 2 3100 30.38 1.24
overgrowth water
. Quartz  Salt-
Yil60 Es4s 3130.7 115.7 19.95 426 129.45 -2550 22.1 30.84 6 2500 24.5 1.26
overgrowth water
It-
Yil72  Esds 39550 W2 SAC 0040 466 14265 2740 216 3427 95 2920 28.616 1.20
overgrowth water
t: 1t-
Yil72  Esas 3955 QU Sall 00087 308 13447 2614 218 3204 13 2400 23.52 136
overgrowth water
1: 1t-
Yil72  Esks 4079.48 QU Sall i 088 253 11521 2319 225 2679 30 1800 17.64 1.52
overgrowth water
rt Salt- 140.8
Yil73 Es4s 41152 Quartz a 14.20 2.83  158.82 —2883 20.5 3730 9 3200 31.36 1.19
overgrowth water 5
. Quartz  Salt-
Yil73 Es4s 41152 139.2 21.35 4.64 156.89 —2923 21.0 37.66 94 3200 31.36 1.20
overgrowth water
. Quartz  Salt-
Yil73 Es4s 41152 125.8 18.87 398 141.25 -2704 21.5 33.71 12 2200 21.56 1.56
overgrowth water
. Quartz  Salt-
Yil73 Es4s 41152 98.7 7.99 1.48 109.60 —2226 22.6 25.16 32.6 1500 14.7 1.71
overgrowth water
R Quartz  Salt-
Yil73 Es4s 4115.6 122.9 23.56 527 137.86 —2690 219 3325 12 2200 21.56 1.54
overgrowth water
. Quartz  Salt-
Yil73 Es4s 4115.6 132 21.20 4.60 14849 —2815 214 3566 13 2400 23.52 1.52
overgrowth water
. Quartz  Salt-
Yil73 Es4s 4115.6 132.5 15.55 3.15  149.07 —2780 21.0 35.27 13 2400 23.52 1.50
overgrowth water
. Quartz  Salt-
Yi283 Es4s 4056.4 120.5 15.20 3.04 135.06 —2601 21.6 31.94 22 2000 19.6 1.63
overgrowth water
Yi283 Es4s 4184.3 Quartz ~ Salt- 130.6 14.65 2.92  146.85 —2747 21.1 34.68 20 2100 20.58 1.69

overgrowth water
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porosity preservation by early overpressures have been
proposed. Firstly, porosity that would otherwise be lost
to compaction is held open by early overpressures in a
low vertical effective stress regime, resulting in
anomalously porous reservoirs [22—23]. Secondly, early
overpressures have been suggested to limit or prevent
significant quartz cementation by inhibiting intergranular
pressure solution [21, 24]. Thirdly, early overpressures
allow the potential development of secondary porosity
[25].

A plot of present pressure-coefficient versus depth
profile (Fig. 7) of sandy conglomerates in Es4s in the
northern steep slope zone of the Bonan sag shows that
the overpressures are generated at burial depth of 2000 m
in a relatively early period. A trend of increasing
overpressure with an increase of burial depth has been
noted. The present pressure distribution is consistent
with the restored results of paleopressures. Overpressures
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Fig. 7 A plot of present pressure coefficient versus depth
profile of sandy conglomerates in Es4s in northern steep slope
zone of Bonan sag (Measured stratigraphic pressures for a total
of 84 samples were collected at different depths from 24 wells)

in the early period contribute to the maintenance of high
primary porosities in a low vertical effective stress
regime. Previous studies showed that overpressures
induced in the early rapidly-deposited period were
formed as box-like overpressure compartments by the
regional caprocks made of lacustrine mudstones in Es4s
and Es3x [7]. A series of micro-fractures could be
formed when formation pressure exceeds fracture
pressure during formation pressure accumulation [26].
The developed zones of overpressure micro-fractures
coincide with the present overpressure zones
(Figs. 4(e)—(i)).

Based on the episodic accumulation theory [27],
these micro-fractures are defined as the important
migration pathways for hydrocarbon and organic acid
fluids. They will be resealed by reduced formation
pressures after energy is released and are opened up the
second time due to the hydrocarbon generation in the
later period.

