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Over the past few years, significant exploration breakthroughs have been made in the sandy conglomerates reservoir of the
Triassic Baikouquan Formation in the Mahu Sag, Junggar Basin, China. However, the elasticity and pore characteristics of the
tight sandy conglomerates reservoir in this area are still unclear. Through a systematic sonic testing program of the sandy
conglomerates sample collected from the Mahu Sag, the regularity behind the variation of the elasticity and pore characteristics
of the sample has been analyzed and captured. The Triassic Baikouquan Formation of the slope of Mahu Sag has been through
complex burial and diagenetic history. The compaction, cementation, and dissolution are the three types of diagenesis that
have the greatest impact on pore characteristics in the study area. In order to quantitatively describe the influence of this
complex burial and diagenetic history, we present a rock-physics modeling approach to describe the elastic properties of sandy
conglomerate sample. The overall strategy of the modeling is to combine the contact cement theory (CCT), differential
effective medium (DEM) and the upper Hashin-Shtrikman bound. The CCT model can well describe the history of
cementation, DEM model is suitable for the history of dissolution, and HS upper bound is used to describe the history of
compaction. Then, the model is used to describe well log data from sandy conglomerates reservoirs in Mahu Sag and
successfully explain the rock porosity, pore shape trends, and the elasticity in the sandy conglomerate reservoirs.

1. Introduction

The Junggar Basin located in northwestern China is a typical
superimposed hydrocarbon-bearing basin, with sandy con-
glomerates reservoirs extensively developed in the Mahu
Sag of the northwestern margin of the basin [1–3]. Over
the recent years, exploration breakthroughs have been suc-
cessively made in the Lower Triassic Baikouquan Formation
and Upper Permian Upper Wuerhe Formation of the slope-
depression area of the Mahu Sag [4–6]. The Baikouquan oil
reservoir in the slope area of the Mahu Sag is developed in
the sandy conglomerate formation of the underwater distrib-
utary channel facies of the fan delta. The oil reservoir
boundary is mainly controlled by the quality of the sandy
conglomerates reservoir, and the varied diagenesis resulted
from the difference in the feldspar content of the sandy con-

glomerates, palaeogeotemperature, and formation fluid is
the fundamental contributor to the reservoir quality varia-
tion [7–11].

In terms of the current exploration of subtle reservoirs in
the graben basin, the exploration of the sandy conglomerate
rock body located in the steep slope of the graben basin has
attracted increasing attention from the hydrocarbon
explorer [12, 13]. In particular, the sandy conglomerate rock
body proximally deposited in the lacustrine source rock sys-
tem of the steep slope of the graben basin, which favors the
hydrocarbon accumulation and storage, has become one of
the key oil and gas reservoir exploration and evaluation tar-
gets. The Shengli oilfield has made considerable achieve-
ments with respect to the sandy conglomerate oil reservoir
exploration and development, and substantial progresses
have been found in understanding of the genetic type,
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sedimentary characteristic and pattern, reservoir characteris-
tic and control factor, favorable reservoir identification and
predication, oil and gas accumulation, and so on [14, 15].

Understanding the seismic properties of the low porosity
sandy conglomerates is essential for improved quantitative
analysis and interpretation of the reservoir quality of the
Mahu Sag. The sandstones have generally undergone severe
mechanical and geochemical compaction processes that
cause a large reduction in their original porosity from the
time of their deposition. For quantitative analysis, the effect
of different diagenesis on porosity, many scientists have car-
ried out theoretical simulation of petrophysics. Dvorkin
et al. combine the contact cement model with effective
medium theory to capture the transition from 0% to 100%
cement concentration [16]. Berryman uses the DEM model
to describe the relationship between porosity and elastic
parameters during rock dissolution [17]. Wyllie et al. and
Lei et al. use a time-average formula to show the results of
the relationship between porosity and velocity during the
rock burial [18]. Avseth et al. and Yu et al. present a new
rock-physics modeling approach to describe the elastic
properties of low-to-intermediate-porosity sandstones that
incorporates the depositional and burial history of the rock
[19]. Owing to the lack of systematic theoretical and exper-
imental study of the correlation between the reservoir char-
acteristic parameters and the seismic parameter response,
especially the insufficient understanding of the correspon-
dence between the terrestrial sandy conglomerate seismic
elastic characteristics and the specific sedimentary and dia-
genetic environments and processes, one has failed to con-
struct a systematic characteristic response pattern of the
rock seismic elasticity to the corresponding sedimentary
and diagenetic process of the sandy conglomerates reservoir.
This, to a great extent, impacts and restrains the accuracy of
the seismic reservoir prediction and evaluation of the tight
sandy conglomerate reservoir in the Mahu Sag. Given the
aforementioned, this paper systematically carried out a seis-
mic petrophysical study with respect to the sedimentary and
diagenetic evolution of the sandy conglomerates reservoir,
identified the relationship between the reservoir rock status
and the physical mechanism of the seismic elastic property
variation of such reservoirs during the sedimentary and dia-
genesis processes, and successfully built a quantitative seis-
mic petrophysical response model to characterize the
specific sedimentary and diagenetic evolution processes.

