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Abstract: In this work, we study the variability of the lithological composition and organic matter
content of samples were taken from the different layers M, X and Y of the Timahdit oil shale in Morocco,
in order to experimentally analyze the impact of this variability on petrophysical measurements.
The objective of this study is to predict the properties of the layers, including their thermal conductivity,
thermal diffusivity, porosity and P and S wave velocities. The results of the study of the impact of the
organic matter content of the samples on the petrophysical measurements show that, regardless of the
organic matter content, thermal conductivity and diffusivity remain insensitive, while P and S wave
velocities decrease linearly and porosity increases with increasing organic matter content. On the
other hand, the study of the organic matter variability content is consistent with the velocity ratio,
so can be used as an organic matter indicator of the layers. Conductivity and thermal diffusivity are
almost invariant to the variability of the organic matter.

Keywords: Timahdit; oil shale; layers; thermal conductivity; thermal diffusivity; porosity; velocity P;
velocity S; petrophysics

1. Introduction

Although “oil shale” is used to refer to fine-grained sedimentary rocks that are black, grey or
brown in color, have a bitumen odor when ruptured and contain an organic material called “kerogen”,
oil shale should not be confused with shale o0il and shale gas. The valorization of oil shale as an
alternative energy resource for fuel production is of great importance and enables consolidation of
energy security and reduces the dependence on supply. Consequently, reserves exist in many countries
of the world, including the United States, Russia and China.

In Morocco, oil shale reserves, which account for about 15% of the world’s reserves, are divided into
three deposits of different lithological composition and variable organic properties [1]. These deposits
(named 3T), Figure 1 are located in the regions: Tangier, Tarfaya and Timahdit (the main site of our
study). The Timahdit oil shale deposits are sedimentary rocks which contain a large amount of kerogen
and, as a national alternative energy resource, the Timahdit oil shale has been the subject of numerous
studies by academics and the private sector, in local and international cooperation [1-4].
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Figure 1. Location of the main oil shale deposits in Morocco.

These studies, which focused on methods for extracting the oil contained in shale rocks and on
their physico-chemical characterization, made it possible to evaluate the volume of hydrocarbons that
can be extracted by pyrolysis or direct combustion, with good energy production efficiency and a
reduction in undesirable contaminants from being released into the environment. Depending on the
organic matter content of the ore, a non-oxidative heat treatment at 400-500 °C has shown that these
rocks are capable of releasing hydrocarbon-rich oils: the production of a barrel of oil from Timahdit oil
shales will require 2 to 3 tons of rock, on average [5,6].

While the results obtained by chemical approaches are conclusive as to the ability of Timahdit
oil shales to release oils by pyrolysis, the development of a physical approach based on the analysis
of their petro-physical behavior is of practical importance in determining their energetic character.
This is the context of our study: the petrophysical properties are determined by measurements on
samples taken from the different M, X and Y layers of the deposit and are dependent on the variability
of the lithological composition of the oil shale layers and their organic matter content. For each dry
layer, five samples were used to determine thermal conductivity A, thermal diffusivity D, seismic
compressional wave propagation velocities V;, shear wave propagation velocities Vs, and porosity.
Conductivity and thermal diffusivity were determined by the Conductivity Scanner Method (TCS),
P and S wave propagation velocities by Ultrasonic Testing (UTM), and porosity by mercury injection.
A comparison of the results of the petrophysical behavior of the different layers highlighted the
usefulness of these parameters, which could possibly be used as indicators of the organic matter
content of the layers.

