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Abstract

Experimentally understanding the effects of clay type and fraction on the elastic properties of
clay-bearing sandstone is crucial for exploring hydrocarbon reservoirs. Therefore, we artificially
synthesized a series of pure clay rocks and clay-bearing sandstones with different clay types and
fractions, and conducted the ultrasonic measurements to investigate the elastic behaviors.
According to experiments on pure clay rocks, illite rocks have the highest porosity, followed by
montmorillonite rocks and chlorite rocks. In terms of elastic properties, illite rocks show the
highest ultrasonic P- and S-wave velocities, followed by chlorite rocks and montmorillonite
rocks. For clay-bearing sandstones, the measured results indicate that clay types and fractions
significantly influence both the physical and elastic properties. Specifically, the porosity of
chlorite-bearing sandstone is systematically lower than that of illite-bearing and
montmorillonite-bearing sandstone. The chlorite-bearing sandstone has the highest P- and
S-wave velocities, followed by illite-bearing and montmorillonite-bearing sandstone. Moreover,
the clay fraction also affects porosity—velocity trends. The porosity first falls and then increases as
the clay fraction rises, while the P- and S-wave velocities first rise and then fall and, in turn the
turning point occurs at the ~30% clay fraction. The potential mechanism of the turning point is
analyzed based on the microscopic distribution of clay and sandstone. Additionally, the clay
fraction and distribution also affect the electrical conductivity and permeability of the
clay-bearing sandstone, implies that the clay types, clay fraction and clay distribution are
non-negligible factors in reservoir evaluation.

Keywords: rock physics, clay types, clay fraction, clay-bearing sandstone

1. Introduction nificantly affects the geophysical properties of sandstone
reservoirs. Understanding the effects of clay on the elastic
properties of clay-bearing sandstone is becoming increas-
ingly essential in geophysical exploration, oil and gas field

Clay-bearing sandstone is the most widely distributed elas-
tic sedimentary in the world. The presence of clay sig-
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development, geological disaster prevention, geological engi-
neering, and other geoscience and engineering issues. (Nur
& Byerlee 1971; Zimmerman et al. 1986; Crampin 1987;
Main et al. 2000; Ehrenberg & Nadeau 2005; Healy et al.
2006; Yang & Hu 2020; Ba et al. 2015; Zuo et al. 2020; Guo
etal.2021; Qietal. 2021; Liu et al. 2022). It is therefore neces-
sary to quantitatively measure clay-bearing sandstone’s phys-
ical properties and elastic behavior. Among them, clay types
and clay fractions, as the essential components, significantly
affect the elastic responses of clay-bearing sandstones.

To experimentally investigate the elastic signatures of clay-
bearing sandstone and sand-clay mixtures, many peer re-
searchers have conducted experimental measurements and
theoretical modeling efforts in the past decades (Colazas
1971; Kowallis et al. 1984; Castagna et al. 1985; Han et al.
1986; Klimentos & McCann 1990; Marion et al. 1992; Ha-
gin 2003; Li et al. 2019). Although both pure Ottawa sands
and 50% illite-bearing Ottawa sands mixture had been exper-
imentally measured and found that clay was a substantial fac-
tor influencing compaction state, the effects of clay types and
clay fraction have not been thoroughly investigated yet (Co-
lazas 1971). Anstey (1991) claimed that, for the loose sand
packs, the clay has little influence on the bulk modulus of the
rock frame but increases the density, leading to a decrease in
velocities. Kowallis ef al. (1984) experimentally investigated
the relationship between the P-wave velocities and clay frac-
tion of shaly sandstone. The results demonstrated that the
P-wave velocities of shaly sandstones decrease with increas-
ing clay fractions. They claimed that the microstructure of
shale in shaly sandstone intrinsically affects its elastic veloci-
ties. Marion et al. (1992) synthesized artificial clay sandstone
by changing the mass fraction of clay. The experimental re-
sults show that the elastic wave velocity of sandstone first in-
creases and then decreases with the increase of clay content.
Han et al. (1986) conducted a series of experimental mea-
surements of artificial illite-bearing Ottawa packs (clay frac-
tion ranging from 0 to 100%) at different confining pressure
conditions. He found that both pressure histories and pres-
sure magnitude and illite fraction can significantly influence
the elastic properties of unconsolidated illite sand packs. Li
et al. (2019) systematically investigated the relationship be-
tween dynamic elastic and anelastic properties of illite sand
packs at different pressure conditions. The results demon-
strated that pressure histories, clay fraction and distribution
are critical factors influencing both elastic and anelastic be-
haviors of illite clay-bearing sand samples.