2. Geological Background and Reservoir
Lithological Feature

The Mahu Sag located in the northwestern margin of the
Junggar Basin is adjacent to the well-known thrust fault zone
also in the northwestern margin of the basin (Figure 1(b)).
The NE-SW trending depression is an intracontinental
depression, generally dipping toward SW (accordingly the
depth of the Baikouquan Formation is gradually increasing
from west to east and ranges from 2800m to 4400m). Local
low-amplitude anticlines or nose-like structures are found,
and faults are well developed [20–22]. Due to the adjacency
of the Mahu Sag to the northwest-margin thrust fault zone,

its structural and sedimentary evolution is also generally
controlled by the northwest-margin thrust fault zone. The
Lower Triassic Baikouquan Formation overrides the bound-
ary uplift originated from the obduction in the Late Hercy-
nian, with great piedmont subsidence magnitudes and
thick sedimentation, and the alluvial fan-fan delta proximal
coarse-clastic sedimentary system is extensively developed
in the slope-depression area [23, 24].

The rock samples used in this research all come from the
clastic rock of the Triassic Baikouquan Formation in the
Mahu Sag. To investigate the effects of diagenesis in such
tight sands on the elastic parameter variations, over 40 sam-
ples are used to characterize the seismic elastic characteris-
tics of the rock. A set of gravity-flow coarse-clastic fan
delta sedimentary system is developed in the Baikouquan
Formation in the slope of the Mahu Sag, and besides the
conventional sedimentary facies such as the underwater dis-
tributary channel, gravity-flow sedimentary facies such as
the mud debris flow and fine-gravel grain flow. The exten-
sive brown silty mudstone of the interchannel flooding and
relatively rare dark gray shallow-lake mudstone are found
between the fan sandy conglomerates bodies, which indi-
cates the water of the fan sedimentation is shallow. Depend-
ing on the sedimentary setting, the rock lithology in the
study area can be further divided into 11 types, including
above-water mud-debris-flow muddy conglomerate, braided
channel sandy conglomerates, and interchannel flooding
mud of the fan delta plain; underwater main channel con-
glomerate and sandy conglomerate, underwater distributary
channel sand and pebbly sand, underwater mud debris flow
muddy conglomerate, under water grain-flow sandy fine
gravel, and mouth bar-distal bar medium-fine-grained sandy
conglomerates of the fan delta front; and siltstone and mud-
stone of the fan delta front. Reservoirs mainly occur in the
underwater distributary channel sandy conglomerates and
pebbly sandy conglomerates and underwater grain-flow
sandy fine gravel of the fan delta front and the braided chan-
nel sandy conglomerates of the fan delta plain.

In terms of the rock composition of the tested samples,
the volumetric faction of quartz ranges from 24% to 50%,
averaging 37%; feldspar ranges from 17% to 52%, with an
average of 32%; lithic fragment, 42%~59%, averaging 51%.
The rock classification is shown in Figure 2. The rock is seen
with middle textural maturity, with average clay contents of
4.3% and high clay contents in local areas up to 20%, which
indicates the characteristics of mud debris flow sedimenta-
tion of the alluvial fan. The average cement content is
2.6%. The sorting is middle-low, and the psephicity is
rounded-subangular and subrounded-angular. The contact
between grains is characterized by point-line and line-line,
while the cementation type is porous-contact-type and
embedded-porous-type.