4.2 Early hydrocarbon filling

Previous studies have revealed two episodes of
hydrocarbon filling in the sandy conglomerate reservoirs
of Es4s in the northern steep slope zone of the Bonan sag
[28-29].

The early stage of oil inclusions has green
fluorescence color and the homogenization temperature
(Ty) ranges from 85 °C to 110 °C. T, for salt-water
inclusions in the same period is 110—130 °C and their
salinity is 1%—6%. In contrast, the later one of oil
inclusions has blue—white fluorescence color and T
ranges from 110 °C to 130 °C. T, for salt-water
inclusions in the same period is 130—150 °C and their
salinity is 14%—22% [28]. Therefore, according to 7;, for
salt-water inclusions in these two periods and in
conjunction with the burial history, the early
hydrocarbon filling took place approximately 28.8—24.6
Ma ago; while the later one occurred 10—6 Ma ago. In
spite of the limited amounts of hydrocarbon generated in
the early period, effective hydrocarbon filling still
occurred since the sandy conglomerate reservoirs are
close to the center of hydrocarbon generating sag. Early
overpressures were released during 32.5-24.6 Ma ago
and the paleopressure coefficient dropped to 1.25, about
24.6 Ma ago (Fig. 6). Therefore, the early hydrocarbon
filling which was generated approximately 28.8—24.6 Ma
ago had hardly been inhibited by early overpressures.

Early hydrocarbon filling has been identified as an
important factor for reservoirs conservation. On one
hand, early hydrocarbon filling retards or inhibits
cementation [30—32], particularly carbonate cementation.
Statistics show that the contents of carbonate cements
demonstrate an obvious reducing trend with the
increasing of oil-bearing grade (Table 2). Meanwhile,
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Table 2 Average contents of carbonate cements in different oil-bearing grade reservoirs

Oil-bearing wa/% Number of
grade Total carbonate cement Calcite Ferrocalcite Dolomite Ankerite sample

Oil free 13.92 6.85 1.5 425 1.32 30
Fluorescence 12.13 6.96 22 2.5 0.47 23
Oil trace 11.2 6.55 0.9 3.1 0.65 20
Oil stain 8.39 4.53 1.2 2.06 0.6 58
Oil soaked 6.28 3.6 0.3 1.88 0.5 68
Oil saturated 3.5 2.5 0 0.8 0.2 10

carbonate cementation shows euhedral crystals growth in
reservoirs with a high oil-bearing grade (Figs. 8(a) and
(b)). It can be inferred that early hydrocarbon filling
predates carbonate cementation and inhibits carbonate
cementation obviously. In the contrast, extensive
carbonate cementation has been identified with high
contents in poor or no oil-bearing reservoirs (Fig. 8(c)).
On the other hand, overpressures caused by early
hydrocarbon filling can retard compaction and protect
primary pores in the deep strata (Fig. 4(d), Figs. 8(a) and

(b))

4.3 Dissolution by early organic acids

There are mainly two sets of source rocks in Es4s
and Es3x with a maximum thickness of 600 m in the
northern steep slope zone of the Bonan sag [7, 33—34].
The source rocks are of high quality, which mainly
consist of oil shales and dark mudstones in semi-deep
and deep lacustrine [7], with kerogen types I and II in the
majority.

Previous studies show that formation of abundant
secondary porosity requires an interaction between
sandstones and acidic fluids [35—36]. These fluids could
have been meteoric origin or probably carboxylic and
carbonic in composition derived from the diagenesis of
buried organic matters in the source rocks prior to oil
generation [37-38]. Generally, 6'0 values of meteoric
water range from —12%o to 0%(SMOW) [39-40].
According to calcite—water [41] and dolomite-water
fractionation equation [42], 0'°0 values of lake water
could be calculated and range from —3.94%o to 9.57%o
with an average of 2.52%. (SMOW) [43] (Table 3), when
calcite and dolomite were precipitated. Therefore, it is
indicated that meteoric water has little impact on
diagenesis of Es4 reservoirs and most of the secondary
pores in deep reservoirs are generated due to dissolution
by organic acids.