2. Study Area

2.1. Geological Description

Located in a mountainous volcanic region of the Moroccan Middle Atlas (Figure 2), the Timahdit
site (33.24° N, 5.06° W and 1800 m above sea level) covers an area of 1000 km? with a warm temperate
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climate, 2.4 °C in winter to 21.7 °C in summer. The geological age of the oil shales ranges from
Cambrian to Tertiary [7,8]. Reference [9] indicated that low hydrocarbon yields and high capital costs
may be associated with extracting oil from the Timahdit oil shales. The Timahdit oil shale kerogen is
mainly composed of organic matter, the basic analysis of which gives the atomic ratios H/C = 1.31 and
O/C = 0.10, which is characteristic of a type II kerogen [6]. Depending on their position in relation
to the stratification plane, oil shales are generally composed of four types of layers, known by the
designations: M, X, Y and T. As they move from one layer to another, the variation in the organic
matter content they contain generates a variation in the quantity of oil that can be extracted.

Figure 2. Location of oil shale at Timahdit.
2.2. Sampling

In order to study the petrophysical behavior of the rock, blocks with a mass of 2 to 4 kg were taken
from the various layers of the deposit (Figure 3). These samples were taken in March 2017 and the
analysis was carried out in April 2017 at the Laboratory of the University of Lorraine (Ecole Nationale
Supérieure de Géologie in Nancy, France).

Figure 3. Samples of oil shale M, Y and X layers of the Timahdit deposit.

Using a water-cooled electric saw, samples measuring 5 cm X 3.5 cm X 5 cm were obtained by
cutting boulders from the three layers M, X and Y. For the study of the dry shale, five samples per layer
were dried under ventilation for 48 h in an electric oven, at a constant temperature of 75 °C. Fifteen
samples were, thus, prepared for testing.
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3. Materials and Methods

The different lithologies of the sedimentary layers making up oil shales lead to a variability
in their intrinsic properties (mineralogy, rigidity, porosity, permeability, grading, anisotropy, etc.).
To this variability is added the natural action of diverse, surrounding phenomena, such as geological,
hydrogeological, tectonic and seismic factors. The establishment of a disparity in their organic matter
content could lead to a difference in their petrophysical behavior. A study of the thermal (thermal
conductivity A and thermal diffusivity D), acoustic (seismic wave propagation velocities Vp, and V)
and Mercury P injection porosity properties of the different layers will make it possible to highlight
the degree of possible difference in their behavior as a function of their organic matter content.
To this end, we have used the Thermal Conductivity Scanner Method (TCS) to study the thermal
properties, the Ultrasonic Test Method (UTM) to study the acoustic properties and, finally, the Mercury
injection method to study porosity. These three methods were carried at the Nancy Geophysics
Laboratory [10-14].

3.1. Thermal Conductivity Scanner Method (TCS)

The TCS method is based on the variety of surface temperatures of a sample, due to a known and
controlled heat input [15]. This high-precision method, which uses an optical scanner, was developed
by Professor Yuri Popov (Moscow National Academy of Geological Prospecting) as a new method
applied in Earth science and thermal physics [16-19]. The meter used consists of a portable unit
that supports two sensory heat sensors and a temperature source with controlled intensity, with a
maximum displacement of the moving part is 65 cm (Figure 4). The temperature is measured before
and after exposure to heat. The constant distance between the heat source (so that a rate of movement
moves at a constant velocity speed V = 4.99 mm/s of the portable device) and the temperature sensors,
together with a constant rate of movement of the handheld unit and the temperature sensors, allows the
temperature rise of the sample to be related to its thermal conductivity A and thermal diffusivity D.
The range of measurable thermal conductivities is between 0.2 and 70 W/m X K, the measurement error
is less than 3% [12,18,20,21], the measurable thermal diffusivity is between 0.6 and 3.0 x 107 m2s71
and the measurement error is less than 5% [19]. To make the measurements, the samples were simply
placed on the device and both currents were recorded. The result is detected as the action of the
thermal conductivity change patterns and the thermal diffusivity D for the thickness of the sample.