3. Diagenesis and Their Types in Reservoirs of
the Mahu Sag

Diagenesis plays a vital role in the formation, evolution,
maintaining, and destruction of the reservoir pore, and a
decisive role, in terms of the reservoir physical property.
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The Triassic Baikouquan Formation of the Mahu Sag has
been through complex diagenetic processes, which mainly
include compaction, cementation, and dissolution, with
minor recrystallization and replacement.

3.1. Compaction. Compaction, including the mechanical
compaction, chemical compaction, and pressure solution,
has apparent negative impacts upon the reservoir physical
property. Under the microscope, it is observed that the
plastic grains (e.g., lithics of mica, shale, and volcanic
rocks) tend to bend under the strong compaction stress,
and part of the plastic grains bended under pressures fill
in the pores and throats, forming the pseudomatrix
(Figure 3(a)). The compaction intensifies, with the increas-
ing depth of the sandy conglomerates, which results in the
tight directional arrangement of the clastic grains
(Figure 3(b)). Rigid grains (e.g., quartz and feldspar parti-
cles) break under pressures, and the feldspar often splits
along the cleavage crack. As the compaction further grows,
the point contact of the grains evolves into the line-con-
tact, concave-convex-contact, and ultimately suture-
contact due to pressure solution, after which the reservoir
property further deteriorates.

The compaction, a diagenetic process with the strongest
negative effects upon the reservoir physical property of the
study area, leads to massive loss of the primary porosity,
which is also irreversible. Besides the burial depth, the com-
paction is also related to the compositional and textural

maturity of the sandy conglomerates. The compositional
maturity of the Triassic Baikouquan Formation in the Mahu
Sag is relatively low, with less quartz that is resistant to com-
paction and more semiplastic and plastic particles that are
relatively vulnerable in terms of compaction. The sandy con-
glomerate composition has a strong tendency to deform
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Figure 1: (a) Shows the location of the Junggar Basin in China; (b) shows the structure units around and the internal units in the Junggar Basin.
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Figure 2: Rock classification of rock samples from the slope of
Mahu Sag.

3Geofluids



under pressures and occupy the pore and throat space,
which degrades the reservoir physical property.

The textural maturity of the sandy conglomerate sample
from the study area is also low, with poor sorting and high
contents of volcanic lithic fragments and mudstone matrix.
Therefore, the development of the early carbonate cementa-
tion is suppressed, while such early-diagenesis cementation
can support the framework and efficiently reduce the com-
paction degree during the sediment deposition. In addition,
due to the lubricating effects of the mudstone matrix, the
clastic sediment is prone to rapid compact, and this stimu-
lates the effects of compaction on the reservoir physical
property.

3.2. Cementation. Cementation is an important process, in
which sediments are transformed into sedimentary rocks,
and it is also one of the main reasons for porosity and per-
meability reduction in reservoir rocks. The cementation in
the study area is of various types, mainly including carbon-
ate cementation, siliceous cementation, authigenic clay min-
eral cementation, and zeolite cementation.

3.2.1. Carbonate Cementation. Carbonate cements such as
calcite, ferrocalcite, and dolomite are extensively developed
in the Triassic Baikouquan Formation, and the iron-
containing filled among particles or around particles is dom-
inant. The early-formed calcite has low degrees of crystallin-
ity, and the crystalline grain is generally small (Figure 4).

The late-formed carbonate cement often has large crystalline
grains and usually contains a certain amount of iron. The
distribution of the calcite cementation in the study area is
relative broad. The calcite often presents porous-type
cementation, while the ferrocalcite is in most cases seen as
filling the primary or secondary pores in the patch-like, poi-
kilitic, or pore-lining structures.

