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Shales are composed of minerals and organic matter, whose individual properties are essential to determining the rock’s macroscopical deformation and strength. Scanning electron microscopy combined with electron energy dispersive spectroscopy (EDS) has been extensively used to evaluate composition, while peak-force atomic force microscopy (AFM) has been used on the determination of elastic modulus with nanometric resolution. Still, there is a need for tools to conduct an in-depth study of the minerals’ tribomechanical properties. Atomic force microscopy is a tool that can contribute to these studies, as it can simultaneously measure the tribomechanical properties and identify the phases. In this work, we propose using atomic force microscopy and energy dispersive spectroscopy to identify the shale components and to measure the in situ tribomechanical properties from the different phases. Friction images between the atomic force microscopy tip and the surface were acquired as a function of load. Minerals and organic matter were later identified by colocalized energy dispersive spectroscopy mapping. Then, the frictional characteristics of the major shale constituents were obtained by adjusting the Derjaguin-Muller-Toporov model to the selected components. Moreover, the identification of the different phases was performed. The results show that friction at the nanometer scale was observed to be higher for organic matter than for any other shale constituent, while shear strength was observed to be higher for quartz and lower for organic matter. These characteristics were used to differentiate shale constituents. It is shown that a careful comparison of friction can be used to differentiate the sulfite pyrite, tectosilicates (quartz, andesine, and albite), phyllosilicate biotite, and organic matter. The presented methodology gives novel information on friction properties in the nanoscale that are comparable to available centimetric characterization techniques contributing to the understanding of rock strength.
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1 INTRODUCTION
The lack of knowledge about the geochemical and physical properties of shales contributes to uncertainties on the amount of recoverable gas and oil available, preventing the full development of these resources, raising environmental concerns, and increasing economic unknowns (Kerr, 2010; Middleton et al., 2017). Shales are heterogeneous, composed of a wide variety of minerals, clays, organic matter, and pores of complex characterization. They play an essential role in the frictional characteristics, fracture dynamics, and slip of rocks (Tembe et al., 2010; Fang et al., 2018; Zhang et al., 2020).
Fracture formation and movement are influenced by shear slip and moderated by the frictional strength of the fracture surface (Hu et al., 2016; Yan et al., 2016). The contact interface in a fracture surface is governed by a population of small asperities in contact. The slip of the rock occurs in a discontinuous manner governed by friction instabilities at the population of asperities in contact. Such instabilities may lead to a stick and slip movement at the interface (Scholz and Engelder, 1976; Dieterich and Kilgore, 1994; Ben-David et al., 2010; Li et al., 2011). For instance, when a high-pressure fluid is injected into the rock, as the pressure is increased, the shear forces at the asperities build up until critical stress is achieved, and a slip occurs. At the contact, the surface slip does not happen at once but propagates through the interface leading to fracture or further increase of preexisting cracks (Svetlizky and Fineberg, 2014; Shlomai et al., 2020).
Shear slip is influenced by rock composition. The amount of clay and organic matter plays a significant role in the mechanical strength of the rock (Ikari et al., 2011; Kohli and Zoback, 2013). As their content increases, the rock shear strength decreases. This trend is observed until a total amount of clay and organic matter achieves ∼ 40 vol%, which becomes constant (Wang et al., 2019). Although mineralogy does influence the shear properties of faults, the direct correlation between the slip of the faults and the frictional properties of the individual phases present at the surface of the rock has not been investigated. In shales, due to their fine grain and porous structure in the nanoscale, high-resolution characterization techniques are required to measure the frictional properties of the minerals and organic matter. One instrument suitable for characterizing small-scale structures is the atomic force microscope (AFM).
AFM has been used for high-resolution imaging of pores (Javadpour, 2009; Javadpour et al., 2012; Zhu et al., 2017; Kumar et al., 2018; Zhao et al., 2019). Adhesion forces between the AFM microscope tip, organic matter, and minerals have been measured (Tian et al., 2018; Tian et al., 2019). Different AFM operational modes have also been explored to access mechanical properties of shale minerals and organic matter, such as AFM nanoindentation (Zeszotarski et al., 2004), atomic force acoustic microscopy (Prasad et al., 2002), and Peak-Force (Eliyahu et al., 2015; Emmanuel et al., 2016a; Emmanuel et al., 2016b; Khatibi et al., 2018; Li et al., 2018). Resistivity properties were studied using PF-TUNA mode (Wang et al., 2017).