SURDAM et al [37], based on quantities of
experimental work, argued that the temperatures for the
maximum concentrations of short-chain carboxylic
acids(the peak of oxygen-containing groups released by
kerogen) are 75—90 °C, and the optimal temperature for

Fig. 8 Characteristics of carbonate cementation in different
oil-bearing grade reservoirs: (a) Well Yil73, 4116 m, ankerite
occurring as euhedral crystals in oil saturated reservoir;
(b) Well Yil73, 4115.2 m, dolomite occurring as euhedral
crystals in oil soaked reservoir; (c) Well Yi284, 3804 m,
pore-filling blocky ankerite in oil free reservoir

organic acids preservation is 80—120 °C [37]. Besides,
geothermal gradient was high with a value of 4.6 °C/
100 m in the depositional period of Es4s in the northern
steep slope zone of the Bonan sag [44], and thus thermal
maturation of the source rocks in the study area could be
accelerated.
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Table 3 5'°0 data of carbonate cements in Es4 from Bonan sag (6'*0 data quoted from [43])

Well  Depth/m  Strata  Carbonate cement  6'°O-PDB/%o 5'%0-SMOW/%o 6'%0-SMOW(H,0)/%o
Yil7 3430.9 Es4 Ferrocalcite —7.96 22.70 8.06
Yil7 3515.7 Es4 Ferrocalcite -9.21 21.42 6.77
Yil60 3579.49 Es4 Ferrocalcite —17.05 13.33 -1.32
Yil60 3582.2 Es4 Calcite -11.72 18.82 4.18
Yil60 3594.4 Es4 Dolomite —-16.76 13.63 -1.02
Yil60 3595.5 Es4 Calcite —-16.22 14.19 —0.46
Yil60 3598.47 Es4 Calcite -10.45 20.14 5.49
Yil60 3607 Es4 Calcite -8.79 21.85 7.20
Yil60 3610 Es4 Calcite —14.88 15.57 0.93
Yil60 3612.12 Es4 Ankerite —15.58 14.85 0.20
Yil60 3678.69 Es4 Calcite —8.88 21.76 7.11
Yil60 3679.29 Es4 Calcite -17.76 12.60 —2.04
Yil60 3680.09 Es4 Calcite —14.26 16.21 1.56
Yil60 3682 Es4 Calcite —-13.55 16.94 2.29
Yil70 3811.87 Es4 Ankerite —18.69 11.64 -3.01
Yil70 3825 Es4 Ankerite —14.47 15.99 1.34
Boshen5 4760 Es4 Ferrocalcite -11.04 19.53 4.88
Boshen5 5138 Es4 Ferrocalcite —6.49 2422 9.57
Boshen4 5447 Es4 Calcite —19.60 10.71 —3.94

Well Yi283 is a typical well which lies in the
northern steep slope zone of the Bonan sag (Fig. 1). The
generation and preservation of organic acids could be
determined by the thermal evolution of the source rocks
in Es4s and Es3x of Well 283 (Fig. 9). Formation
temperature of the base of Es4s reached 75 °C about 42.5
Ma ago. With the burial depth increasing, formation
temperature of the top and the base increased to 100 °C
and 120 °C approximately 30 Ma ago. In consequence,
organic matter began to mature and produce abundant
organic acids during this period [37]. Under acidic
conditions dominated by early organic acids with a
temperature of 100—120 °C, organic acids could flow
into reservoirs easily. As a result, vast of the secondary
porosity was created by the dissolution of feldspars, rock
fragments and other unstable grains (Figs. 4(a) and (b)).
A certain quantity of SiO, was formed in the process of
feldspars dissolution and it would be precipitated as
quartz overgrowths in suitable conditions [45]. Under
thin section observation, straight, syntaxial, euhedral and
well-developed quartz overgrowths are common around
detrital quartz grains in hydrocarbon filling reservoirs.
The width of overgrowths ranges from 25.4 pm to
94.5 um with an average of 57.6 pm. The average 7;, for
salt-water fluid inclusions in quartz overgrowths is
101.3 °C (Table 4), and the formation time can be
calculated as about 40 Ma ago in conjunction with the

burial history of Well Boshen 5. It is also consistent with
the time when organic acids are released from source
rocks.