3.2.2. Siliceous Cementation. In the study area, the siliceous
cement mainly occurs on the pore wall, the pore wall
between particles, and the dissolved pores inside the particle
in the form of quartz overgrowth and authigenic quartz. The
pressure solution process, which the Baikouquan Formation
experienced, provides part of the siliceous cement. The coex-
istence of quartz overgrowth and authigenic quartz with
feldspar dissolution is often seen in the SEM analysis, which
suggests that the feldspar can be dissolved into water and
then form the quartz cement in the case of local super-
saturation and resultant precipitation. Although the siliceous
cement can ease the compaction during the early diagenesis
process and maintain part of the primary pores between the
quartz overgrowth boundaries, generally speaking, most of
the siliceous cements occupy the pore space and reduce the
reservoir porosity, which damages the reservoir physical
property.

3.2.3. Clay Mineral Cementation. The compositional and
textural maturities of the sandy conglomerate reservoir in
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Figure 3: Thin-section observation of compaction features of sandy conglomerates from Triassic Baikouquan Formation in the slope of the
Mahu Sag. (a) Pseudomatrix formed by plastic grains deformed under pressure and (b) tight directional arrangement of plastic grains.
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Figure 4: Microscopic characteristics of carbonate cementation features of sandy conglomerates from Triassic Baikouquan Formation in the
slope of the Mahu Sag. (a) The thin-section feature of early calcite crystalline and (b) the scanning electron microscope (SEM) feature of
early calcite.
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the Triassic Baikouquan Formation are both relatively low,
with high contents of the clay matrix. Hence, the clay min-
erals are extensively developed in the study area. The X-ray
diffraction analysis demonstrates that the clay mineral fre-
quently seen in the study area includes kaolinite, chlorite,
mixed layers of illite, and smectite and illite. During the dia-
genesis process, similar to the carbonate cement, the clay
minerals such as the kaolinite, chlorite, and zeolite have dou-
ble effects upon the reservoir physical property. On the one
hand, they occupy part of the primary intergranular and dis-
solved pores, and thus, to some extent, degrade the reservoir
physical property. On the other hand, an appropriate
amount of clay mineral and carbonate cements can protect
the pores from the compaction during the diagenesis pro-
cess, especially in the early stage. In the late diagenesis stage,
with certain pore fluids and environment media, they can
provide the material basis for the late dissolution as the sol-
uble composition.

3.3. Dissolution. There are two stages of large-scale hydro-
carbon generation and expulsion in the history of Mahu
Sag burial, and a large amount of organic acid would be pro-
duced, so the rock of Baikouquan Formation in Mahu Sag
would be dissolved that a lot of dissolution has transformed
the reservoir. The feldspar and various cements in the rock
always be dissolved in the study area. Feldspar-rich shows
large-scale dissolution, with feldspar particles displaying
intragranular dissolution. Figure 5(a) shows a single feldspar
particle with several small intragranular pores, and
Figure 5(b) shows the cements were dissolved.

3.4. Sequence of Diagenetic Evolution. The configuration
relationships of various clay minerals and the mineral com-
position of cement were observed to clarify the sequence of
diagenetic evolution through different methods, such as core
analysis, observation of thin sections, and SEM [25, 26]. Dia-
genesis is closely related to reservoir depth (Figure 6). At
burial depths less than 2000m (early diagenetic stage), the
main pore types are residual intergranular pores, the main
diagenesis processes are compaction and cementation, and
clay minerals are mainly mixed illite/smectite (I/S) and kao-
linite, with a small amount of early calcite cementation and

detrital feldspar dissolution. Early oil emplacement is evi-
dent, with the primary intergranular pores developed during
this stage.

Upon increasing the burial depth, the primary porosity
decreases abruptly. When the burial depth reaches 2000-
5000m, the reservoir space is mainly in secondary
feldspar-dissolution pores, with a few pores from clay
shrinkage and residual intergranular pores. Compared to
the shallower depths, the fractions of I/S mixed-layer min-
erals and kaolinite decreased abruptly, authigenic illite and
chlorite gradually increased, and detrital feldspar clearly dis-
solved. In addition, authigenic quartz cement and oil
emplacement are found in feldspar-dissolution pores. Layers
are tight where feldspar-dissolution pores are undeveloped,
so the development of feldspar dissolution pores improved
the physical properties of the reservoir for oil storage, which
is likely the reason that the reservoir developed in the Bai-
kouquan Formation. Some of the sandy conglomerate has
now been tightened into an oil and gas seal because of differ-
ences in rock composition, feldspar content, diagenesis, and
diagenetic environment.