Although there is a growing interest in the use of AFM for the microstructural and micromechanical characterization of rocks, few studies exploring the lateral force mode on the analysis of the geochemical composition and tribomechanical properties of rocks and minerals have been reported in the literature (Higgins and Hu, 2005; Higgins et al., 2007; Cubillas and Higgins, 2009; Hu et al., 2010). Our paper aims to contribute to these studies.
In this manuscript, the AFM has been used to produce friction maps, in situ, on the surface of shale rock, with high spatial resolution. With a mechanical contact model, adhesion and shear strength were obtained for the organic and inorganic components of the shale rock. These measurements bring new information on the behavior of the shale components under shear produced by a small asperity contact at the mineral scale.
2 MATERIALS AND METHODS
A diagram showing all steps, from sample preparation to analysis, performed in our experiment is presented in Figure 1. The shale samples were embedded in epoxy resin, polished, and studied with a combination of high-resolution microscopy. Digital imaging processing allowing image colocalization and data analysis were performed to extract the tribomechanical properties from the observed minerals and organic matter at the grain-scale.
[image: Figure 1]FIGURE 1 | Flow chart outlining each step of our experiment, from sample preparation to analysis. The shale samples were embedded in epoxy resin and polished. The AFM analysis was performed followed by SEM and EDS characterization. The tribomechanical characteristics of the observed components of the rock were extracted using digital imaging processing.
2.1 Samples characteristics and preparation
Shale fragments from the Assistência Member, Irati Formation in the Paraná Basin, Brazil, were studied in this work. The deposition of the oil shale found in the Assistência Member has occurred in a hypersaline and marine environment leading to the formation of an organic-rich shale with a wide variety of minerals and a Type I organic matter (Zalán et al., 1990; Milani and Zalán, 1999). Characterization by x-ray diffraction has shown the occurrence of quartz, pyrite, feldspar, and phyllosilicates (Anjos et al., 2010; Nicolini et al., 2011). Geochemical characterization shows that the average total organic carbon content in Irati shales is around 3.8% of the mass, with peaks of 14.4% in the Irati Formation (Holanda et al., 2016).
Shale fragments were embedded in an epoxy resin from which cylindrical samples 1 inch in diameter were cut. The surface of the samples was ground using silicon carbide paper with grits up to 3200 and particle grain size of ∼4.5 µm. The surfaces were further polished with diamond paste using finer abrasive particles with grain sizes of 0.25 µm. The samples were then rinsed with ethanol and dried with air spray.
2.2 Lateral force microscopy
The AFM can be used in a diversity of modes. In the AFM lateral force scanning mode (Meyer et al., 1998), a tip at the end of a cantilever scans the sample in close contact with the surface, while a normal repulsive contact force between the tip and the surface is kept constant by a closed loop feedback system. The scanning is performed perpendicularly to the cantilever´s main axis. The sample topography is registered from the vertical displacement of the piezoelectric ceramic necessary to keep the normal force constant during scanning. The difference between the expected vertical tip position and the real position is acquired in the error channel. Cantilever torsion produced by the friction forces between the tip and the surface is registered in the lateral force channel. The influence of the surface topography in the lateral force images is minimized by subtracting the lateral force backward images from the lateral force forward images (Liu et al., 1996). The resulting image is named friction force image throughout this manuscript. In our measurements, topography, error, and lateral force forward and backward images were simultaneously acquired. Figure 2 illustrates the AFM working principle.
[image: Figure 2]FIGURE 2 | AFM working principle. (A) A cantilever tip probe interacts with the sample surface. The probe movement and forces are monitored by the deflection of a laser beam onto a position-sensitive photodetector (psd). (B) The vertical movement of the sample produces normal forces (FN) that bend the probe, moving the laser beam upwards\downwards in the detector. (C) The lateral movement of the sample produces friction forces, and torsion of the probe, moving the beam laterally in the detector. During scanning, the vertical and horizontal movements of the sample are controlled by a piezoelectric scanner.
The samples were brought to an AFM (Nx-10, Park Systems) for sample characterization. The microscope is on top of an active vibration isolation table and enclosed in an environmentally sealed acoustic enclosure box. The topography and lateral force images were obtained in the air at ∼ 30°C and ∼ 20% relative humidity. All images were acquired at a speed of 1 μm/s with a cantilever of 3.6 N/m bending constant (FESPW, Bruker), and load ranging from 0.1 to 1.0 μN. The sharp tip of the AFM is easily damaged when scanning the surface of the rock. That leads to variations in the tip-surface contact area, making the shear strength and adhesion analysis difficult to perform. Therefore, the tip was previously scratched on a silicon substrate to wear the tip apex, making it stable during image acquisition. The radius of curvature of the tip used in our experiments was measured by scanning a tip calibration grid and confirmed by SEM as 256 ± 13 nm.