These studies examine the effects of pressure magnitude,
pressure histories and clay fraction on sand-clay mixture
elastic signatures. However, there is still a lack of relevant ex-
perimental measurements, which impedes an understanding
and mechanism analysis of clay-bearing sandstones. More-
over, quantitative investigation of clay types” elastic prop-
erties of clay-bearing sandstones is not yet adequate (Allen

& Chilingarian 1975; Nie et al. 2021). Therefore, in this
work, we artificially synthesized pure illite, montmorillonite
and chlorite rocks, and illite-, montmorillonite- and chlorite-
bearing sandstone to systematically investigate both clay
types and clay fraction effects on elastic properties of rock.

The structure of this work is as follows: first, we introduce
our experiments, including sample preparation and ultra-
sonic velocity measurement. Second, we analyze the effect
of clay fractions and clay types on these samples’ physical
properties and elastic wave velocity. Then, we discuss (i)
relations between clay fraction, P-wave velocity and porosity;
(i) relations between clay fraction and clay distribution; (iii)
relationships between clay types and clay distribution; (iv)
the potential influence of clay fraction and clay distribution
on reservoir properties and (v) possible risk for seismic
interpretation. Finally, a conclusion is given.

2. Experiments
2.1. Sample preparation

In this work, three kinds of clay (illite, montmorillonite and
chlorite with a purity of 99.9%) are purposely selected to re-
constitute the pure clay rocks and sand-clay samples. The
pure sands are composed of round and medium-sized quartz
grains. The grain density of the quartz grain is 2.64 g cm™>
using a helium porosimeter.

The flow chart for building artificial clay-bearing sand-
stone samples is given as follows (figure 1).

(i) Weight the pure sands according to the mold size.

(i) Mix the epoxy and curing agent with a specific ratio as
for cement, then use shaking and heating to free the air
bladder.

(iii) Pourthe cement into pure sand, then shake and sieve to
eliminate cluster cement.

(iv) Weight special ratio of clay according to the previous
weight of sands, then shake and sieve to eliminate the
cement—clay mixtures.

(v) Pour the clay-sand and cement mixture into the mold
and then add the compression pressure of 15 MPa for
24 hours to keep the samples stable and shaped.

(vi) Put the samples in the oven at 60°C and 45% relative
humidity for 24 hours to dry the cement and ensure the
samples are shaped.

Here, we should point out that the general steps of build-
ing pure clay samples are similar to those of clay-bearing sand-
stone samples, except that in step S the compression pressure
ranges from 5 to 25 MPa.

During these steps, the compression pressure and com-
pression time are set to ensure the samples are stable
and shaped. Furthermore, choosing a reasonable drying
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Stepl : Weight the clay and quartz
sands respectively

|

Step2 : Mixing the epoxy and curing

agent with a specific ratio as the
cement

|

Step3 : Pouring the cement into the
pure sands, then shaking and sieving

l Epoxy (cement)

Stir, heat and i
shake

Epoxy without air bladder

Step4: Weight specific ratio of clay
according to the previous weight of

sands, then shaking and sieving

}

Step5: Pouring the clay-sands and
epoxy mixtures into the mold and
then adding the compaction pressure,
waiting 24 hours

|

Step6: Putting the samples in the

Compaction machine

Antificial diameter samples

Artificial plunger samples

oven (60°C) for 24 hours

Figure 1. Flow chart to make artificial clay-bearing sandstone.

temperature is also crucial (Li et al. 2021): we set the dry-
ing temperature at 60°C to avoid montmorillonite dehydra-
tion, oherwise, it might generate micro cracks. We ensure ad-
equate contact between the clay and quartz particles by mul-
tiple sievings to avoid heterogeneity as much as possible.

Furthermore, our prepared samples were full-diameter
samples with a diameter of 150 mm. The samples used for
research were standard plunger samples with a diameter of
25.4mm drilled from the full-diameter samples. By doing
this, we try to avoid the randomness of sampling as much as
possible.

Figure 2 displays the pure clay samples. Specifically,
the compression pressure ranges from 5 MPa to 25 MPa.
Figure 3 indicates the different clay-bearing sandstone sam-
ples at varying clay fractions at a compression pressure of
15 MPa. Porosity and ultrasonic measurements will be con-
ducted on clay-bearing sand samples and pure clay samples
in the following sections.