Feldspar dissolution pores were filled with oil,
suggesting that early dissolution predated -early
hydrocarbon filling (Fig. 4(a)). Therefore, feldspars
dissolution as well as quartz overgrowths would not be
hampered by early hydrocarbon filling, and there was
enough space for quartz overgrowths to develop euhedral
crystals. Quartz overgrowths are an important factor that
can cause reservoir quality worse in many deep
hydrocarbon reservoirs [46]. In fact, quartz cements,
specifically syntaxial quartz overgrowths, are a major
cause of porosity-loss in many petroleum reservoirs in
both moderately to deeply buried reservoirs [47].

As mentioned above, early overpressures reached a
maximum about 32.5 Ma ago, and at that time the source
rocks (the whole Es4s and most of Es3x) were within
optimal temperature range for organic acids preservation
(Fig. 9). A large number of micro-fractures were
produced by early overpressures and they would be
important migration pathways for organic acid fluids.
Furthermore, early overpressures had retarded organic
matter maturity [48—49], and enabled the organic acids
which had flowed into reservoirs already to stay in an
acid environment over a long period, and thus helped to
enhance reservoir dissolution.
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Fig. 9 Burial history of well Yi283 in northern steep slope zone of Bonan sag (R, is the vitrinite reflectance)
Table 4 Data of fluid inclusions of Es4s reservoirs
Well Depth/km Strara Lithofacies Host mineral Type Size/pm Ty/°C  Mean T;/°C
Boshen 5 5136 Esd4s Pebbly sandstone  Quartz overgrowth  Salt-water 4 100.8
Boshen 5 5136 Es4s Pebbly sandstone  Quartz overgrowth  Salt-water 4.5 101.2
Boshen 5 5136 Es4s Pebbly sandstone  Quartz overgrowth  Salt-water 5.1 99.1 101.3
Boshen 5 5136 Es4s Pebbly sandstone  Quartz overgrowth  Salt-water 6.2 103
Boshen 5 5136 Es4s Pebbly sandstone  Quartz overgrowth  Salt-water 6.5 102.4

5 Reservoirs evaluation
prediction

and sweet spots

5.1 Reservoirs evaluation

A comprehensive evaluation which includes
parameters of macroscopic physical property and
microcosmic pore-throat texture, combined with thin
section observation and oil testing results, was adopted to
assess reservoir quality. As a result, the sandy
conglomerate reservoirs are divided into four types in
Es4s in the northern steep slope zone of the Bonan sag
(Table 5).

Porosities of type I reservoirs range from 9.6% to
17.6% with an average of 14.8% and its permeabilities
range from 5.44 mD to 135.65 mD with an average of

43.98 mD, which indicate that type I reservoirs have the
best physical properties. py as a mercury-penetration
parameter ranges from 0.01 MPa to 0.5 MPa with an
average of 0.23 MPa. pcsy as the other mercury-
penetration parameter ranges from 0.3 MPa to 8 MPa
with an average of 2.61 MPa. Reservoir space is well
developed and composed of secondary pores
predominantly as well as minor primary pores. Pore-
throat textures are characterized by middle pores and thin
throats system with a better connectivity between them.
Type I reservoirs are high-quality ones with a daily oil
production more than 10 t as evidenced by oil testing
results. For instance, sandy conglomerate
reservoirs in the braided channel of middle fan in Well Yi
282 at the burial depth of 3460.35-3461.90 m have a
daily oil production of 13.9 t.

brown
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Table 5 Reservoir classification in deep strata of Es4s in northern steep slope zone of Bonan sag (p, represents displacement pressure,
Peso represents corresponding capillary pressure at value of 50% Hg saturation in capillary pressure curves)

