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ABSTRACT 31 

Scanning electron microscopy (SEM) is one of the most prevalent methods used 32 

to image and quantify the pore size distribution of shale rock, critical in understanding 33 

unconventional petroleum systems and production. Generally, digital greyscale SEM 34 

images of shale are currently processed for pore quantification either by a manual 35 

drawing method, manual threshold method, automatic threshold method, edge detection 36 

or watershed methods, all of which have some limitations that impact the quality of 37 

pore extraction results. A new, Edge-Threshold Automatic Processing (ETAP) method 38 

is reported here to enable robust extraction and quantification of pore data in shale 39 

images. Image pre-treatment makes the greyscale of regions brighter than that of 40 

kerogen set to the peak value of kerogen greyscale. The pore image is subsequently 41 

obtained using an edge detection method. A discriminant function has been designed to 42 

determine the best threshold of the greyscale image to obtain the pore image. Finally, 43 

combination of both processed pore images gives the final pore image. Our new method 44 

overcomes the impact of kerogen, mineral, roughness and artificial debris caused by 45 

pre-treatment of samples, which potentially introduce errors using alternative methods. 46 

We compare our new method to a systematic manual drawing method. The processing 47 

results through ETAP provide reliable results, and gets the highest value of 0.7466 using 48 

a discriminant function Qt, compared with the automatic threshold methods, the edge 49 

detection method and watershed method. The application of the ETAP method on shale 50 
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samples of the Longmaxi Formation and Qiongzhusi Formation in Sichuan basin shows 51 

that samples from the Longmaxi Formation have more organic pores than that of the 52 

Qiongzhusi Formation, however a larger size of inorganic pores develop in the 53 

Qiongzhusi shale. This indicates that shale of the Longmaxi Formation has better 54 

reservoir properties and reliable preservation conditions. 55 

Keywords: Automatic image processing, Pore extraction on shale sample, Edge 56 

detection method, Threshold method, SEM, Pore size distribution.57 
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INTRODUCTION 58 

Petrophysical properties of organic-rich shales are presently of significant interest 59 

owing to the growth in exploration and production of shale gas and shale oil [1].  60 

Quantifying the pore structure in shale petroleum systems is still challenging in such 61 

low porosity and low permeability rocks, owing to a lack of an appropriate method to 62 

rapidly investigate sub-micrometer structures in a sufficiently representative area and 63 

volume of shale [2].  The most popular conventional bulk porosity measurements are 64 

performed by mercury injection capillary porosimetry (MICP) [3] and gas adsorption 65 

porosimetry [4].  MICP measures pore size down to 3 nm in diameter, but only from 66 

the connected areas of porosity and interpretation of the measurements is based on a 67 

simplified model of cylindrical pore tubes [5] which does not fully reflect the 68 

complexity of natural pore networks.  Therefore, pore sizes inferred from MICP are 69 

underestimated due to the ink-bottle effect [6], and give only information about pore 70 

throat size [7].  Moreover, during the omnidirectional injection at high pressure, pore 71 

collapse is possible when an effective stress is created by the capillary pressure and 72 

gradients in saturation of the sample [8,9].  With gas adsorption, invariably using 73 

Brunauer–Emmett–Teller (BET) theory, the surface area can be measured [10], and 74 

pore size distribution calculated [11–13] down to 0.3 nm in diameter. However, these 75 

data only relate to the connected porosity and are again based on simplified models.  76 

Both methods lack direct information about pore morphologies and the relation of 77 

porosity to mineralogy and microstructures.  In contrast, recent developments of ion 78 
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beam milling allow study of porosity and microstructure on high quality flat surfaces 79 

in a scanning electron microscope (SEM) [14].  Research on nanopores in low porous 80 

rocks has grown rapidly in recent years [15–24], Loucks et al. have recently undertaken 81 

a thorough overview and pore classification [25]. Serial cross-sectioning with focused 82 

ion beam (FIB) milling in combination with SEM is able to deliver a 3-D model of pore 83 

space [26–30], but the studied volume is limited, typically 10×10×10 μm3 and a 84 

challenge exists in ensuring enough analyses are undertaken to ensure a representative 85 

volume of shale is covered.  Complementary to these methods, a combination of 86 

broad-ion-beam milling and SEM (BIB-SEM) [31] allows imaging of large (greater 87 

than mm2) planar, undamaged surfaces. This technique is suitable for the qualitative 88 

and quantitative study of microstructures and porosity, in representative elementary 89 

areas. This combined BIB-SEM technique to quantify the pores was used on clay stones 90 

from reference sites for waste disposal [14], salt [32], tight gas sandstones [33] and on 91 

other, organic-rich shales [34]. 92 

SEM can be used to acquire secondary electron (SE) and backscattered electron 93 

(BSE) images from the surface of the sample using high energy electrons, obtaining 94 

morphology of the surface effectively [35] .  Typically, the spatial resolution of an SE 95 

image is about 0.9-1.9 nm. The greyscale image of an area lower in height (such as 96 

pores) will be darker than that of its boundary surface.  In addition, the edge of these 97 

areas will cause electrostatic charge accumulation, exhibiting high contrast edges. 98 

These two phenomena define the pores extracted using manual drawing methods, 99 
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thresholding methods [36,37], edge detection methods [38] and watershed methods [39]. 100 

However, the results of the manual drawing method will differ a lot depending on 101 

the geological experience of the individual processing the data.  Furthermore, shale 102 

has numerous very small pores, and one SEM image may have thousands of pores to 103 

process.  Small pores are easily neglected when drawing the pores manually, and given 104 

the time-consuming nature of processing, it cannot be applied to deal with significant 105 

numbers of images.  Despite this, owing to its simplicity, the manual drawing method 106 

has been widely used in qualification and partial-quantification of shale images [40]. 107 