Figure 4. The thermal conductivity scanner [21,22].
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3.2. Ultrasonic Test Method (UTM)

The technique for measuring the velocities of the ultrasonic waves in the materials consists of
producing a non-destructive vibration wave on one side of the material under study for a certain
period of time. The measurement method used in our study was a signal transceiver from a Proceq
Pundit Lab device, which complies with European Standard EN 12504-4. The frequency used for the
measurement of V;, and Vs was 250 kHz. As the wave propagates, it passes through a length L in the
sample, the resolution is 0.1 us, the optimized power supply pulse 250 V, the non-volatile memory is
>500 measured values and the pulse velocity measurements are affected by different factors. They are
well described in SB 1881: Part 203, where the moisture content of concrete and temperature are two key
factors [23], then the vibration pulse is converted into an electrical signal using a receiver (transducer).
As soon as the measured value remains stable for 3 s, a beep sounds and the propagation velocity
V = L/7 of the ultrasonic wave is displayed. The waves emitted into the sample are the longitudinal
compression wave D, called the primary wave, representing the vibration of the particles parallel to the
direction of propagation of the wave, and the transverse shear wave S, called the secondary wave,
representing the vibration of the particles perpendicular to the direction of propagation [24]. They used
the well-known relationship between Vs and compression wave velocity Vy, [25].

3.3. Mercury Injection Porosity

The method of measuring the high pressure depends on the phenomenon of the capillary
depression of mercury, where mercury leaks into the pores under pressure. The amount of mercury
leaking into the porosity system is generally interpreted as the total pore volume of the sample being
measured. The measurements are carried out on a Micromeritics AutoPore II 9220 porosimeter which
is characterized by an accuracy of +£1% [26]. The relationship between the actual pressure P and the
radius of the porous cylinder R is expressed in the Washburn Equation (1) [27]:

_ 20cosP

P
R

@
where P (Pa) is mercury pressure, R (nm) is the radius of the capillary tube or the distance of the pore
walls in slit-shaped pore, o is the surface tension of mercury (480 x 10~ N m~!) and @ is the contact
angle (141.3°) for the non-wetting fluid.

These porosity measurements were performed using a device called an Auto Pore IV 9500
V1.09 Serial:825 which allows the injection of mercury at pressures between 0.0036 and 219.978 MPa.
The access threshold is, therefore, between 341.7016 and 0.00566 pm. This technique determines the
connected pore volume and its distribution as a function of the injection pressure and access thresholds.
The samples were dried at 60 °C for 48 h, weighed and placed in an injection cell. After a degreasing
step under a mercury vacuum of 50 umHg, the injection cell was filled with mercury, then the vacuum
was gradually broken down to atmospheric pressure. The volume of mercury injected into the sample
was measured for low pressures (between 0.0036 and 0.2739 MPa) and high pressures (between 0.2739
and 219.978 MPa). The pressure increases were carried out in steps; after each step, the volume of
mercury injected is measured. From these data, it is possible to determine the saturation curve as a
function of the injection pressure. The measurement precision is about 4% [27].

4. Results and Discussion

Due to the multitude of intrinsic properties of the different layers that make up oil shale rocks,
it is almost impossible, at first glance, to detect their fuzzy boundaries or to establish the order of their
superposition in the rock. Chromatographic analyses [28] have confirmed that the classification of the
layers in ascending order of their organic matter content is as follows (see Table 1).
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Table 1. Classification of layers according to organic matter content.

Diapers M X Y T
Organic matter (%) 155 185 216 -

Analyses of the Y and M layers showed that their organic matter (OM) contents are 32.3% and
31.9% for SiO,, 39.2% and 41.4% for CaO, 7.9% and 7.6% for Al,O5; and 3.4% and 2.2% for Fe,O3,
respectively [9,29]. This shows that the Y layer contains more organic matter than the M layer, with the
exception of the CaO molecule.

According to the experimental protocols described above, and on the basis of this classification,
we determined the thermal properties (thermal conductivity A and thermal diffusivity D) and the
acoustic properties (V, and V;) of the three layers M, X and Y, respectively. The results obtained after
processing the measured data for the five samples have been averaged and presented in Table 2.