[tem Type | Type 11 Type 111 Type IV
10%F 102 102F 102F
% 10'F E 10'F % 10'¢ g 10'F
Capillary g 10°F :2; 10 % 109 :5) 10
pressure & 5 s il & o
curve EY Well Yi282 E'T wenvig E wenvioss g Well Yiogs
102 3460.55 m Bi102f  34846m B102f  42249m E10? 3752.8m
Q &) o @)
19500 80 60 40 20 0 19900 80 0 40 20 0 700 80 60 40 20 o0 1560 80 60 40 20 0
Hg saturation/% Hg saturation/% Hg saturation/% Hg saturation/%
Average  14.8 10.8 6.4 3.6
Prcg;ity/ Min  9.60 6.4 3.1 13
Physical Max 17.6 14.8 9.5 5.5
property Average  43.98 9.25 0.89 0.210
Perme- © 5.44 1.47 0.15
Max 135.65 29.31 3.12 0.397
Average  0.23 0.74 2.13 4.82
pdMPa Min 0.01 0.25 0.80 2.45
Mercury Max  0.50 2.01 4.25 10.0
penetration
parameter Average  2.61 10.21 35.55 60.82
Pes/MPa Min 0.30 0.53 2.02 8.35

8.00

s 4

Thin section
characteristics s
»

Secondary pores predominatly and
minor primary pores with a good
connectivity between pores and
throats

throats

Well Yi282, 3684.6 m (-)
Secondary pores pores well
developed with a relatively good
connectivity between pores and

NN e -
Well Yi283,4227.7 m (-)
Minor secondary pores developed
locally with a relatively poor
connectivity between pores and
throats

Well Yi285,4179.55 m (+)
No pores identified with a extremely
poor connectivity between pores and
throats

Porosities of type II reservoirs range from 6.4% to
17.6% with an average of 10.3% and its permeabilities
range from 1.47 mD to 29.31 mD with an average of
9.25 mD, which indicate that type II reservoirs have
relatively good physical properties. py ranges from
0.25 MPa to 2.01 MPa with an average of 0.74 MPa. p.s
ranges from 0.53 MPa to 23.55 MPa with an average of
10.21 MPa. Reservoir space mainly consists of
secondary pores. Pore-throat textures are characterized
by small pores and thin throats system with a relative
good connectivity between them. Type II reservoirs are
relatively high quality ones with a daily oil production
from 5 t to 10 t as evidenced by oil testing results. For
instance, oil-bearing fine sandstone reservoirs in the
braided channel of middle fan in Well Yi 173 at burial
depths of 4108.35—4124.5 m have a daily oil production
of 6.51 t.

Porosities of type III reservoirs range from 3.1% to
9.5% with an average of 6.4% and its permeabilities
range from 0.15 mD to 3.12 mD with an average of 0.89
mD, which indicate that type III reservoirs have

relatively poor physical properties. py ranges from
0.8 MPa to 4.25 MPa with an average of 2.13 MPa. p.s
ranges from 2.02 MPa to 75.45 MPa with an average of
35.55 MPa. Reservoir space is locally developed along
with a small amount of secondary pores. Pore-throat
textures are characterized by small pores and
micro-throats system with a relatively poor connectivity
between them. Type III reservoirs, as the transitional
ones in the study area, are of relatively poor quality with
a daily oil production less than 5 t as evidenced by oil
testing results. For instance, gray sandy conglomerate
reservoirs in the braided channe of middle fan in Well Yi
283 at depths of 3957-3962 m are low oil yield with a
daily oil production of 2.35 t.

Porosities of type IV reservoirs range from 1.3% to
5.5% with an average of 3.6% and its permeabilities
range from 0.021 mD to 0.397 mD with an average of
0.21 mD, which indicate that type IV reservoirs have the
worst physical properties. py ranges from 2.45 MPa to
10 MPa with an average of 4.82 MPa. p.s, ranges from
8.35 MPa to 95.73 MPa with an average of 60.82 MPa.
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Almost no reservoir space could be identified in this type
of reservoirs. Pore-throat textures are characterized by
micro-pores and micro-throats system with an extremely
worse connectivity between them. Type IV reservoirs are
of extremely poor quality dominated by dry layers as
evidenced by oil testing results. For instance,
matrix-supported conglomerate reservoirs in the inner
fan in Well Yi 110 at depths of 3521-3537 m are still dry
layers after hydraulic fracturing measures.