4. The Relationship between Elastic
Characteristics and Reservoir Property of
Sandy Conglomerate in Mahu Sag

4.1. Reservoir Physical Property Characteristics in the Mahu
Sag. The study on the reservoir physical property of sandy
conglomerates interval of the Triassic Baikouquan Formation
in the Mahu Sag indicates that the porosity (ϕ) mainly ranges
between 4% and 15%, with an average of 9.7%. The permeabil-
ity (K) is in the range of 0.078-75.3mD, while the average per-
meability is 0.64mD. A certain correlation is observed
between the porosity and permeability (Figure 7), which can
to some extent reveal the characteristics of the reservoir phys-
ical property and the pore type. For clastic sand reservoirs,
good sorting and psephicity often lead to apparent linear cor-
relation between porosity and permeability.

The reservoir of Triassic Baikouquan formation in the
Mahu Sag has been through complex diagenesis processes,
and the reservoir has high heterogeneity. The linear
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Figure 5: Microscopic characteristics of dissolution features of sandy conglomerates from Triassic Baikouquan Formation in the slope of the
Mahu Sag. In the pictures, pores in blue. (a) A single feldspar has been dissolved and produced many dissolved pores and (b) the cements
has been dissolved. F: feldspar; Q: quartz; L: lithics; C: cements.
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correlation between porosity and permeability is complicated.
Dependency of permeability on porosity exists, and yet is rel-
atively low. The dissolution process in the late stage can
increase the effective permeability of the rock sample, and
the presence of the dissolved pores and crushed crack of grains
considerably improve the effective permeability of the rock
sample (Figure 8(a)). As for the rock with high contents of
plastic lithic fragments, the grains tend to bend under the
compression stress, and part of the deformed plastic particles
fill between the pores and throats, which negatively impact
the general rock physical property (Figure 8(b)). The main
type of reservoir space is secondary pore, which mainly
includes intragranular dissolution pores, intergranular disso-
lution pores, and microcracks. The feldspar-rich sandy con-
glomerate shows large-scale dissolution [27, 28].

4.2. The Relation between Sonic Velocity and Porosity of
Reservoirs in the Mahu Sag. Porosity has notable influences
upon the elastic characteristics of rock. In fact, the func-
tion between the elastic attribute and porosity cannot be
built for rock, as a heterogeneous complex medium.
However, the correlation between the elastic attribute
and rock physical property plays a vital role in the seis-
mic data interpretation, reservoir evaluation, and inver-
sion works. Therefore, simple experimental empirical
correlations are often adopted to replace the theoretical
relationship. The frequently-used velocity-porosity experi-
mental correlation mainly includes (1) the Wyllie equa-
tion (the time average equation), (2) the Raymer
equation, and (3) the velocity-porosity-clay-mineral-con-
tent correlation [29–31].
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The correlation between the measured P-wave velocity
and porosity under the effective pressure Peff = 30MPa is
presented in Figure 9.

It is seen that strong dependencies between P-wave and
S-wave velocities and the rock porosity are found (equations
(1) and (2)). In the case of the effective pressure of 30MPa,
the correlation coefficients of P-wave and S-wave velocities
versus porosity R2 are 0.63 and 0.64, respectively. Significant
differences between the velocity-porosity correlations calcu-
lated using the Wyllie (time average) and Raymer equations
and the measurements. With a fixed porosity, the calculated
P-wave velocity based on the Wyllie equation is greatly
higher than the experimental measurement. While the test
data of P-wave velocity in most cases surpass the results of
the Raymer equation, the measured S-wave velocity is far
below the corresponding results of the Raymer equation.