Table 2. Physical properties of layers M, X and Y.

Diapers Conductivity A Diffusivity D Compression Shear Velocity ~ The Repport
P (W xm-1K-1) (m?s-1) Velocity Vp (m s~1) Vs (ms1) Velocity V,/V;
M 0.84 £0.08 0.41 £0.04 1733 £33 918 + 29 1.89 £0.10
X 0.82 + 0.08 0.45 + 0.04 1364 + 20 788 +12 1.73 £ 0.05
Y 0.82 +£0.08 0.46 +£0.04 986 + 13 653 + 6 1.51 + 0.03

4.1. Thermal and Acoustic Properties of the M, X and Y Layers

Table 2 summarizes the results of the measurements of the thermal A and D parameters, as well as
the acoustic parameters V, and Vj for the three layers M, X and Y.

Table 2 presents the results obtained from the thermal (conductivity A and thermal diffusivity D)
and acoustic (propagation velocities of the P, S waves is the velocity ratio) properties for different layers
of the M oil shale, X and Y, and the mean velocities. Values + 0.08, £0.04, £33, etc. on Tables 2 and 3
are the absolute uncertainties and mean deviations, calculated using Excel.

Table 3. Physical properties of layers M, X and Y.

Diapers Porosity (%) Velocity Ratio (V/Vs)

M 1029 £ 0.1 1.89 £ 0.10
X 1194 + 0.1 1.73 + 0.05
Y 13.83 £0.1 1.51 £ 0.03

The analysis of the results obtained confirms the relevance of our measurements with regard to the
stabilities of thermal conductivity A and thermal diffusivity D which, taking into account measurement
inaccuracies, remained fairly constant whichever layer was studied. Indeed, the results of the studies
on the CaO and SiO, content of the Timahdit oil shales showed that the CaO/SiO, ratio decreases
from 1.29 for the M layer to 1.21 for the Y layer [9,29], and is also consistent with the results obtained
by other researchers who have shown that when the CaO/SiO; ratio increases, thermal conductivity
and diffusivity show more stable values [30]. The contradiction with the results found by [31,32] is
essentially related to the location and experimental conditions. Based on our results we obtained by
measurement, it appears that both parameters A and D cannot be used as indicators of the organic
matter content (OM).

Concerning the acoustic parameters, V;, and Vs, the results obtained show that the highest values
correspond to layer M, while the lowest values are obtained for layer Y; the values obtained for layer X
are intermediate. This leads us to classify the P and S wave velocities of the layers as follows:

Vp (M-layer) > V,, (X-layer) >V, (Y-layer) )
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Vs (M-layer) > Vg (X-layer) > V; (Y-layer) 3)

Figure 5, which shows the variations in velocities Vp, and Vi as a function of the organic matter
content of layers M, X and Y, confirms that as one moves from layer M to layer Y, velocities Vp, and Vs
decrease. The slope of decrease of the values of Vj, is greater than that of the values of V5.

2
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Figure 5. Variation of Velocities Vp,, Vs and V;/Vs as a function of the organic matter content of
the layers.

Moreover, although the results obtained show that, for a given layer, the compression velocity

(P wave) is always higher than the shear velocity (S wave), the differences between the velocities of the

P wave as it passes from one layer to another are not the same as for the S wave. We used the equations

and coefficients of determination R?, to measure the quality of the prediction of a linear regression
such that:

Yy, = —12246x +3630.5 4)

with a coefficient R> = 1 and v, (m x s71); x(%)
yy, = —4344.3x +1591.5 (5)

with a coefficient R> = 1 and Yy, (m X s71); x(%)
Y(vy/vs) = —6.2343x + 2.865 (6)

with a coefficient R? = 0.993 and YV, Vs (m xs71); x(%).