5.2 Sweet spots prediction

Nearshore subaqueous fans are composed of sandy
conglomerate bodies with a complex superposition of
multi-cycle, normal graded sequences that are controlled
by episodic fault activities and climate conditions, and
the profile of sandy conglomerate bodies is as
below(from bottom to top vertically): mud-rock flows
deposition, paroxysmal flood deposition, normal stream
deposition during flood intervals and suspended
lacustrine deposition. Generally, sandy conglomerate
bodies are characterized with a positive cycle deposition,
although there may be lack of some sediments in
different sub/micro-facies of nearshore subaqueous fan
[50]. The sedimentary characteristics in different sub/
micro-facies of nearshore subaqueous fan control
different diagenetic responses, and meanwhile determine
different evolution of reservoir physical properties. The
distance to boundary faults in the source direction for
reservoirs in different sub/micro-facies is calculated, and
therefore, the distribution of different types of reservoirs
is plotted (Fig. 10).
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Fig. 10 Relationship between distribution of reservoir types and
distance to boundary faults in source direction

Lithologies of the inner fan are mainly distinguished
by poor sorted, coarse grained, matrix supported
conglomerate with high calcareous matrix contents. The

inner fan had a poor initial physical property and mainly
experienced strong compaction and calcareous matrix
recrystallization. Abundant primary pores were destroyed
due to early rapid compaction. As a result, organic acids
were difficult to flow into the inner fan because of the far
distance from source rocks, and meanwhile, dissolved
products were difficult to migrate out. The inner fan
close to boundary faults was difficult to form effective
protection by early overpressures because of the early
faults activities. With an increase of burial depth,
physical properties of the inner fan drastically decreased
due to calcareous matrix recrystallization and would
become sealed layers in deep strata. Distribution for
these type IV reservoirs extends with the burial depth
(Fig. 10).

Lithologies of the braided channel microfacies in
the middle fan are characterized by massive pebbly
sandstones and medium-coarse sandstones with
moderately-well sorted, low matrix contents and high
textural maturity. The braided channel reservoirs had a
better initial physical property and stronger ability to
resist compaction as well. Although a portion of primary
pores was lost during early rapid compaction, abundant
organic acids generated by organic matters maturity still
flowed into the braided channel reservoirs and as a result,
large amounts of the secondary porosities were created
by the dissolution of feldspars, rock fragments and other
unstable grains. Early overpressures reached the first
peak about 32.5 Ma ago due to disequilibrium
compaction during the early rapid deposition. On one
hand, early overpressure could hamper early compaction
and protect primary pores. On the other hand, a series of
micro-fractures were generated from early overpressures,
which would be important migration pathways for
hydrocarbon and organic acids. Furthermore, early
overpressures had retarded maturation of organic matters,
and organic acids which had flowed into reservoirs
already could keep in acid environment for a long time.
This process would contribute significantly to
reinforcing the dissolution and enhance the reservoir
quality. With the continuing subsidence of the strata,
early hydrocarbon filling took place approximately from
28.8 Ma to 24.6 Ma ago, and in this process reservoirs
with better physical properties in the braided channel
were filled with large amounts of hydrocarbon
preferentially, which results in reservoirs having high oil
saturation. The reservoirs with high oil saturation could
effectively inhibit later carbonate cementation, and had a
good protection against the reduction of physical
properties. Paleopressures were reducing rapidly as a
result of regional tectonic uplift and reached the
minimum about 24.6 Ma ago. Afterwards, the formation
temperature rose quickly with the strata subsidence again,
and source rocks of Es4s and Es3x entered into thermal
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mature stage. Therefore, the paleopressures increased
once again due to the hydrocarbon generation and
reached the second peak when generally source rocks in
Es4s and Es3x were still in optimal temperature ranges
for organic acids preservation. The early sealed
micro-fractures were opened up again as a result of the
hydrocarbon generation in the later period, which would
be vital migration pathways for hydrocarbon and organic
acid fluids. Physical properties and oil-bearing grade of
the reservoirs were improved effectively by the existence
of micro-fractures. Reservoir types of the braided
channel microfacies mainly are types I, II and III. The
difference of reservoir types is caused by the difference
of initial sedimentary characteristics. The better reservoir
types are of well-sorted, stronger ability to resist
compaction, better dissolution by early organic acids,
larger amounts of early hydrocarbon filling, more
intensive inhibition of the later carbonate cementation.
Distributions of type I and type II reservoirs are
narrowed with the increasing burial depth, that is, the
scope of “sweet spots” zones is reduced (Fig. 10). Type
III reservoirs, as discussed above, are the transitional
type of reservoirs in the study area, of which the
distribution narrowes first and then extends