Before the friction force measurements, the microscope photodetector was calibrated by measuring the lateral forces between the tip and an SiO2 sample while scanning with the same normal forces and speeds used at the shale experiments in scanning directions parallel and perpendicular to the cantilever’s main axis and considering a friction coefficient between silicon and SiO2 (Liu et al., 1996). One set of calibrated images was acquired to measure the friction as a function of normal load, analogous to the high-speed procedure reported by Bosse et al., 2014.
2.3 Mineralogical SEM and EDS analysis
After AFM characterization, the samples were coated with a 10 nm thick conductive carbon layer. The layer was needed to prevent surface charging artifacts during the SEM analysis. After deposition, the samples were transferred to the SEM for characterization.
A scanning electron microscope (JSM-6490-LV, JEOL) was used to characterize the microstructure and mineralogical composition of the sample’s surfaces. The images were acquired in low vacuum using an electron beam of 20 keV, a working distance of 10 mm, with a backscattering electron detector (BSE) and energy dispersive x-ray spectroscopy (EDS). The SEM and EDS images were acquired at the same location of AFM. EDS compositional point analysis was used to determine the chemical composition of selected grains.
2.4 Friction analysis and segmentation
The open-source image processing package FIJI was used to register the SEM to the AFM image, to extract data of selected minerals from the friction images, and to segment the organic matter from the mineral phase (Schindelin et al., 2012). Initially, the SEM image was registered into AFM topography correlating two pairs of manually defined landmarks. Next, histograms of friction were recovered from the maximum load friction image in the minerals previously identified with EDS analysis. The organic matter phase was segmented in the same image using a non-local means filter and manual segmentation (Buades et al., 2011).
2.5 Shear strength determination
The next step was analyzing the effect of applied normal force, Fn,, on friction, Ff, of the selected minerals. The FIJI was used to colocalize the set of friction images to reduce the image deformations and translations between acquisitions with different loads (Thevenaz et al., 1998; Schindelin et al., 2012). The average friction, and its standard deviation, was recovered from a square of 10x10 pixel inside the selected minerals and organic matter regions. The above experimental steps were executed following the flow diagram listed in Figure 1. At the end of the data analysis step, a friction map for each individual phase and the friction dependence with load was obtained.
The effect of normal force, Fn,, on friction, Ff, can be described from the contact theory equations (Meyer et al., 1998). On scanning, the contact area, A, between the tip and the surface was estimated with the use of the Derjaguin-Muller-Toporov (DMT) model where:
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Where R is the tip radius, Er is the reduced elastic modulus, and Fad is the adhesion between tip and surface, respectively (Derjaguin et al., 1975). The friction was obtained from shear strength τ following Ff = τ A (Carpick et al., 1999; Higgins et al., 2007; Cubillas and Higgins, 2009).
3 RESULTS
3.1 Elemental mapping and mineralogy
The elemental distribution observed by EDS indicates that silicates are predominant in our samples. The presence of quartz with silicon and oxygen only and feldspar with silicon, oxygen, aluminum, sodium, and calcium are abundant. Biotie, verified by typical crystalline habit and cleavage added to silicon, oxygen, potassium, aluminum, magnesium, and iron in a characteristic ratio, is also observed. The morphology and presence of sulfur and iron indicated the presence of pyrites. The regions with high carbon concentrations were associated with organic matter.
Figure 3A shows EDS color mapping obtained by overlaying the selected elemental maps with the BSE image. In this image, we identify the different elements by their colors. White squares indicate selected regions of quartz (Qtz), pyrite (Py), the feldspars andesine (And) and albite (Alb), the phyllosilicate biotite (Bio), and organic matter (OM) from which the correspondent local EDS point analysis was acquired. The spectra are exhibited in Figure 3B. Multiple peaks can be seen. Each of them is associated with the occurrence of the elements indicated.
[image: Figure 3]FIGURE 3 | Mineralogical identification by SEM and EDS. (A) False color EDS mapping showing Fe, Na, Ba, Ca, Al, F, K, Cl, Si, P, Mg, and Ti elements distribution maps superimposed by a backscattering map and (B) EDS point analysis on quartz (Qtz), biotite (Bio), pyrite (Py), andesine (And), albite (Alb), and organic matter (OM).