Vp = 3:1133ϕ2 − 212:62ϕ + 6132:3R2 = 0:631, ð1Þ

Vs = −73:752ϕ + 3289:7R2 = 0:6497: ð2Þ
Although a good linear correlation is presented between

the measured sandy conglomerate sonic velocity and the
porosity, the velocity values are still dispersed in the case
of middle and high porosity, in which the velocity gap
between samples with the same porosity can be over
800m/s. From the casting thin-section analysis, it is shown
that the sample with a low sonic velocity is dominated by
the sand having massive intergranular pores and micro-
cracks and presenting a typical quartz-grain-supporting fea-
ture (Figure 10(a)). In such cases, many of the primary pores
are maintained during the compaction process. As for the
sample with the same porosity and yet higher sonic velocity,
its pores are dominated by the intragranular pores
(Figure 10(b)). The pore type difference resulted from the
diagenesis is one of the main contributor to the sonic veloc-
ity variation between rock samples. The velocity at zero
porosity (namely the mineral spot velocity) is obtained using
the fitting formula. The mineral spot velocity of the tested
sample is 5643m/s, while the typical mineral spot velocity
of sandy conglomerates lies between 5480m/s and 5950m/
s. The rock sample calculation result is close to the lower

limit of the sandy conglomerate range, which is mainly due
to the effects of the clay minerals and calcium cements on
the elastic parameters of the reservoir in the study area.

In the case of dry samples, the P-wave and S-wave veloc-
ity show apparent positive correlations with the ratio of P-
wave and S-wave velocity. That is to say, the higher the P-
wave and S-wave velocity are, the higher the corresponding
velocity ratio is. This change pattern is clearly related to
the diagenetic process of the sandy conglomerate sample.
The P-wave velocity of the sample is mainly controlled by
the porosity, and the reduction in porosity (especially the
primary porosity) is closely related to the compaction process.
With massive plastic clastics such as the clay clastics in the
sample, the intergranular pores and throats tend to be occu-
pied by those clastics deformed under compaction, and under
such circumstances, the porosity rapidly declines and conse-
quently the P-wave velocity grows (Figures 10(a) and 10(c)).
The P-wave velocity grows faster than the S-wave velocity,
due to the intrinsic elastic property of the clastic grains such
as clays filled in the pores. Thus, it can be concluded that for
dry rock samples, the P-wave and S-wave velocities both
increase with higher contents of plastic clastics such as clays,
and so does the ratio of P-wave and S-wave velocity. It is also
indicated that the P-wave and S-wave velocity of the tested
rock sample are apparently higher than those of conventional
sandstone, which can be explained mainly by the effects of
plastic clastics such as clay in the sandy conglomerate. In addi-
tion, the overpressure also stimulates the ratio of P-wave and
S-wave velocity, as it impacts the S-wave velocity.

5. Seismic Petrophysical Modeling

For the rock-physics modeling, the sandy conglomerates can
be assumed to be isotropic, which implies that elastic stiff-
ness tensor can be completely defined using the two elastic
parameters: bulk modulus K and shear modulus μ. In order
to complete the petrophysical modeling of sandy conglomer-
ate in the study area, we divide the porosity evolution into
three intervals according to the diagenetic process. The first
is a low-porosity interval valid for porosities within 0 ≤ ϕ ≤
ϕmax,DEM, where the DEM model is used to predict the elastic
properties. Here, ϕmax,DEM defines a preset maximum poros-
ity for which the DEM model is used. This value has to be
evaluated in correspondence with the particular pore model
being used. A high-porosity ϕCCT interval is then defined,
where the elastic moduli are found using the cementation
theoretical model (CCT). Finally, the elastic properties in
the middle porosity interval ðϕmax,DEM, ϕCCTÞ are found
using the Hashin-Shtrikman upper bound (HS+), where
the stiff component is defined by the elastic moduli obtained
from DEM modeling of the low porosity interval, and those
of the soft component are defined at the maximum porosity
point using the CCT model. Furthermore, in our approach,
the stiff component becomes gradually more porous as the
porosity decreases from the maximum porosity point
(ϕCCT) to the highest porosity point of the lowest porosity
interval (ϕmax,DEM). More details of the three modeling inter-
vals are given below.

0.01
4 6 8 10 12 14 16

0.1

1

10

100

Pe
rm

ea
bi

lit
y/

m
D

Porosity (%)

Figure 7: Cross plot of permeability and porosity of rock samples
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Given the aforementioned, the diagenetic process of the
reservoir in the study area mainly includes compaction,
cementation, dissolution, and hydrocarbon emplacement.
The reservoir depth is of 2800m-3300m, and part of the res-
ervoir has been greatly modified by the strong compaction.
The reservoir highly impacted by compaction is often the
sandy conglomerate with poor sorting, high contents of the
muddy matrix, and low contents of carbonate cements.
The whole sedimentation-diagenesis geological process has
significant effects on the porosity and seismic elasticity of
the reservoir rock. The early calcium cementation leads to
the preliminary consolidation of the grain aggregate, and
the cement “welds” the particle. Accordingly, the rigidity of
the rock greatly grows, and the P-wave and S-wave velocity
considerably climb up, with only minor change of porosity.

