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Abstract This paper presents a new method for recover-
ing paleoporosity of sandstone reservoirs and quantita-
tively defines the evolution process of porosity. This
method is based on the principle that the present is the key
to the past. We take the middle Es3 member in Niuzhuang
Sag, Dongying Depression, and Bohai Bay Basin as an
example. The method used in this study considers the
present porosity as a constraint condition, and the
influences of both constructive diagenesis and destructive
diagenesis to divide the porosity evolution process into two
independent processes, namely porosity increase and
porosity decrease. An evolution model of sandstone
porosity can be established by combining both the pore
increase and pore decrease effects. Our study reveals that
the porosity decrease model is a continuous function of
burial depth and burial time, whereas the porosity increase
model mainly occurs in an acidified window for paleo-
temperature of 70°C to 90°C. The porosity evolution
process can be divided into the following phases: normal
compaction, acidification and pore increase, and post-
acidification compaction. Thus, the porosity evolution
model becomes a piecewise function of three subsections.
Examples show that the method can be applied effectively
in recovering the paleoporosity of sandstone reservoirs and
simulating the porosity evolution process.
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1 Introduction

One of the main issues in geology is the recovery of
sandstone paleoporosity. This study explains the evolution
process of sandstone reservoir porosity in different historic
stages. Research on the recovery of sandstone paleopor-
osity is significant for both theoretical study and practical
application. Results can help to quantitatively recover
paleoporosity conditions and process of accumulation.
Several authors have attempted to recover sandstone
paleoporosity (Wangen, 1998; He et al., 2002; Dillon et al.,
2004; Zhu et al., 2012) and have provided methods from
the following aspects. 1) The principle that the present is
the key to the past is applied, and the relation between
present porosity of sandstone and burial depth is
established to obtain paleoporosity if ancient burial depth
is determined via burial history analysis (Deng et al.,
2009). This method ignores the diagenesis and the effect of
other factors at the same burial depth. Thus, accurately
recovering the paleoporosity of sandstone characterized by
old age and deep burial depth is difficult. 2) Calculating the
effects of various forms of diagenesis on porosity
evolution based on thin section observations combined
with the diagenetic sequence can modify the apparent
porosity in different phases (Li et al., 2009; Wang et al.,
2011; Yang et al., 2012). This method requires observing
massive numbers of thin sections and quantifying the
diagenetic sequence. This method can recover paleopor-
osity only in the key diagenesis stage, so operability and
practicality of this method should be improved. 3) A
diagenesis index is proposed by combining the character-
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istics of the modern porosity profile, a diagenesis stage
analysis, and thin section observations. A model of the
diagenesis index and porosity is established to predict the
porosity of a sandstone reservoir before drilling (Bloch et
al., 1990; 2002; Bloch and Helmold, 1995; Meng et al.,
2007). However, this method lacks porosity simulation and
does not fully consider the influence of constructive
diagenesis. The accuracy of paleoporosity recovery should
be improved. 4) A comprehensive impact factor is
proposed by considering the controlling factors for the
porosity of the sandstone reservoir in different stages of
diagenesis (Qu et al., 2012). Real data are used to illustrate
porosity evolution under various impact factors. These
factors contribute to the restoration of paleoporosity
retained during the accumulation period. This method is
an improvement of the method stated in 1). However, the
restoration of paleoporosity is limited to the key
accumulation period. Thus, this technique needs further
improvement.

Sandstone porosity evolves with the diagenesis of strata
(Ehrenberg, 1990; Pan et al., 2011). Based on previous
methods, an effect simulation method is proposed in the
present study. More specifically, the method simulates
superposition effects after diagenesis through geological
parameters instead of simulating diagenesis. Based on
characteristics of modern porosity profiles and principles
of effect-oriented simulation, the evolution of sandstone
porosity is decomposed into porosity decrease and porosity
increase processes. The porosity decrease process mainly
involves compaction and cementation, while the porosity
increase process mainly involves dissolution. The combi-
nation of these two independent processes forms the
evolution of sandstone porosity.