2.2. Ultrasonic velocity measurement

Figure 4 shows the schematic of the sample column com-
ponent of the ultrasonic measurement apparatus. It mainly
includes a sample assembly part, an axial linear variable
differential transformer (LVDT) and confining pressure
controller. Here, the axial LVDT sensor is installed to mon-
itor the length change of the measured sample. A pair of P-
and S-wave transducers are mounted at the end caps. The

10S

Figure 2. (a) Pure illite samples; (b) pure montmorillonite samples
and (c) pure chlorite clay samples at a varying compression pressure of
5-25 MPa.

dominant frequencies of both P- and S-wave piezoelectric
transducers are 1 and 0.8 MHz, respectively. One of them
will excite ultrasonic waves with desired frequencies, which
travel through the measured sample.
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Figure 3. Different clay-bearing sandstone samples at the compression pressure of 15 MPa.
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Oscilloscope

Pressure system
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Figure 4. Schematic of the ultrasonic measurement system in this work. It mainly includes a sample clump holder and confining pressure controls.

Since the artificial sand—clay samples are easy to shorten
during the measurements, the axial LVDT sensor simultane-
ously monitors the change of sample length, making veloc-
ity measurement more accurate. In addition, a digital pump is
connected to adjust the confining pressure based on the mea-
surement conditions.

The pulse-transmitted wave method is used to calculate
P- and S-wave velocities. Namely, we can calculate P- and
S-wave velocities from the recorded travel time (At) of the
ultrasonic waves passing through the measured rock sample
length (L,). Here, we also need first to calibrate the buffer
time (At,) during velocity measurement. Therefore, the ve-
locities (V) can be calculated

L

V=———. 1

With the measured bulk density (p,) of rock samples, the
bulk modulus (K) and shear modulus () are transformed
as:

(2)
(3)

K =p, (V; — gvj),

H :phVSZ/

where V, and V are ultrasonic P- and S-wave velocities of the
measured rock sample, respectively.
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Uncertainty is a vital factor that influences the measure-
ment accuracy of the measured velocities. Specifically, both
sample length and travel time significantly affect measure-
ment accuracy. According to equation (1), the relative uncer-
tainty of measured velocities is given as follows:

U\’ U\’
E = ) +|— ),

where U, is the uncertainty of sample length; U, is the uncer-
tainty of travel time.

In this work, the uncertainty of travel time is generally
0.01 ps, the minimum travel time is 15 s, the uncertainty of
sample length is 0.005 mm and the minimum sample length
is 30 mm. Therefore, the uncertainties of P- and S-wave ve-
locities are 0.3-0.9% and 0.8-1.4%, respectively.

(4)

3. Results
3.1. Pure clay samples

The pure clay rocks are constructed under different compres-
sion pressure conditions to simulate the buried depth evolu-
tion process. The physical properties of pure clay pack sam-
ples are shown in Table 1.

Figure S shows that the porosity of pure clay pack samples
decreases with increasing compression pressure first. With
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Table 1. Physical property parameters of pure clay pack samples
Compression Sample
pressure volume Sample Bulk density

Items Clay types (MPa) (cm?) weight (g) (gem™3) Porosity (%)
1 Illite S 22.258 40.096 1.801 27.402
2 10 16.360 32.742 2.001 16.041
3 15 18.318 37.600 2.053 12.042
4 20 20.050 41.335 2.062 11.193
N 25 20.117 41.492 2.063 10.605
6 Montmorillonite S 18.767 38.174 2.034 15.922
7 10 19.739 41.906 2.123 5.814
8 15 19.579 41.593 2.124 4.683
9 20 19.427 41.326 2.127 4.224
10 25 17.766 37910 2.134 3.981
11 Chlorite S 19.285 41.200 2.136 13.274
12 10 16.974 38.687 2.279 2.022
13 15 18.80S 43.144 2.294 1.651
14 20 18.256 41.923 2.296 1.472
15 25 17.044 39.153 2297 1.313

30 conditions. As shown in figure 6, the P-wave velocities of the

i pure clay pack samples usually increase with increasing con-

25} —@— Montmorillonite| fining pressure. However, different types of clay behave dif-

—dh— Chlorite .t 1
ferently. As observed, the P-velocities of pure illite packs are
207 1 systematically higher at the entire confining pressure range.