Figure 4 shows colocalized BSE, AFM topography, error, and friction force images of an ROI. The BSE image in Figure 4A shows minerals with different textures and gray levels. Dark gray is associated with organic matter, followed by gray, which includes tectosilicates and clay minerals. The light gray level is associated with pyrite. The AFM topography image in Figure 4B shows several grains with sizes ranging from the micron to the nanoscale. The error image in Figure 4C highlights the high spatial-frequency variations associated with intercrystallite pores and edges. The friction image in Figure 4D shows minerals with low friction (in red and green) embedded in a high friction matrix of clay and biotite (cyan) and organic matter (dark blue). The pyrite, biotite, and organic matter are seen only in BSE and Friction images, while quartz, andesine, and albite are seen in all modes. Topography and error identify the variations in surface height, including the ones associated with porosity.
[image: Figure 4]FIGURE 4 | Scanning electron and force microscopy images of the same region from the shale surface. (A) Electron backscattering image, (B) surface topography, (C) error, and (D) friction force images measured by AFM. The friction image was acquired under a normal force of 1 μN.
3.2 Friction and shear at the grain scale
The friction force image and histograms for representative minerals and organic matter are shown in Figure 5. The data from each mineral and organic matter were obtained from the ROI indicated by the contour squares in Figure 5A. Histograms of friction forces from minerals and organic matter are presented in Figure 5B. The lowest friction force (200 ± 20 nN) was measured on the pyrite. Friction forces on andesine (275 ± 19 nN), quartz (293 ± 22 nN), and albite (293 ± 34 nN) were in the intermediate range. The higher friction forces were registered on biotite (365 ± 31 nN) and organic matter (562 ± 49 nN). The values reported are the mean ± standard deviation of the histograms in Figure 5.
[image: Figure 5]FIGURE 5 | Friction measurements on minerals and organic matter. (A) Friction force image and identification of quartz (Qtz), biotite (Bio), pyrite (Py), andesine (And), albite (Alb), and organic matter (OM). (B) Distribution of friction forces observed on minerals and organic matter. The histograms were vertically offset to allow better visualization.
Once the friction forces for the different minerals and organic matter were determined, a friction threshold 470 nN was used to separate organic from inorganic fractions all over the surface. For instance, Figure 6A shows a friction force map of our sample surface where all regions showing the presence of organic matter are identified in blue. As highlighted in Figure 6B, the friction forces measured for the organic matter at a 1 μN normal load varied between 400 nN and 700 nN, with a most frequent value at 456 nN. The segmentation shows that the organic matter is distributed over ∼20% of the imaged area.
[image: Figure 6]FIGURE 6 | Distribution of organic matter. In 5 (A), surface sites where organic matter was identified by the friction forces between the sample and the microscope tip are shown. In 5 (B), the statistical distribution of friction forces observed for the organic matter is presented. A 1.0 μN normal force was used.
Figure 7 shows the load dependence of the friction forces for minerals and organic matter. The data was fitted (red dotted curve) by the [image: image] using [image: image] and [image: image] as fitting parameters. The values obtained by fitting the friction data are summarized in Table 1. The Er modulus was calculated for the AFM tip, minerals, and organic matter using mechanical parameters from the literature (Mavko et al., 2009). The adjusted parameters η and Fad, the tip radius R, and Er were used to determine the contact shear strength τ. As a general trend, friction is observed to be higher for organic matter and lower for pyrite at all normal forces.
[image: Figure 7]FIGURE 7 | Friction force as a function of normal force for (A) organic matter, (B) quartz, (C) biotite, (D) pyrite, (E) albite, and (F) andesine grains. The black dots and error bars are average and standard deviation, respectively. The red dotted lines are the curves fitted using the DMT model.
TABLE 1 | Frictional experiment parameters and data summary. The reduced modulus Er, adjusted η parameter, the adhesion force Fad, and the shear strength are presented.
[image: Table 1]4 DISCUSSION
4.1 Frictional properties of shale components
Thousands of asperities may contact each other on a contact interface. Deformation of the asperities in contact occurs due to the applied load and depends on the material’s elastic modulus. Shear stresses may lead to further elastic, plastic, and even fracture of the asperities in contact. As shear stress becomes high enough, the deformed or broken asperities may slide past each other, giving origin to the slip between the surfaces in contact.
In shale, a rock with a fine grain and rich composition, the asperities in contact may be formed by a large combination of materials with significantly different mechanical properties. Moreover, the contact interfaces may be mediated by gouges or even exogenous particles. Besides all that, the frictional strength observed for the surface of the rocks is in the range of 0.3–0.7 (Ikari et al., 2011; Kohli and Zoback, 2013; Kubo and Katayama, 2015; Yan et al., 2016; Wang et al., 2019). In good agreement, the measured friction coefficient between the AFM silicon tip and each of the individual shale constituents is within the same range. Our measurements show that the coefficient for the inorganic fraction of the shale ranges between 0.2 and 0.3, while for the organic matter is ∼0.4.