2 Geologic setting and stratigraphy

Bohai Bay Basin, an important hydrocarbon-producing
basin in China, is located in the eastern part of the country
and covers an area of approximately 200,000 km”. Since
the Paleogene period, this basin has undergone a complex
tectonic evolution which can be divided into the synrift
stage and the postrift stage (Hu et al., 2001). The Bohai
Bay Basin consists of several subbasins, namely, Liaohe,
Liaodong Bay, Bozhong, Jiyang, Huanghua, Jizhong, and
Linging, as shown in Fig. 1(a) (Gong, 1997).

The Dongying Depression lies south of the Jiyang
Subbasin and has an area of 5,850 km* (Zhang et al.,
2009). Four sags (Minfeng, Lijin, Niuzhuang, and Boxin)
further divide the Dongying Depression by several normal
faults and an uplift in the central anticline belt (Fig. 1(b)).
The Dongying Depression is an asymmetric “dustpan-
shaped” lacustrine basin that developed as a result of a
tertiary rift. Figure 1(c) shows that the depression is formed

by five secondary tectonic zones from north to south,
namely, northern steep slope zone, northern zone (Lijin
Sag), central anticline zone, southern zone (Niuzhuang
Sag), and southern gentle slope zone (Guo et al., 2010).

The depression is filled with Cenozoic sediments which
are composed of formations from the Paleogene, Neogene,
and Quaternary periods. Figure 2 shows that the forma-
tions from the Paleogene period are Kongdian (Ek),
Shahejie (Es), and Dongying (Ed). The formations from
the Neogene period are Guantao (Ng) and Minghuazhen
(Nm). The formation from the Quaternary period is
Pingyuan (Qp). Several authors have provided detailed
descriptions of Paleogene stratigraphy (Zhang et al., 2004;
Guo et al.,, 2012). The most important petroleum
generation and accumulation layer, Es, can be divided
into four members, Esl through Es4, where Esl is
youngest and Es4 is oldest. Es3 has a thickness ranging
from 700 m to 1,200 m and is characterized by lacustrine
oil shale with high sedimentation rates, dark gray
mudstones, and calcareous mudstones. Es3 can be further
divided into three members, namely, upper Es3, middle
Es3, and lower Es3, where upper Es3 is youngest and
lower Es3 is oldest (Lampe et al., 2012).

The Niuzhuang Sag, which is located southeast of the
Dongying Depression, covers 600 km? This area is
oriented largely east to west. This sag has simple tectonic
features composed primarily of synclines. Few faults exist
in this area, except at the boundaries of the rift basin. Strata
generally develop completely in the Niuzhuang Sag. This
study mainly focuses on the western part of the Niuzhuang
Sag and middle Es3 member. When the target stratum was
deposited, the tectonic movement was strong and the basin
diminished rapidly. Therefore, large amounts of detrital
materials were transported into the basin and formed
sedimentary facies of delta and turbidite fans (Li, 2004;
Chen et al., 2009).

3 Method

3.1 Paleoporosity recovery principle

The focus of this study is the recovery of paleoporosity
during the accumulation period, which is determined by
applying the principle of effect-oriented simulation.
According to the porosity variation effect, the porosity
evolution process can be divided into an increasing pore
model and a decreasing pore model (Fig. 3). Actual
porosity in geological history is determined when both
models are superimposed at the same point in geologic
time or at the same burial depth.

3.2 Decreasing pore model

Compaction and cementation affect the decreasing poros-
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Fig. 1 (a) Location map showing the six major subbasins of the Bohai Bay Basin. (b) Map inset showing the oil field distribution, the
locations of sections DE and FG, wells, and the normal faults for the top of the Es3 layer in the study area. (c) Cross section DE showing
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Fig. 2 Schematic of the Cenozoic-Quaternary stratigraphy of the Niuzhuang Sag showing the tectonic evolution stages and the major

petroleum system elements.

ity of the middle Es3 member. In addition, the effect of
decreasing pores is continuous with the burial of strata.
Compaction plays a major role in this process, particularly
in the shallow layers. However, both compaction and
cementation control the evolution of porosity in the deep
layers. The entire process is continuous. The trend of
decreasing pores from the shallow to the deep layers is
consistent. Moreover, the effect-oriented model of decreas-
ing pores has succession and conformity (Fig. 4). There-
fore, the pore volume reduction of the shallow and deep
layers can be determined by the same model.