Lithologies of the interdistributary in middle fan
and thin sand layers in outer fan are characterized by
fine-grained sediments (fine-grained sandstones and
pelitic siltstones) in majority and minor pebbled
sandstones.  Sandstones in the interdistributary
microfacies are poor sorted with high contents of matrix
due to the poor initial hydrodynamic conditions.
Therefore, reservoirs in the interdistributary microfacies

had poor physical properties after early rapid compaction.

In the process of early hydrocarbon filling, hydrocarbon
would preferentially fill into the braided channel that lay
in high structural positions and had better physical
properties, rather than thin sandbodies in outer fan that
lay in a relatively low structural position. In the contrast,
reservoirs in both interdistributary microfacies and outer
fan were charged by limit hydrocarbon with low oil
saturation. Previous studies showed that there was a
close relationship between oil saturation and prohibitive
effect on reservoir diagenesis by hydrocarbon. Only
when reservoir pores were completely or mostly
occupied by hydrocarbon, resulting in pore water in a
discontinuous and isolated state, could diagenesis be
inhibited from carrying on. Otherwise, as long as pore
water could flow freely, and reservoir diagenesis would
not cease [51]. Therefore, the hydrocarbon injected into
the reservoirs both in interdistributary microfacies and
outer fan had a limit inhibition to the later diagenesis,
and thus the reservoirs would be extensively cemented
by carbonate with an extremely poor physical property,
which was type IV (Fig. 10).

Through comprehensive analysis, it is concluded
that, firstly, sedimentation is the fundamental of forming
high quality reservoirs in the deep strata. Only reservoirs
with better initial sorting in the braided channel can
preserve abundant primary pores, resulting in extensive
dissolutions by organic acid flowing into reservoirs
largely. These reservoirs could be protected effectively
by early overpressures and hydrocarbon filling, and
become present zones of “sweet spots”. Secondly,
diagenesis is a key factor that controls the effectiveness
of reservoirs in the deep. Strong compaction and
calcareous matrix recrystallization along with weak
dissolution took place in the inner fan and as a result, its
physical property is poor and effective reservoirs can
hardly be developed in the deep. By comparison,
extensive dissolutions by organic acid are commonly
observed in the braided channel reservoirs and moreover,
carbonate cementation is fiercely inhibited by
subsequently early hydrocarbon filling, resulting in
plenty of effective reservoirs developed in the deep.
Pervasive carbonate cementation is developed both in
outer fan and the interdistributary of middle fan because
of limited or no hydrocarbon filling, and therefore
physical properties of these reservoirs are extremely poor
and hardly any effective reservoirs are developed in the
deep. Thirdly, overpressures are protective conditions for
high quality reservoirs in the deep. They can retard
formation compaction effectively and protect reservoir
pores against destruction in the deep. However, only
when reservoirs have good conditions for original
deposition could they be effectively conserved by the
overpressures and form as high quality ones in the deep.
In the contrast, reservoirs with poor initial sedimentary
conditions that can be destroyed seriously by the later
diagenesis, can hardly turn into high quality ones even if
the overpressures existed.

