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Natural fractures play an important role in the seepage system of Paleogene sandstone
reservoirs at Nanpu Sag. Characteristics and formation mechanisms of natural fractures
and stress-sensitivity permeability are comprehensively investigated and their impact on
water injection is discussed based on core and log data (FMI and diplog data) as well as
stress-sensitivity permeability measurement. Results show that high-angle shear fractures,
including NE-SW strike fractures and NW-SE strike fractures, are widely developed in the
study area, which were primarily developed during the late Paleogene and late Neogene.
The present maximum horizontal principal stress is orientated at N60°-80°E,
approximately parallel to the NE-SW fractures, contributing greatly to the seepage
system at the early oilfield development stage. Fractures in the study area can be
divided into three phases and are characterized by obvious stress-sensitivity
permeability, which is closely related to fracture aperture and throat size. Since the
fracture occurrence enhances stress sensitivity of permeability, it is necessary to
regulate well pattern based on dynamic behaviors of fractured reservoirs at different
development stages.

Keywords: fracture, formation mechanism, stress-sensitivity permeability, sandstone reservoirs, Nanpu sag

INTRODUCTION

As oil and gas resource consumption continuously increases, identifying and producing reserves
from wide-distributed low-permeability reservoirs has attracted increasing attention (Shanley and
Cluff, 2015; Alhuraishawy et al., 2018; Qing et al., 2021). Sandstone reservoirs with permeability <50
x 107> um* are defined as low-permeability reservoirs in China (Zeng et al., 2013). They are
commonly compacted with intensive brittleness, which is beneficial for the development of fractured
reservoirs under strong diagenesis and tectonic activities (Tamagawa and Pollard, 2008; Olorode
etal., 2012; Nagel et al., 2013; Cao et al., 2020). Fractures with porosity are commonly less than 0.5%
and generally contribute little to the storage capacity of low-permeability reservoirs (Zeng et al., 2016;
Lin et al.,, 2020; Liu et al., 2020). However, they can improve permeability significantly and bring
strong heterogeneity (Laubach et al., 2018; Wang Z. S. et al., 2020; Gong et al., 2021). Pressure drops
can commonly induce stress sensitivity of fractures, sharply close fractures around wells, and
significantly decrease permeability, exerting a negative impact on oil and gas development (Li et al.,
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2021). Geologists and petroleum engineers are currently
interested in fracture development in low permeability
reservoirs, especially the variation of stress sensitivity of
fractures, since fracture behaviors in low-permeability
reservoirs is of great importance to improve production
performance and enhance oil recovery (Khair et al, 2015;
Babadagli, 2020; Zhang et al., 2021).

Nanpu Sag in Bohai Bay Basin has abundant hydrocarbon
resources, while the latest oil and gas resource assessment shows
that oil and gas resources are higher than 70 x 10® bbls (Jiang
et al,, 2018). The Gaoshangpu Oilfield at Nanpu Sag has not been
well developed since being discovered in the late 1990s, even after
a series of research and development deployments have been
carried out. Specifically, production capacity was high at the
initial stage with an average well yield of 371 bbls/day but
declined fast at the later stage, e.g., it decreased to a low value
with high water injection pressure after water injection.
Continuous pressure boosting increased the water cut greatly,
exhibiting the typical production behavior of fractured reservoirs
(Zeng et al., 2012; Gong et al., 2019a). The current recovery rate
and average well yield are only 8.1% and 13.3 bbls/day,
respectively, whereas the water cut is up to 91.6%. The
following problems, e.g., 1) insufficient understanding of

natural fracture development, 2) poor investigation on stress
sensitivity of natural fractures, and 3) uncertainty about the
impact of natural fractures on the water injection, limit the
efficient development of Gaoshangpu Oilfield at Nanpu Sag.