The nonlinear DMT contact model describes the data well, allowing the adhesion and shear strength determination and indicating attractive long-range forces at the interface. Our data agree with the adhesion reported for kerogen, 100–120 nN (Tian et al., 2018; Tian et al., 2019). The results also indicate that the contact shear strength is independent of the applied normal force. The contact shear strength was higher for quartz, pyrite, and anorthite (∼0.4 GPa) and low for albite, biotite, and organic matter (∼0.3 GPa). The calculated shear strengths are in the same order as those estimated from nanoscale friction measurements (Carpick et al., 1997).
Considering that the mineralogical composition determines the frictional behavior of the interfaces, our shear strength results indicate that surfaces rich in quartz are less likely to initiate slip than surfaces rich in biotite and organic matter. However, once shear is initiated, the slip of surfaces rich in quartz is more likely to continue than those rich in biotite and organic matter due to the friction coefficient. Our results agree with the literature in that shear failure is less likely for fractures with higher tectosilicate content (Fang et al., 2018).
4.2 Organic matter identification
We demonstrate the in situ characterization of shale components with friction maps. These maps highlight that the measurement of frictional and shear strength give access to the mineralogical compositional of the surface with high spatial resolution. In our case, surface sites as small as ∼15 nm could be unequivocally identified. This lateral resolution is comparable to the resolution observed using AFM mechanical modulus mapping techniques (Eliyahu et al., 2015; Emmanuel et al., 2016a; Emmanuel et al., 2016b; Yang et al., 2017; Khatibi et al., 2018; Li et al., 2018; Graham et al., 2020). The friction contrast allows the separation of the organic matter from the tectosilicates, phyllosilicates, and sulfide. Nevertheless, difficulties in separating the plagioclase and biotite with friction only are evident due to the partial overlap between the friction histograms (Figure 5). To overcome that, additional info from SEM, EDS, and correlative image techniques is needed. With the use of EDS, we were able to observe albite, anorthite, and biotite—materials with similar frictional strengths—in our sample.
Among the components of shale, organic matter is the one that attracts the most attention. It not only affects the sliding of fractured surfaces, as indicated by our results, but also their amount and type, which will be critical factors for the economic development of the rock. Our experiment demonstrates that the friction contrast measured in the lateral force mode by AFM may also contribute to identifying the organic matter fraction at the surface.
Histogram thresholding-based segmentation was used to separate the organic from inorganic components of the rock. The contrast observed in the friction image allows the accurate identification of the pixel ranges for the organic matter and a map, indicating the surface sites with the presence of the organic material, can be obtained, like the one shown in Figure 6. The sites where friction strengths correspond to the organic matter were observed covers 20% of the surface. Considering typical density values and mineralogical distributions we can expect a variation between 15% and 35% (Anjos et al., 2010; Nicolini et al., 2011; Holanda et al., 2016) for volumetric organic matter fraction, which agrees with our measures. In this map, the distribution of frictional strengths may be attributed to the local variation on the physical properties of the organic matter. These results show that the use of frictional contrast obtained with the use of the lateral force microscope mode, and available on any AFM, can accurately locate the organic components present at the surface of the rock.
5 CONCLUSION
In this work, we have explored atomic force microscopy in the lateral force mode to measure friction and shear strength at individual minerals and organic matter of a shale fragment from the Irati formation. The organic matter exhibits a lower shear strength than other materials. Moreover, its shear strength value at the nanoscale is in the same order as macroscale shear strengths observed for organic-rich shale rocks, contributing to understanding organic matter effects in slip propagation in shale rocks.
The use of the AFM, a high-resolution microscopy technique with the ability to simultaneously measure topography and tribological properties of the materials, has additional benefits on shale characterization. We demonstrate that friction force characteristics of minerals and organic matter of immature shale fragments can be used to examine the spatial distribution of shale composition. Friction between the microscope tip and shale compositional phases is higher for organic matter, followed by tectosilicates and pyrite. We have observed that the organic matter, tectosilicates, and pyrite were unambiguously identified by their friction forces. On the other hand, more than the AFM friction data is needed to identify quartz, albite, and anorthite phases. Identifying these phases demands a combination of AFM friction analysis with EDS spectroscopy performed at the SEM.
When compared with AFM elastic modulus measurements, the lateral force method, available in any commercial AFM, allows in one single image the geochemical and morphological characterization of individual minerals and organic matter in shale rocks with a wide range of elastic modulus, varying in two orders of magnitude.
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