The cementation theoretical model presented by Dvor-
kin illustrates the mechanical interaction between two rigid
particles cemented by elastic cements. In this model, the
cement serves as part of the framework to bear the external
load, and thus, even a very small amount of cements can lead
to notable increase in the rigidity of the particle aggregate
[32]. The contact-cement model assumes that the sandstone
is originally formed by closely packed quartz grains with the
identical size, and the corresponding porosity is the critical
porosity (ϕ0 ≈ 40%). The continuous porosity reduction of
sandstones is due to the fact that cements subsequently stick
to the surface of the quartz grains in the late stage, and the
effective elastic modulus of sandstones grows. In particular,
the initial small amount of cements will cause dramatic
growth in the sonic velocity and modulus, with only slight
change to the porosity. The calculation equation of the
contact-cement model is shown in the following equation:

Keff =
1
6
n 1 − ϕ0ð ÞKcSn,

μeff =
3
5
Keff +

3
20

n 1 − ϕ0ð ÞμcSτ,
ð3Þ

where Keff and μeff , respectively, stand for the effective bulk
and shear moduli of the dry cemented mineral aggregate; Kc
and μc are the bulk and shear moduli of the cement, respec-
tively; Sn and Sτ are statistical elastic parameters related to
the rock rigidity.

Since the clastic rock in the Mahu Sag is poorly sorted,
during the modeling of the clastic rock in the Mahu Sag on
the basis of the experimental data, the critical porosity is
set as ϕ ≈ 35%, the content of the calcium cement is 5%,
and other elastic parameters are shown in Table 1. The dis-
solution process also greatly influences the porosity of the
reservoir sandstone, and its impacts on the elastic wave
velocity mainly work jointly via the porosity and the pore
shape. In the case of zero porosity of the sandstone reservoir
after compaction and later chemical cementation, a certain
additional porosity of ϕ resulted from the dissolution.

2000 𝜇m

(a)

2000 𝜇m

(b)

Figure 8: Reservoir physical property characteristics under varied diagenesis processes. (a) Sample no. 26, well Ma19 (ϕ = 12:3%,
K = 75:3mD). (b) Sample no. 2, well Ma603 (ϕ = 6:1%, K = 0:15mD).
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Figure 9: The cross plot between porosity and P-wave and S-wave
velocity of sandy conglomerates samples in the study area.
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Taking the shape of the pore into consideration, the differen-
tial effective medium (DEM) model calculates the seismic
elastic property variation from zero porosity to porosity of
ϕ. The DEM model can be described as below:

1 − ϕð Þ d
dϕ

KDEM ϕð Þ½ � = K f − KDEM ϕð Þ� �
P∗ ϕð Þ,

1 − ϕð Þ d
dϕ

μDEM ϕð Þ½ � = −μDEM ϕð ÞQ∗ ϕð Þ,
ð4Þ

where KDEMðϕÞ and μDEMðϕÞ are the effective bulk and
shear moduli, respectively, and starting from initial condi-
tions KDEMðϕ = 0Þ = Ks and μDEMðϕ = 0Þ = μs, which in our
case is set to the elastic moduli of the mineral. P∗ and Q∗

are geometrical factors associated with the aspect ratios of
the pores.

In the practical calculation process, it is assumed that the
microcracks would be randomly distributed in the rock, and
the whole rock medium is isotropic. The elastic feature of
rock with isolated pores estimated through the DEMmethod
is applicable to high-frequency cases of saturated pores with
no fluid flow [33].