Oil testing data indicate that a majority of oil layers
as well as minor water layers can be observed below the
burial depth of 3250 m in the nearshore subaqueous fans
of Es4s in the northern steep slope zone of the Bonan sag;
while at the burial depth less than 3250 m, oil layers
become less and water layers increase from deep to
shallow strata (Fig. 11). The reason for this phenomenon
is that the lateral sealing capacity of inner fan is poor in
relatively shallow strata (above 3250 m) and under the
circumstance of lack of structural traps, it is difficult to
form effective hydrocarbon accumulation (or form small
scales of lithologic hydrocarbon reservoirs) even though
effective reservoirs are developed. In the contrast, large
scales of lithologic hydrocarbon reservoirs can be formed
due to the inner fan with a strong lateral sealing capacity
despite of the lack of structural traps in the deep strata
(below 3250 m). Therefore, the distribution of “sweet
spots” in the deep strata, on one hand, is controlled by
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the distribution of high quality reservoirs, and on the
other hand, will depend on the sealing capacity of the
inner fan which is laterally connected with the braided
channel reservoirs. Only when the inner fan has a
definite sealing capacity can it effectively seal
hydrocarbons accumulated in the braided channel
reservoirs.
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Fig. 11 Relationship between depth, porosity and oiliness of

4.0

nearshore subaqueous fan of Es4s in northern steep slope zone
of Bonan sag (Oil testing results combined with measured
properties and logging interpretation properties for a total of
282 samples from 25 wells)

6 Conclusions

1) The deep reservoirs of Es4s in the northern steep
slope zone of the Bonan sag have poor physical
properties and mainly develop extra-low porosity,
extra-low and ultra-low permeability reservoirs. The
reservoir space mainly includes secondary pores and
overpressure fractures.

2) Early overpressure, early hydrocarbon filling,
dissolution by early organic acids are the major
formation mechanisms of high quality reservoirs in the
deep strata. Firstly, porosity, which would be lost by
progressive compaction, is held by early overpressures,
resulting in anomalously porous reservoirs in the deep
strata; Secondly, early hydrocarbon filling retard or
inhibit cementation effectively and overpressures caused
by early hydrocarbon filling can retard compaction and
protect primary pores in the deep strata; Thirdly, early
organic acids dissolution, particularly  feldspar
dissolution, could greatly enhance reservoir quality and
raise reservoir oiliness.

3) The sandy conglomerate reservoirs are divided
into four types in the deep strata of Es4s in the northern

steep slope zone of the Bonan sag. Sedimentary
characteristics in different sub/micro-facies of nearshore
subaqueous fan control different diagenetic response, and
finally determine different evolution of reservoir physical
properties. The conglomerate in inner fan mainly
experiences strong compaction and calcareous matrix
recrystallization. The reservoirs with poor physical
properties in inner fan mainly develop type IV reservoirs
and the distribution of them extends with the burial depth.
Due to reconstructed by early overpressure, early
hydrocarbon filling and dissolution by early organic
acids, braided channel reservoirs in the middle fan
develop a great quantity of reservoir spaces with type I,
type II and type III reservoirs domanted. Distribution of
type I and type II reservoirs are narrowed, that is, the
scope of “sweet spots” zones is reduced and distribution
of type III reservoirs decreases first and then extends
with the burial depth. The reservoirs both in outer fan
and in interdistributary of middle fan have extremely
poor physical properties because of extensive carbonate
cementation. The type of the reservoirs mainly is type IV.

4) Sedimentation is the fundamental of forming
high quality reservoirs in the deep strata. Diagenesis is a
key factor that controls the effectiveness of reservoirs.
Overpressures are protective conditions for high quality
reservoirs. The distribution of “sweet spots” in the deep
strata, on one hand, is controlled by the distribution of
high quality reservoirs, and on the other hand, will
depend on the sealing capacity of the inner fan. Only
when the inner fan has a definite sealing capacity, can it
effectively seal hydrocarbons accumulated in the braided
channel reservoirs.
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