In this paper, taking the Paleogene Shahejie low-permeability
sandstone reservoir in Gaoshangpu Oilfield, Nanpu Sag, as an
example, we investigate the genetic mechanisms and growth
features of natural fractures, and discuss their stress sensitivity
as well as their influence on water injection through integrating
core data, log data, and a stress-sensitivity permeability
experiment.

GEOLOGICAL SETTING

Location and Structure

Nanpu Sag in Bohai Bay Basin, Eastern China (Figure 1), is a
Meso Cenozoic rift basin with an area of 1932 km* (Pang et al.,
2019). It is structurally characterized by faults in the east and
north and overlaps in the west and south (Dong et al., 2010; Zhao
et al., 2020). This study focuses on the Paleogene sandstone
reservoir at Gaoshangpu Oilfield. This oilfield is located at the
Gaoliu structural belt (on the upthrow of Gaoliu fault) in the
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FIGURE 2 | The composite columnar section in Nanpu Sag.

north of Nanpu Sag, which is dominated by NE-SW, NW-SE, and
near E-W faults, with an average length of 2.1 km and an average
displacement of 100 m.

Stratum

The strata drilled in Gaoshangpu Oilfield are Paleogene Shahejie
Formation (Es) and Dongying Formation (Ed), Neogene Guantao
Formation (Ng) and Minghuazhen Formation (Nm), and

Quaternary Pingyuan Formation from bottom to top (Zhang
et al,, 2018). Shahejie Formation uncomfortably connects with
Kongdian Formation, and Quaternary Pingyuan Formation is in
unconformity contact with Neogene Minghuazhen Formation
(Figure 2). The Paleogene Shahejie Formation is one of the
primary oil-bearing intervals at Nanpu Sag, which can be
divided into Sha-3 Member (Es’), Sha-2 Member, and Sha-1
Member from bottom to top. The Sha-3 Member is the most
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FIGURE 3 | The maximum horizontal stress (Sy) orientation of different wells.
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TABLE 1 | Characteristic parameters of samples.

Sample No. Diameter/cm Length/cm
1 2512 5.668
2 2.5622 5.5644
3 2.518 5.487
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FIGURE 4 | Schematic diagram of experimental equipment.

important oil producer at Gaoshangpu Oilfield, with a thickness
of 750-1,600 m (2,460.6-5,249.3 ft).

Reservoir

The Paleogene Shahejie Formation at Gaoshangpu Oilfield is
characterized by a clastic deposition system dominated by fan
delta deposits (Mu et al., 2003). The Sha-3 Member was deposited
at fan delta front subfacies, which are dominated by underwater
distributary channel sandbodies (Li et al., 2014). The reservoir is
primarily medium sandstone and fine sandstone, followed by
pebbly sandstone with low composition maturity and low
structure maturity. The sandstones are mainly lithic feldspar
sandstone and feldspar lithic sandstone, with argillaceous as
matrix. The reservoir is dominated by secondary pores with
average porosity and permeability of 10.3% and 114 x
107 um®, respectively.

In-situ Stress

The borehole breakout method can be used to determine
maximum horizontal principal stress orientation with
diplog data (Collett et al., 2011) and the assumption that
the long axis of the elliptical borehole is perpendicular to the
maximum horizontal principal stress (Barton et al., 2013),
since uneven stress can result in borehole breakout during
drilling (Scelsi et al., 2019). A series of microseismic waves
generated by hydraulic fracturing can be received by
microseismic monitoring and can be processed to
determine fracture parameters, e.g., azimuth, length, and
height, where the azimuth is commonly consistent with
that of maximum horizontal principal stress (Maxwell
et al., 2010; Stabile et al., 2013). The dominant orientation
of the maximum horizontal principal stress at Shahejie
Formation is determined based on the above two methods
with value of N60°-80°E (Figure 3).

Seepage Behavior of Fractures

K/10~3um? Depth/m Layer Well
397.7 3414.63 Es 3 G11
26.3 3422.32 Es 3 G11
15.9 3483.65 Es 3 G10

MATERIALS AND METHODS

Core samples from three wells with a total length of 245 m (804 ft)
and log data were interpreted to describe natural fractures and the
orientation of maximum horizontal principal stress (Figure 1 and
Figure 3). Three groups of samples were tested to analyze stress
sensitivity.