Athy (1930) proposed a model postulating that mud-

stone porosity is the exponential function of burial depth in
normal compaction conditions. This model has been
applied to the study of sandstone for a long time. However,
in-depth research found that sandstone porosity is related
not only to burial depth but also to geologic age (Maxwell,
1964; Schere, 1987; Hayes, 1991; Ehrenberg et al., 2009).

Liu et al. (2007) demonstrated that porosity can be
expressed as the binary function of burial time and burial
depth. Sandstone porosity can be computed using multiple
regression analysis when burial depth and burial time are
obtained. Therefore, the following decreasing pore model
is established:
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Fig. 4 Porosity sections of typical wells in the Niuzhuang Sag showing that the trend of decreasing pores is consistent between shallow
layers and deep layers.

¢ — 486(70.00057Z+0.0003t+0.00000052zt) (1) 33 ]ncreasing pore model
n >

where ¢, is the residual porosity after compacting and  Corrosion generates an increase of porosity as a result of
cementing, %; z is burial depth, m; and 7 is burial time, Ma.  organic-acid dissolving minerals, such as carbonate and
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feldspar when geothermal in specific regimes (Carothers
and Kharaka, 1978; Surdam et al., 1984, 1989; Schieber,
2011). With regard to the Niuzhuang Sag, Chen et al.
(2009) proposed that carbonate cements are dissolved in
the Jiyang subbasin when the paleotemperature is
approximately 70°C. The timing of the oil charge in the
Dongying Depression is inferred to be approximately 24
Ma to 20Ma (Guo et al.,, 2012). Simultaneously,
temperature in the Niuzhuang Sag is approximately 90°C
(Fig. 5). Hydrocarbon inclusion further inhibits mineral
dissolution (Johnson, 1920; Hawkins, 1978; Hayes, 1991).
Thus, we define the acidified window as the period when
geothermal temperatures range from 70°C to 90°C. If the
temperature is below 70°C, then organic acid is insufficient
to generate secondary porosity. If the temperature is over
90°C, then corrosion weakens because of the reduced
concentration of organic acid and hydrocarbon emplace-
ment.

According to the theory of chemical dynamics, reaction
rate is proportional to concentration. Therefore, the
dissolution rate of a mineral is proportional to the acid
concentration such that

O
ot

where ¢, is secondary porosity caused by denudation, %;
k{ is constant of proportionality; C is concentration of the

organic acid, mol/L; and ¢ is an undetermined constant.

The corresponding geothermal temperature is approxi-
mately 80°C when the concentration of organic acid in the
oil field water of the Niuzhuang Sag reaches the maximum
level. Therefore, we establish the relationship between
organic acid concentration and geothermal temperature as
follows:

C=a,T* +bT+c,, (3)

where T is formation temperature, °C; and a,, b;, and c; are
undetermined constants.

In a particular period, the burial depth is proportional to
the burial time and geothermal temperature. Therefore, the
change rate of porosity in the acidified window can be
modeled as follows:

O
ot

where o', b', and ¢’ are undetermined constants.

We convert the time to geohistorical time, define the
time when the geothermal temperature first reaches 70°C
as t;, and set the time when the geothermal temperature
first reaches 90°C as t,. When ¢ = ¢, then ¢, = 0; and when
t = t,, then ¢, = A¢. The curve of increasing porosity is
centrosymmetric. Thus, we can solve the equation above
and obtain the model of secondary porosity increment in
the acidified window, as follows:
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Fig. 5 The burial historian and thermal historian map of well N6 in Niuzhuang Sag showing that the temperature of the Middle Es3

member is about 90°C when the oil charging.
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2M¢
AP

where ¢ is burial time, Ma; A¢ is actual increment of
present porosity, %; t; is time when the geothermal
temperature first reaches 70°C, Ma; ¢, is time when the
geothermal temperature first reaches 90°C, Ma; At is time
interval of the layer in the acidified window, Ma; and At =
H ~t, Ma.