Porosity (%)
&

10

0 5 10 15 20 25 30

Compression pressure (MPa)

Figure S. Porosity against compression pressure for different types of pure
clay pack samples.

increasing compression pressure, the pure clay packs become
stiffer, leading to a lower porosity. However, when compres-
sion pressure is beyond 15 MPa, porosities of all pure clay
samples approximate a stable value, depending on clay types.
Moreover, as observed, the porosities of pure illite pack sam-
ples are systematically higher than those of pure montmoril-
lonite packs and pure chlorite packs. It implies that different
clays mixing with sand may also exhibit different elastic be-
haviors. Meanwhile, the results also demonstrate that poros-
ity evolution is highly dependent on both compression pres-
sure and clay types.

We take pure clay pack samples at the compression pres-
sures of 15 and 20 MPa as an example to measure the ultra-
sonic P- and S-wave velocities at varying confining pressure

107

Still, the P-wave velocities’ increment slope is smoother com-
pared with those of montmorillonite and chlorite clay packs.
The P-wave velocities of montmorillonite clay pack samples
are the smallest but are more sensitive to confining pressure,
especially at pressures <10 MPa. Overall, the higher the com-
pression pressure, the higher the P-wave velocities of the pure
clay pack samples. S-wave velocities present a similar trend to
that of P-wave velocities.

Figure 7 displays the V,,/V ratio of different clay packs
at varying confining pressure conditions. The V,,/V ratio of
pure montmorillonite and chlorite clay samples gradually in-
creases with increasing confining pressure. In comparison, il-
lite behaves oppositely and decreases with increasing confin-
ing pressure. In addition, the V,/V ratio for all three types of
clay samples is not sensitive to compression pressure.

3.2. Clay-bearing sandstone samples

Table 2 gives the physical parameters of artificial clay-
bearing sand samples at the compression pressure of 15 MPa
(as mentioned before, the physical properties of the samples
are stable at 15 MPa) at various clay fractions from S to 40%.
Overall, for all different clay-bearing sandstone samples, bulk
density and porosity systematically vary with increasing clay
fraction. Both clay types and clay fractions can be critical
factors influencing the elastic properties of clay-bearing sand-
stone. The following analysis will detail such observations
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Figure 6. (a) P- and (b) S-wave velocities of pure clay pack samples against
compression pressures of 15 and 20 MPa, respectively.
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Figure 7. The V,/ V] ratio of different pure clay pack samples at varying
confining pressures.

and potential physical laws standing behind these measured
data.

The correlation between the bulk density and clay fraction
for these samples is shown in figure 8a. The bulk density of
clay sandstone increases with an increase in the clay fraction
when the clay fraction <30%; when the clay fraction is >30%,
the bulk density decreases with an increase in the clay frac-
tion. In addition, all three types of clay-bearing sample gen-
erally follow the aforementioned density—clay fraction trend.
However, there still exists an obvious difference due to the
clay types. Here, the bulk density of chlorite-bearing sand
samples is systematically higher than those of both illite- and
montmorillonite sand packs.

Figure 8b shows the relationship between the porosity
and clay fraction for these clay-bearing samples. Correspond-
ingly, the porosity of sand-clay mixture samples gradually
decreases with increasing clay fraction until reaching ~30%.
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Then, with the continuous increase of clay fraction, the
porosities of these samples seem to increase progressively
with increasing clay fraction. Among them, the porosity of
the chlorite samples increases more obviously. In addition,
the porosity of the chlorite-sands packs is systematically
lower than those of both illite- and montmorillonite-
sands packs. Moreover, the porosity discrepancy
among them gradually increases with increasing clay
faction.

Figure 9 shows the relationship between P- and S-wave
velocities of sand—clay mixture samples and the clay weight
fraction for different clay types. There exists a distinct
difference among different clay-sand mixture samples.
Specifically, the P-wave velocities of chlorite-sands packs
are systematically higher than those of both illite- and
montmorillonite-sands packs. As observed, P-wave velocity
increases dramatically from O to 10% clay content, and then
the velocity increment becomes smooth when the confining
pressure is between 10 and 30% clay fraction. After that,
P-wave velocity begins to decrease with continuously in-
creasing clay fraction. For illite sand packs, P-wave velocity
is lower than that of chlorite sand packs. More importantly,
the velocity increment is smooth when the clay fraction is
<10%, while it exhibits a sharp decrement trend when the
clay fraction is higher than 30% compared to that of chlorite-
sands packs. For montmorillonite sand packs, the P-wave
velocity is the smallest in those three different clay-bearing
sand samples. Moreover, different from both illite and chlo-
rite sand packs, the P-wave velocity of montmorillonite sand
packs shows a smooth increment trend with clay fraction
<20%. Then, it begins to decrease with the continuously
increasing clay fraction.