Increasing effective stress or lithostatic pressure on the
fracture surface due to decreasing formation pressure can
lead to low fracture aperture and irreversibly decrease
permeability, which is called stress-sensitivity permeability
(Jelmert and Selseng, 1998). Samplings perpendicular to the
formation orientation were carried out on the Paleogene
sandstones. Three groups of samples were collected,
namely samples with high-angle fracture (group 1),
samples with micro fracture (group 2), and samples with
no fracture (group 3) (Table 1). The experiment was
performed on high pressure porosimeter based on single-
phase flow (following Darcy’s law) at room temperature to
describe the stress-sensitivity fracture permeability. The
equipment was mainly composed of core holder, inflator,
pressure sensor, incubator, flowmeter, and a computer.
(Figure 4). Fracture permeability variation with effective
stress (confining pressure) was measured when loading
axial pressure and keeping flow pressure. The effective
stress and flow rate were assumed to be in a range of
3-40 MPa and 0.3-0.45 ml/min, respectively, based on
rock-breaking test.

The variation of flow rate with pressure difference between
two ends of the sample is measured through changing
confining pressure under stable conditions, and thereby, the
permeability can be determined based on Darcy’s Law
(Mackay et al., 2020).

Q=KAAhW/L (1)

Where, Q is flow rate, L/min; A is cross-sectional area, cm?; Ah is
pressure difference between two ends of the sample, MPa; L is
length of the sample, cm; and K is permeability coefficient, L/min.
Stress-sensitivity of permeability can be expressed by stress
sensitive coefficient (Bustin, 1997; Hu et al., 2020), which is
defined as the decreased percentage of permeability within a
certain variation of boundary conditions. The stress sensitive
coefficient of permeability can be expressed as (Li, 2006):

Ir = (Ka - Ki)/Ku (2)

Where, Ip is stress sensitive coefficient of permeability; K; is
permeability under certain effective stress Pi, 107> um? and K, is
permeability under initial effective stress, 10~ um®.
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FIGURE 5 | Photos of tectonic fractures in cores of Es 3 Member (A) High dip-angle tectonic fracture. The fracture surface is smooth and flat. Well G10: depth
3,685.4 m (12,091.2 ft) (B) Two stages of fractures, set | and set Il were filled with calcite, set Il are terminated at set |. Well G11: depth 3,413.3 m (11,198.5 ft) (C) High
dip-angle tectonic fracture. The fracture is perpendicular to the bedding planes and fracture surface shows horizontal striation. Well G10: depth 3,686.8 m (12,095.8 ft)
(D) diagenetic fracture. Well G10: depth 3,684.0 m (12,086.6 ft) (E) diagenetic fracture. Well W2: depth 3,608.6 m (11,839.2 ft). TF is tectonic fracture, DF is
diagenetic fracture, TFF is filled tectonic fracture, SD is striation direction. See Figure 1 and Figure 3 for wells location.

RESULTS

Core Fracture Characteristics

Core observation suggests that fractures can be originally
classified into two types in the study area: structural fractures
and diagenetic fractures. Structural fractures are the most popular
ones, followed by diagenetic fractures. The structural fractures are
dominated by shear ones with an average linear density of
1.3 m™". These fractures have straight and smooth surfaces and

large penetration (Figure 5A). Two-stage fractures can be
observed, while fractures at the early stage limit fracture
extension at the late stage (Figure 5B). Also, two types of
scorings can be found from fracture surface. The orientation
of the first type is the same as the inclination of fracture surface
(Figure 5B), while that of the second type, the popular one in the
study area, is the same as the orientation of fracture surface
(Figure 5C). It indicates a significant difference between their
development conditions, i.e., the former was attributed to tensile
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FIGURE 6 | Parameters of natural fractures (A) Fractures detected by formation microscanner image (FMI) in well W1 (B) Rose diagrams of natural fracture strike
from FMI in the Paleogene sandstones (N = 161) (C) Dip of natural fracture from FMI and cores in the Paleogene sandstones (N = 297). See Figure 1 for well W1 location.
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FIGURE 7 | Fracture permeability variation under different effective stress.