3A¢

d’s = (tftl)3 +A—Z‘2(Zitl)2’ (5)

3.4 Paleoporosity recovery model

The preceding analysis shows that the process of porosity
evolution can be divided into the following three stages:
1) before the layer enters the acidified window, during
which no secondary pores are found, and porosity simply
decreases by compaction; 2) when the layer is in the
acidified window, during which pores not only increase by
corrosion but also decrease by compaction and cementa-
tion; and 3) after the layer exits the acidified window,
during which the porosity increment is constant and
unchanging. At this stage, the layer is compacted based on
secondary pores. We can then recover the paleoporosity as
follows:

¢Oe(az+bt+czt)’t> tl
_ - o 20 3A¢
¢ =9 goelethrren v (t—tl)3+A—t2(t—t1)2,t1>t>t2,

¢Oe(az+bt+czt) + A¢,l<t2
(6)
where ¢ is initial porosity, %; At is time interval of the

layer in the acidified window, Ma; At =t, —¢;; and a, b, and
¢ are constants of the binary function.

4 Results

We take well N117 as an example. We choose the point
with burial depth 0f 2,902 m and present porosity of 15.9%
to simulate the porosity evolution with respect to time and
burial depth, respectively (Fig. 6).

1) The depositing of the middle Es3 member began in
42.1 Ma. Primary porosity was 48%.

2) The strata was compressed continuously until burial
depth was 1,049 m in 35.7 Ma. Meanwhile, the porosity
decreased to 26.5% because of compaction.

3) The strata were in the acidified window from 35.7 Ma
to 30.4 Ma, when geothermal temperature was 70°C to
90°C. Organic acid fluid eroded the minerals and formed
secondary pores. Secondary porosity was 5.8% when
hydrocarbon was charged in 30.4 Ma. Compaction and
cementation resulted in porosity decrease by 6.2%.
Therefore, actual porosity decreased by 0.4% to 26.1%.

4) The strata was compressed continuously from 30.4
Ma to 26.6 Ma until burial depth was 1,876.9 m. Mean-
while, porosity decreased to 22.7% because of compaction
and cementation.

5) The strata uplifted from 26.6 Ma to 24.5 Ma. Burial
depth was shallower than the previous maximum burial
depth. Therefore, burial depth had no effect on porosity.
However, porosity still decreased slightly by 0.1% with
respect to time.

6) The strata was compressed continuously from 24.5
Ma until the present time and reaching the maximum burial
depth. Compaction and cementation decreased porosity by
6.7%. At present, porosity is 15.9%.

5 Conclusions

Based on the findings, the following conclusions are
obtained:

1) The proposed recovery method of sandstone
paleoporosity is influenced by both destructive and
constructive diagenesis. Based on simulated effects and
present porosity characteristics, the evolution of porosity is
decomposed into porosity decrease and porosity increase
processes. Mathematical models for the evolution of these
two independent processes are established. The models are
time-correlated and easily employed, as well as feasible
and reliable.

2) For the strata in the middle Es3 member of the
Niuzhuang Sag, the Dongying Depression, and the Bohai
Bay Basin, destructive diagenesis includes compaction and
cementation. Constructive diagenesis is characterized by
dissolution of feldspars and carbonate cements because of
organic acids. The effects of compaction and cementation
on the porosity include continuity and consistency between
shallow and deep layers. Thus, the same model is adopted
to simulate the process of decreasing total porosity. The
increase of porosity occurs gradually within the acidified
window of 70°C to 90°C.

3) The model of porosity decrease is a binary function of
burial depth and time, which starts from sandstone
sedimentation to the present. The model of porosity
increase, which is mainly influenced by the paleotempera-
ture experienced by the strata, occurs within a particular
acidified window. The combination of the two models
forms the evolution model of total porosity, which is a
three-piecewise function corresponding to before the
acidified window, within the acidified window, and after
the acidified window.

4) The porosity evolution model presented in this paper
is based on the sandstone in the middle Es3 member of the
Niuzhuang Sag, the Dongying Depression, and the Bohai
Bay Basin. However, the technique and results can be
extended to different petroliferous basins.
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