Clay-bearing sands packs with different S-wave velocities
have similar trends to those with P-wave velocities.
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Table 2. Physical parameters of artificial clay-bearing sand samples with compression pressure of 15 MPa
Clay Sample Bulk
weight volume Sample density
items Clay types (%) (cm?) weight (g) (gem™3) Porosity (%)
1 illite S 23.37 45.798 1.96 24.51
2 10 22.46 45.120 2.01 22.26
3 15 22.97 46.850 2.04 21.14
4 20 23.26 48.075 2.07 19.73
S 25 22.57 47.172 2.09 19.02
6 30 20.81 43.844 2.11 18.45
7 35 21.48 44.688 2.08 18.54
8 40 23.02 47.391 2.06 18.66
9 montmorillonite S 23.45 45.495 1.94 26.19
10 10 23.15 45.607 1.97 24.34
11 15 21.58 44.027 2.04 22.36
12 20 22.08 46.586 2.11 19.59
13 25 21.23 45.211 2.13 17.84
14 30 19.30 41.683 2.16 16.93
15 35 21.10 45.145 2.14 16.95
16 40 20.73 43.745 2.11 17.22
17 chlorite S 20.89 41.354 1.98 23.83
18 10 20.36 41.839 2.06 19.51
19 15 20.16 42.730 2.12 16.45
20 20 19.64 43.057 2.19 13.52
21 25 19.81 44.185 2.23 1091
22 30 18.81 42.941 2.28 9.80
23 35 19.85 44.860 2.26 10.07
24 40 19.73 44.464 2.25 10.94
25 Pure sands 0 22.06 42.348 1.92 27.32
2.3 30 T
(a) (b)
2251
25+ 1
2.2}
f‘;—\ _—
E 2.15 220} . J
=) > —a—a—a
> 2.1 ‘@
2 S 15) f
o 205 o
0o
2r .
z I"‘;':::‘'”"‘Jl'\llonm-; 10+ . :\I;!\I;Tmno(ilunne 4‘/A i
105} Chiorite Chiorile
19 ‘ : : : 5 : : : "
0 10 20 30 40 0 10 20 30 40

Clay fraction (%)

Clay fraction (%)

Figure 8. (a) Relationship between the bulk density and clay fraction for clay-bearing samples and (b) relationship between the porosity and clay fraction

for clay-bearing samples.

Figure 10 shows the V,,/V; ratio against clay fraction for
different types of clay. The V,/V; ratio of the three types of
clay-bearing sandstone sample gradually increases with in-
creasing clay fractions. However, generally speaking, these
samples’ V,/V ratios range between 1.6 and 1.7. The V,,/V
ratio of clay-bearing sandstone is not sensitive to both clay
types and clay fractions.

109

Figure 11a shows the relationship between P-wave veloc-
ities and porosity for these clay-bearing samples. For chlo-
rite sand packs, P-wave velocity increases with the porosity
decreasing (from 27.32 to 9.8%). Then, the velocities de-
crease with the porosity increase (from 9.8 to 10.94%). Over-
all, there are two velocity—porosity trends, which are consis-
tent with the porosity changes shown in figure 9. There exists
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a turning point between these two trends with a porosity of
9.8% and a clay fraction of 30%. For illite sand packs, P-wave
velocity behaves slightly different from that of chlorite sand
packs. Specifically, the turning point of the P-wave velocity
of illite sand packs occurs at the porosity of 18.45% and the
clay fraction of 30%. For montmorillonite sandshows packs,
P-wave velocity exhibits a relatively smooth change with de-
creasing porosity from 27.32 to 16.93%. Then it dramatically
decreases with slightly increasing porosity and the turning
point occurs at the porosity of 16.93% and the clay fraction
of 30%.

To sum up, there exist turning points in the P-wave
velocity—porosity relations of different clay-bearing sand-
stones. The clay fractions corresponding to the clay points are
the same, but the porosity is different. Specifically, the poros-

2000 T T v
(b) — & e
—&@— Manmonilonite
—ah— Crione
1800 r
E 1600 |
E
0
- 1400 -
!
1200 | Clay fraction=0%
1000 . .
0 10 20 30 40

Porosity (%)

Figure 11. (a) Relationship between P-wave velocities and porosity for clay-bearing sandstone samples and (b) relationship between S-wave velocities

and porosity for clay-bearing samples.
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Figure 12. Cross-plot of P-wave velocity, clay content and porosity of
chlorite clay-bearing sandstone. The red points and solid lines represent
the P-wave velocity-clay fraction trend. The blue points and dotted line
represent the porosity—clay fraction trend.

ity of the turning point of the chlorite sample is lower than
that of the illite and montmorillonite samples.