stress, while the latter was caused by strike-slip tectonic stress.
Some fractures are filled by calcite, e.g., the partly-filled and fully-
filled fractures account for 6.7 and 7.5%, respectively. while low-
filling indicates high fracture valid. Diagenetic fractures are
mainly developed in argillaceous rocks with low fracture

density (average value of 0.3 m™"), which are mainly low-angle
fractures (<30°) (Figures 5D,E). Such fractures have small
apertures and poor permeability under overlying pressure,
exerting only a minor impact on oil and gas development
(Zeng et al., 2010).

Frontiers in Earth Science | www.frontiersin.org

September 2021 | Volume 9 | Article 718733


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang et al.

Seepage Behavior of Fractures

1.0 . e Loading process
ample No.
P —@— Unloading process
L Loading process
0.8 | Sample No.2 .gp
. ——&—— Unloading process
Loading process
o 0.6F Sample No.3 :
o Unloading process
—
04}
0.2+
0 . 1 . . . A " )
0 5 10 15 20 25 30 35 40
Effective stress/MPa
FIGURE 8 | Contrast chart of unitary experimental data of different samples.

FMI Fracture Characteristics
FMI log is an important approach to identify natural fractures

(Genter et al., 1997; Jiu et al., 2013). Natural fractures are
represented by a complete sinusoidal curve (Figure 6A) on
FMI, where dark sinusoidal curves represent effective
fractures due to low resistance (mud filtrate invasion), and
light sinusoidal curves express filling fractures (Niu et al.,
2008). Two groups of fractures can be identified from FMI in
the study area, i.e., NE-SW strike fractures (with proportion
of 45.9%, density of 1.0 m~', filling degree of 9.3%) and NW-
SE strike fractures (with proportion of 28.1%, density of
0.6m™ ', filling degree of 11.4%). Also, two groups of
secondary fractures can be found: E-W strike and S-N
strike fractures (Figure 6B). The dip angle primarily varies
between 60-90° with a small group of low-angle fractures
(Figure 6C).

Fracture Permeability Stress-Sensitivity
Measurements on three groups of samples show that
permeability has a negative exponential correlation with
increasing effective stress, which is poorly recovered with
decreasing effective stress (Figure 7). The permeability of
these samples share a similar variation trend, but have some
differences in variation amplitude. The permeability of group
1 and group 2 samples decreases rapidly at the initial stage
(with effective stress of 3-10 MPa). After that, it decreases
slowly with confining pressure at 10-30 MPa, which is
obvious in group 2 samples. Finally, it decreases slightly
when the effective stress reaches 30 MPa (Figures 7A,B).
In terms of the group 3 samples, the permeability also
decreases rapidly at the initial stage, but has smaller
decreased amplitude compared with the group 1 and group
2 samples. Its permeability can be well recovered with
decreasing effective stress (Figure 7C). The stress sensitive
coefficients of permeability are 0.894, 0.733, and 0.518,
respectively, for these three groups. Consequently, the
group 1 and group 2 samples have intensive stress-
sensitivity permeability, and the group 3 samples have a
medium one, according to the criterion proposed by Li
(2006).