Therefore, it seems to us that the ratio of velocities Vp/Vs (which is an adimensional factor)
could be more decisive as a parameter for predicting the Organic Matter content of the layers than by
considering the velocity Vp, and Vs, separately. Indeed, the velocities Vy, and V; contain variations of
acoustic origin (related to the K and p modules) but also those of mineral origin (related to the density
of the p layer). The ratio of Vp/V, eliminates variations of mineral origin and reflects the acoustic
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character of the layer better than V}, and/or V. According to the values given in Table 2, the ranking of
the V,,/V; ratios are as follows:

P (M- YP(x-1 MV 7
- (M—layer) > G (X=layer) > Z (Y~layer) )

This ranking shows that the V,,/V; ratio decreases significantly with OM and a determination
coefficient R? = 0.993 (see Figure 5). The V/V; ratio can, therefore, be used as an indicator of the
organic matter content of the layers.

4.2. Porosity and Gear Ratio Properties of the M, X and Y Layers

Table 3 summarizes the results of the velocity ratio Vp/Vs and porosity as a function of organic
matter for the three layers M, X and Y.

Table 3 presents the values obtained for mercury porosity and the ratio of acoustic velocities.
For layer M we found a porosity of (10.29% + 0.1%), for layer X a porosity of (11.94% + 0.1%), and for
layer Y a porosity of (13.83% =+ 0.1%). On the other hand, the ratio of the propagation velocities Vp/Vs
gives the opposite—the high values correspond to the M layer of 1.89 while the lowest values are
obtained for the Y layer at 1.51 and the X layer always remains intermediate at a value of 1.73.

Figure 6 shows the variations in porosity and the ratio of velocities to organic matter content of
the M, X and Y for three layers.

14
2.1
M y(vp/vs) = -0.0623x + 2.8654
13 Rz =0.9934
| 18
} C
12+ \ o
& g 15
g Y ¢
o 8 12
Y(porosity) = 0.5805x + 1.2616
10 R?=0.9991 —&— Porosity 0.9
—&— Repport Velocity (Vp/Vs)
9 0.6
15 16 17 20 21 22

18 19
Organic Matter %
Figure 6. Variations in porosity and velocity as a function of organic matter.

This confirms that, when moving from layer M to layer Y with the equations and coefficients of
determination R?, to measure the quality of the linear regression prediction, the ratio Vp/Vs decreases
(see Figure 6).

With an equation:

y(v,/v,) = —6.2343x +2.865 ®)

with a coefficient R? = 0.993.
Porosity increases with the organic matter content.

Y(porosity) = +0.5805x + 0.0126 9)
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with R? = 0.999.

The results of Figure 6 show that for the M, X and Y layers, the velocity ratio V,/Vs decreases
when the organic matter increases. The correlation between porosity and organic matter indicates that
as the porosity values increase in the rock, it is clear that the organic matter also increases.

5. Conclusions

In this work, the petro-physical properties of 15 samples were measured and analyzed. On the
basis of these results, values of the organic matter content of layers M, X and Y of the Timahdit oil shale
were 15.5%, 18.5% and 21.6% respectively [28]. The analysis of the results obtained confirmed that,
taking into account inaccuracies in the measurements and whichever layer was studied, the thermal
conductivity A and thermal diffusivity D remain remarkably stable, whereas from layer M to layer Y,
the velocities Vy, and Vs decrease linearly, with values of V}, being systematically higher than those of
Vs. The porosities show that the values are high in relation to organic matter. An examination of the
variation of the Vp/V; ratio as a function of the OM content shows that this variation is all the more
important as the OM content is low. With reference to Wang [33], the V,/V; ratio is higher when it
exceeds 30% calcite content for Timahdit oil shales [29,34]. The mineralogy of the M and Y layers is
41% and 39% calcite, respectively. This confirms our results regarding the significant decrease from
1.89 to 1.51 in the V;,/V; ratio between the M and Y layers. The V,/V; ratio can, therefore, be used as an
indicator of the organic matter content of the layers.
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