Figure 11b shows that S-wave velocity presents a similar
trend to P-wave velocity for three kinds of clay-bearing sand
pack. The previously mentioned elastic velocity—porosity
trend implies that elastic signatures of clay-bearing sands
packs are highly dependent on physical properties, which are
certainly related to clay types.

4. Discussion

4.1. Relations between clay fraction, P-wave velocity and
porosity

Figure 9 shows a non-monotonic relationship between P-
wave velocity and clay fraction, and the P-wave velocity in-
creases first and then decreases with the increase of the clay
fraction. Figure 8b indicates that there also exists a non-
monotonic relationship between porosity and clay fraction,
and the porosity decreases first and then increases with the
increase of the clay fraction. These two trends are opposite.
We constructed a two-coordinate cross-plot of chlorite clay-
bearing sandstone to investigate the potential connection be-
tween them, as shown in figure 12. It can be seen that there
is an obvious turning point at a 30% clay fraction. When
the clay fraction is <30%, the P-wave velocity increases and
the porosity decreases monotonously as the clay fraction in-
creases. If the clay fraction is higher than 30%, the P-wave
velocity decreases while the porosity increases with the clay
fraction increasing. To further investigate the mechanism of
the turning point generation, we fabricated thin sections of
chlorite-bearing sandstones to observe the sand—clay distri-
bution relations. The mechanism will be discussed in the
next section.
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4.2. Relations between clay fraction and clay distribution

Since montmorillonite-, illite- and chlorite-bearing sand-
stone exhibit the same porosity-velocity trend, they all have
a turning point at 30% clay fraction. We only examine the
microscopic distribution of chlorite-bearing sandstones. To
analyze the relations between the clay fraction and the clay
distribution more intuitively, we compare the thin sections
(after threshold segmentation) of the chlorite clay-bearing
sample under different clay fractions of 10, 20, 30 and 40%,
respectively (figure 13).

It can be observed that when the clay fraction is 10%
(figure 13a), the quartz particles are in direct contact and
hence the rock is mainly supported by quartz particles. For
clay, a small amount of clay is distributed at the contact area
of quartz particles. Most of the clay is mainly attached to the
surface of the independent quartz particles or distributed in
the pore space, which is distributed in a dispersed state (Han
et al. 2020; Nie et al. 2021).

When the clay fraction increases to 20%, the distribution
of clay is not very different from that of the 10% sample; we
can see that the clay occupies more pore space. However, the
skeleton is still supported by quartz particles, and the prop-
erties skeleton has not changed.

When the clay fraction increases to 30%, the clay occupies
more pore space. Besides, we can observe that alarge amount
of clay is distributed at the area where the particles are in
contact, and the quartz particles are connected by clay with
a non-zero contact thickness. The contact and non-contact
clay exist in the rock simultaneously. Moreover, part of the
skeleton is supported by connected quartz particles, while
the clay-quartz sand mixture supports other parts. This phe-
nomenon explains that the turning point in figure 12 should
be caused by changes in clay distribution and the skeleton
support method.

Finally, when the clay fraction increases to 40%, we can
observe that the clay is distributed in clusters. The clay sep-
arates parts of the quartz particles, and the quartz particles
are connected through the clay layer, forming a ‘clay-packed
sand’ distribution form and the clay supports the frame.

In general, the lower the clay fraction, the more the clay
distribution tends to be dispersed, and the support method
of the skeleton is quartz-supported. The higher the clay
fraction, the more clay distribution tends to be the rock
matrix and the support method of the skeleton is clay-
supported. This explains the non-monotonicity of the P-
wave velocity-clay fraction relations and porosity—clay frac-
tion relations shown in figure 12. Before the turning point,
the dispersed clay fills the intergranular pores to decrease
the porosity and increase the P-wave velocity. After the turn-
ing point, the porous clay replaces the non-porous quartz
particles to support the skeleton. The inherent porosity of
clay is larger than the intrinsic porosity of sands, and hence
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(a) 10% Chlorite

(C) 30% Chlorite

(b) 20% Chlorite

(d) 40% Chlorite

Figure 13. The thin section (after image segmentation) of chlorite clay-bearing samples with 10% (a), 20% (b), 30% (c) and 40% (d) clay fractions,
where blue represents the pore space, gray represents the quartz grains and black represents the clay.

the increase in clay fraction leads to an increase in total
porosity.