DISCUSSION

Mechanical mechanisms of structural fracture growth (Olsson
et al., 2004; Gale and Gomez, 2007; Zhang et al., 2020) suggests
that tensile stress field occurs when the orientation of the scoring
is consistent with the inclination of fracture surface [where the
maximum principal stress (o) is vertical and the intermediate
principal stress (0,) and the minimum principal stress (03) are
horizontal], and it is consistent with the tensile stress field at the
late Paleogene of Nanpu Sag (Tong et al., 2013), where NE-SW
horizontal compression and NW-SE tensile stress developed NE-
SW direction shear fractures. Strike-slip tectonic stress occurs
when the scoring shares the same orientation with fracture
surface (where the o, is vertical, the o, and o3 are horizontal).
Hence, it corresponds to the strike-slip tectonic stress field at the
end of Neogene (Fan et al., 2010; Jiang et al., 2015), where the near
E-W horizontal compression resulted in the NE-SW and NW-SE
directions’ structural fractures. Combined with the fracture
pattern (Figure 5), these structural fractures in the study area
can be determined to have been formed during the late Paleogene
and late Neogene.

The stress-sensitivity permeability can be divided into three
phases based on variation amplitude (Figure 8). In terms of the
group 1 samples, the ratio of average amplitudes for three phases
is about 4:2:1. Natural fracture, the primary seepage channel,
decreases sharply in apertures with increasing effective stress at
phase I It results in a rapid decrease in permeability, which can be
explained by the exponential relationship between fracture
aperture and permeability (Alnoaimi and Kovscek, 2019).
After that, the permeability decreases smoothly with slowly
decreased fracture apertures. High effective stress falls off
particles attached to the pore surface at phase III, which can
plug narrow throats or pores and decrease matrix permeability
(Jonesetal., 2001; Zhang et al., 2015; Geng et al., 2017). The stress
sensitive coefficient of group 2 basically shares the same variation
trend and origin with group 1, who has a smaller variation
amplitude (about 2.2:1.3:1). The ratio of average variation
amplitude of stress sensitive coefficient in matrix rock is about
1.8:1.2:1, which is the lowest due to the increased stress sensitive
coefficient involving fracture closure (Warpinski and Teufel,
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1992; Zhang et al,, 2019). Large throats in matrix rock, as main
seepage channels, are typically the first to be narrowed with
increasing effective stress, rapidly decreasing permeability. The
remaining small throats and pores are difficult to be further
closed and deformed when the rock sample is compressed to a
certain degree, which can explain the slow decrease in
permeability (Magdalena and Erling, 2013; Gowacki and
Selvadurai, 2016). Hence, the stress-sensitivity permeability is
closely related to fracture aperture and throat size.

Fractures govern well patterns in low-permeability oilfields
through controlling the seepage system (Tamagawa and Pollard,
2008; Laubach et al, 2018). Fracture permeability varies as a
function of fracture density, filling degree, and current in-situ
stress (Baytok and Pranter, 2013; Gong et al., 2019b; Wang Z.
et al,, 2020). The NE-SW strike fractures in the study area are
characterized by their high density, large aperture, being weakly-
filled, and approximately parallel to the regional maximum
horizontal principal stress (Connolly and Cosgrove, 1999).
Therefore, these fractures have high permeability and are the
dominant seepage system at the early development stage.
However, flow velocity at these fractures is high and pressure
drops sharply at the early stage, and fracture apertures and
permeability also decrease at a high speed. The occurrence of
stress-sensitivity decreases permeability of fractured reservoirs
significantly at the Gaoshangpu Oilfield, which leads to high
injection pressure when transferring into water flooding under
the existing well pattern. Therefore, it is necessary to minimize
the negative influence of stress sensitivity via maintaining formation
energy and original pressure-seepage field. NW-SE strike fractures,
secondary seepage system at the early stage, are slow in aperture
decreasing and permeability declining, which works better in fluid
flowing compared with other fractures. This can be confirmed by the
well-connected injectors and producers along the NW-SE direction.
Therefore, it is necessary to regulate well pattern based on fracture
dynamic parameters at different stages, which is important to
improve the performance of low-permeability fractured reservoirs.

CONCLUSION

Shear fractures in Paleogene sandstone reservoirs at Nanpu Sag
chiefly assume the NE-SW direction; the second most common are
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