The reservoir compaction mainly occurs after the early
calcium cementation and has apparent effects on both the
rock porosity and seismic elastic. The Hashin-Shtrikman
elastic upper bound corrected using the critical porosity is
used to connect the early calcium cementation scenario with
the dissolved pore scenario. The Hashin-Shtrikman elastic
upper bound is expressed as below:

K =
1 − ϕ/ϕ0

K0 + 4/3ð ÞμSS
+

ϕ/ϕ0
KSS + 4/3ð ÞμSS

� �−1
−
4
3
μSS,

μ =
1 − ϕ/ϕ0
μ0 + ZSS

+
ϕ/ϕ0

μSS + ZSS

� �−1
− ZSS,

ZSS =
μSS
6

9KSS + 8μSS
KSS + 2μSS

,

ð5Þ

where K0 and μ0 are the effective bulk and shear moduli
of sandy conglomerates with minimum porosity, respec-
tively. Kss and μss are the effective bulk and shear moduli
of sandy conglomerates with critical porosity, respectively.

2000 𝜇m

(a)
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(b)
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(c)

2000 𝜇m

(d)

Figure 10: Thin-section features corresponding to elastic parameters and physical properties of tested samples under different diagenetic
conditions. (a) Sample no. 18, well Ma19 (Vp = 3:6 km/s, ϕ = 14:3%). (b) Sample no. 5, well Ma18 (Vp = 4:1 km/s, ϕ = 14:7%). (c) Sample
no. 2, well Ma603 (Vp = 5:0 km/s, ϕ = 6:1%). (d) Sample no. 69, well Ma15 (Vp = 4:36 km/s, ϕ = 6:41%).

Table 1: Elastic parameters of minerals.

Mineral
name

Bulk modulus
(GPa)

Shear modulus
(GPa)

Poisson’s
ratio

Quartz 39 44 0.06

Feldspar 37.5 15 0.32

Clay 17.5 7.5 0.33

Calcite 76.8 32 0.32
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The P-wave and S-wave velocities of dry (Figure 11(a))
and water-saturated (Figure 11(b)) sandy conglomerate
samples are measured and presented in Figure 11. The
velocity-porosity correlation presented by the test data is

consistent with tendency shown by the theoretical calcula-
tion results. The DEM model with a pore aspect ratio α =
0:05 can give the lower bound of the experimental data,
while the model with α = 0:15 complies with the
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Figure 11: The cross plot of sonic velocity and porosity, Baikouquan sandy conglomerate reservoirs.
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approximate of the upper bound of the experiment data.
This suggests that the average pore aspect ratio of the test
sample lies between 0.05 and 0.15, indicating dissolve pore
characteristics with the relative “rigid” elastic property. The
water-saturated velocity and porosity calculated from the
Gassmann equation can also consistently interpret the test
data, and so can the theoretical variation of the P-wave
impedance with the ratio of P-wave and S-wave velocity
based the proposed model (Figure 12).

6. Conclusions

(1) The sandy conglomerate of Baikouquan Formation
in Mahu Sag has experienced a complex diagenetic
evolution process. Affected by different diagenesis,
the sandy conglomerate is highly heterogeneous,
and its physical properties change greatly. Dissolu-
tion has the strongest constructive effects, and com-
paction has the strongest negative effects upon the
reservoir physical property in the study area. To
quantitatively characterize the influence of different
diagenesis on rock physical properties, we have
established a rock-physics modeling strategy that
combines the contact-cement model with the differ-
ential effective medium model and Hashin-
Shtrikman upper bound

(2) The modeling approach takes into account the
burial history of the sandy conglomerate of Bai-
kouquan Formation in Mahu Sag and successfully
predicts the rock-physics and seismic properties
as a function of rock texture and pore fluid charac-
teristics of these sandy conglomerate. We also can
use the model to better understand the seismic sig-
nature of the studied Mahu sandy conglomerate
reservoirs or other low-to-intermediate-porosity
reservoirs elsewhere

Abbreviations

Vp: P-wave velocity (m/s)
Vs: S-wave velocity (m/s)
ϕ: Porosity (%)
K : Bulk modulus (GPa)
μ: Shear modulus (GPa)
n: The average number of contacts per grain
Sn: The normal stiffness
Sτ: The shear stiffness
P∗: Geometrical factors associated with the aspect ratios of

the pores
Q∗: Geometrical factors associated with the aspect ratios of

the pores.
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