4.3. Relations between clay types and clay distribution

Both physical properties and elastic signatures of clay-
bearing sandstone samples are closely related to the clay’s lo-
cation in the pore spaces and clay types. However, clay types
may behave differently in terms of pore space distribution.
We apply the Thomas-Stiber (TS) model to characterize the
porosity—clay fraction relation of sand-clay binary mixture
and corresponding rock frame evolution (Thomas & Stieber
1975,1977; Pedersen & Nordal 1999). Figure 14 displays the
TS template of the sand—clay binary mixture and the porosity
of all clay-bearing sandstone samples. The porosity of clay-
bearing sandstone samples gradually decreases first with in-
creasing pore-filling clay when the clay fraction is <~30%
(line AB). Theoretically, the TS model implies that, during
this stage, the rock frame is mainly composed of sand grains,
whereas clay distributes dispersedly in the pore space. How-
ever, the clay will dominate the rock frame with increasing
clay fraction. It is found that with clay fraction continuously
adding up to 100%, the rock frame finally transformed into a
clay frame with dispersed sand grains (line AC). This is con-
sistent with the understanding obtained from the thin section
of chlorite clay-bearing sandstone. In figure 8b, the porosity—
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Figure 14. The TS template of sand-clay binary mixture and the mea-
sured porosity of pure and packs, 5, 10, 15, 20, 25, 30, 35 and 40% clay mix-
ture, and 100% pure clay packs. Note that symbols with scarlet red, gray,
and white represents montmorillonite-, illite- and chlorite-claying bearing
sandstone with varying clay fractions, respectively.

clay fraction relations of chlorite clay-bearing sandstone are
consistent with the diagnosing results of the TS model. As for
montmorillonite- and illite clay-bearing sandstone samples,
they behave in the same ways as chlorite. They both show a
turning point at about 30% clay content, which means that
the change in the support method of the skeleton is not af-
fected by the clay types.
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(a)10% clay fraction

Figure 15. CT scan results of chlorite samples with 10% clay fraction (a) and 40% clay fraction (b) after threshold segmentation. The white represents

the quartz particles and the blue represents the pore and the red represents the chlorite clay.

Here, we can see that the total porosity of the clay-bearing
sandstone samples also increases because of the high poros-
ity of clay itself, specifically for montmorillonite- and il-
lite clay-bearing sandstone samples. In addition, chlorite-
bearing sandstone samples closely follow the pore-filling line
with lower porosity, while both montmorillonite- and illite-
bearing sandstone samples tend to follow the laminated line.
Overall, the TS model and measured data combination sug-
gest that the rock frame and porosity of clay-bearing sand-
stone samples highly depend on clay types, clay fraction and
clay distribution. However, the difference in clay types will
affect the absolute value of the porosity.

4.4. The potential influence of clay fraction and clay
distribution on reservoir properties

We perform computed tomography (CT) scans with
chlorite-bearing sandstone samples with a clay fraction
of 10 and 40%, respectively, to clarify the impact of clay
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content and clay distribution on reservoir properties. We use
quartz, clay fraction and porosity as a reference to thresh-
old quartz particles, chlorite and pores, and the results are
displayed in figure 15. The quartz particles directly support
the framework for samples with the 10% clay fraction. It
is a typical grain-supported rock. For samples with a 40%
clay fraction, there is almost no direct contact between the
quartz particles and they are almost surrounded by clay to
form typical clay-supported rock. The clay distribution of
CT images is consistent with thin section images.

Then the numerical simulations of conductivity and per-
meability are studied. In the numerical conductivity simula-
tion, the input potential is 1 V, output potential is 0 V and the
electrical conductivity of the solution is 0.2 S:m™". In the nu-
merical permeability simulation, the differential pressure is
set at 30 MPa and the fluid viscosity is set at 0.001 Pa-s. The
numerical simulation results are shown in Table 3.

Based on numerical simulations, the difference in conduc-
tivity and formation factors is > 1S times, and the difference
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Table 3. Numerical simulation of conductivity and permeability of
chlorite samples with 10% and 40% clay fraction

Clay

Clay weight  Conductivity Formation Permeability

Items  types (%) (S'm™1) factor (mD)
1 Chlorite 10.0 7.3x 1073 27.2 70
2 Chlorite 400  47x107* 426.6 16

in permeability is more than four times. We visualized the
pore seepage network based on AVIZO software, and the re-
sults are shown in figure 16. The sample with a 10% chlorite
clay fraction has better pore connectivity (figure 16a and b).
The pore connectivity of the sample with 40% chlorite clay
fraction is worse (figure 16¢ and d), especially since it has

(a) 10% clay fraction

many non-connected pores, which causes its lower perme-

ability rate (Table 2).

4.S. Potential risk for seismic interpretation

These experimental and numerical simulation results show
that different clay fractions and distributions will lead to
different framework support methods (grain- and clay-
supported), resulting in significant differences in reservoir
properties such as conductivity, formation factor and perme-
ability. The grain-supported rock has a higher pore space and
better permeability and is the premium reservoir. The clay-
supported rock, in contrast, is the non-premium reservoir.
However, we notice that both the grain- and clay-supported
rocks have almost the same P- and S-wave velocities

(b) 10% clay fraction

Figure 16. The visualization results of the pore seepage network and ball-and-stick model of CT scan results of chlorite samples with 10 and 40% clay
fractions. The blue lines represent the seepage network, indicating the fluid’s seepage path. The gray in (a) and (c) represents the pore space; in (b) and
(d), the color and size of the sphere indicate the equivalent radius of the pore. The thickness of the stick represents the equivalent radius of the pore

throat.

114

G20z aunr gz uo1senb Aq v£€1669/£01/1/0Z/3101e/86(/Wwoo dno-olwspeoe)/:sdy wols pspeojumoq



Journal of Geophysics and Engineering (2023) 20, 103-116

Lietal.

(figure 9). This means that it is difficult to distinguish be-
tween the grain-supported sands and clay-supported sands
from P- and S-wave velocities. The difference in the elastic
properties of the two mainly depends on the density. The re-
liability of density inversed by seismic data is relatively insuf-
ficient. Therefore, there exist potential risks in seismic quan-
titative interpretation.

To reduce the risk, we recommend constructing litholog-
ical sensitivity factors such as elastic moduli or the combina-
tion of elastic parameters to amplify the difference between
the grain- and clay-supported sands. More seismic attribute
information is necessary to reduce the risk of reservoir evalu-
ation in addition to elastic parameters. Moreover, we can use
developed algorithms such as deep neural networks to estab-
lish the discrimination method between the two in the high-
dimensional space to apply in actual reservoir evaluations.

§. Conclusions

A series of pure clay rocks samples and clay-bearing sand-
stone samples are synthesized experimentally to investigate
their physical properties and elastic signatures with different
clay fractions and clay types.

For pure clay rocks, the porosities of illite pack samples
are systematically higher than those of both montmorillonite
packs and chlorite packs. The P-velocities of pure illite packs
are systematically higher than those of montmorillonite and
chlorite clay packs. The P-wave velocities of montmorillonite
clay pack samples are the smallest but more sensitive to con-
fining pressure. Besides, the higher the compression pressure,
the higher the P-wave velocities of the clay pack samples. S-
wave velocities present a similar regularity to that of P-wave
velocities.

For clay-bearing sandstone, the clay types and fractions in-
fluence clay-bearing sandstone’s porosity and velocity trends.
Specifically, the porosity of chlorite-bearing sandstone is sys-
tematically lower than that of illite- and montmorillonite-
bearing sandstone. The chlorite-bearing sandstone has the
highest P- and S-wave velocity, followed by illite-bearing
sandstone, and montmorillonite-bearing sandstone has the
lowest velocity. In addition, the trends of velocity—porosity-
clay fraction of three types of clay-bearing sandstone are sim-
ilar. With increasing clay fraction, the porosity first decreases
and then increases while the P- and S- wave velocity in-
creases first and then decreases; the turning point occurs at
the 30% clay fraction. The mechanism of the turning point of
porosity and velocity is investigated by analyzing the micro-
distribution of clay and sand particle. The clay distribution
causes the turning point, so the different clay distributions
and fractions will lead to different framework support and a
low clay fraction leads to sand support while a high clay frac-
tion leads to clay support. Different distributions of clay have

115

non-negligible effects on reservoir properties such as con-
ductivity and permeability.

The study of clay type, fraction and distribution in clay-
bearing sandstones can be applied to reservoir characteristics
and hydrocarbon exploration of shallow surface sandstone
reservoirs and unconsolidated seafloor sandstone.

Conflict of interest statement. None declared.
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