Threshold methods segment greyscale images into features of interest and 108 

background using lower and upper greyscale difference threshold values [41].  Pores 109 

can be described as an area where the greyscale is lower than a threshold, because the 110 

area of pore is invariably lower than other distinct areas of the image [42].  The 111 

threshold method is the most widely used method in the processing of SEM images for 112 

pore identification because of its easy operation [43–45].  However, it is also easy to 113 

introduce errors by inadvertently identifying darker regions of kerogen and minerals as 114 

pores.  Furthermore, shallower and/or larger diameter pores, which often have a lighter 115 

greyscale, may be neglected because the greyscale of such features are often higher 116 

than the threshold set to capture smaller pores.  Large pores with a rough surface inside 117 

lead to a bright-dark region in images, of which the bright region will again be ignored 118 

by a threshold, and then one whole large pore may be erroneously identified as many 119 
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small pores. 120 

Conceptually, there are two kinds of threshold discrimination methods, the manual 121 

threshold method and automatic threshold method [37,38].  The manual threshold 122 

method has the same problem as the manual drawing method, i.e. the obtained results 123 

will also differ among users with different geological experience.  In contrast, 124 

automatic threshold methods can get the same reproducible result when the method 125 

protocol is established and accurately recorded, no matter who operates the processing 126 

of images.  There are many automatic threshold methods used thus far in SEM image 127 

analysis, however the majority are applied to material science applications [46] , 128 

biological substances [47], and sandstone and carbonate reservoirs in geoscience 129 

applications [48].  There are relatively few studies in the literature specific to 130 

automatic threshold method development for SEM images of shale. 131 

Edge detection methods first filter the greyscale image using a division function, 132 

and then find the areas with high division values which correspond to an edge [49].  In 133 

addition, the edge-bounded area will be infilled to define the pores.  Edge detection 134 

methods could, in principle, extract the pores effectively when processing SEM images 135 

of shale, however the edges of kerogen, minerals, roughness and artificial debris caused 136 

by pre-treatment of samples may also be detected.  This will lead to unquantifiable 137 

errors, which may be significant depending on the samples studied [50].  In addition, 138 

when processing shallow pores and pores intersecting the surface at an angle, the 139 
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incomplete/poorly defined edge may not be infilled because of its non-contiguous 140 

nature, and this will cause further error. 141 

Watershed methods are similar to the edge detection methods.  Greyscale images 142 

will be divided and filtered, then a watershed method will find the topographically 143 

shallow areas, divide them into small and separate regions, and define these regions as 144 

pores [51] .  During this procedure, watershed methods have similar problems to the 145 

edge detection method, discussed above.  Regions of kerogen, mineral, and pre-146 

treatment of the sample will potentially cause significant errors [50]. 147 

A new method Edge-Threshold Automatic Processing (ETAP) method is described 148 

in this paper to address some of these identified issues.  In summary, firstly the kerogen 149 

region and the mineral pores are identified by a discriminant function.  Secondly, the 150 

edge of pores are defined using edge detection methods in the kerogen region. 151 

Subsequently, a best threshold discriminant function is built to make the organic pore 152 

area (pore identified from different thresholds) inside edge area the largest, while 153 

minimizing the error of the pore area outside the defined edge.  In addition, both pore 154 

images obtained by the two different methods are combined together to generate the 155 

final organic pore image.  Finally, the inorganic and the organic pores are combined 156 

together.  The ETAP method overcomes many of the disadvantages of the five methods 157 

discussed above.  In this paper, we demonstrate the use of the ETAP method and 158 

compare it against a manual drawing method, and we obtain qualitative and quantitative 159 
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comparisons between the two methods.  In addition, we also apply the ETAP method 160 

on shale samples of the Longmaxi and Qiongzhusi formations in the Sichuan Basin, 161 

and study the different characteristics of shale samples from the both formations. 162 

METHODS 163 

Sample details and experimental methodology 164 

Two shale gas samples from the Longmaxi Formation, Well DT1 (TOC: 3.05 wt%, 165 

S: 0.76 wt%, S1: 0.024 mg/g, S2: 0.054 mg/g, Tmax: 451 ℃) and Qiongzhusi Formation, 166 

Well GS17 (TOC: 3.06 wt%, S: 0.93 wt%, S1: 0.090 mg/g, S2: 0.185 mg/g, Tmax: 438 ℃) 167 

in the Sichuan Basin of China were chosen to undertake the SEM experiment. They 168 

have similar total organic carbon content, as well as similar thermal evolution(both are 169 

over mature stage), and are broadly comparable though from within different 170 

formations. Firstly, 2.5 cm × 2.5 cm standard core was obtained by using a diamond 171 

line cutting machine.  Secondly, thin sections of 350 μm in thickness were produced, 172 

and then polished using 6 μm diamond polish media on Tradient C polishing cloth for 173 

10 mins, 5 mins again at 3 μm diamond polish, and 1μm diamond polish for 5 mins.  174 

Then 10 mins with ¼ μm polish was also used as a final mechanical polish.  Sections 175 

with 3 mm diameter of the final polished thin section were removed by an ultrasonic 176 

core drilling machine.  Finally, BIB polishing was undertaken on the core section using 177 

a GATAN Inc, PIPS (Precision Ion Polishing System) operated in broad ion beam setup 178 

at 5 KeV and low ion gun angle.  This enabled the specimen to be flat and reveal pores 179 
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which mechanical polishing cannot obtain.  To avoid artificial errors arising owing to 180 

a conductive coating (e.g. gold sputtering), no coating has been applied to the 181 

specimens used in this paper.  In addition, in order to avoid the ‘charging’ of the 182 

specimen in the SEM, which results in very white image areas, conductive silver paint 183 

has been put on the edge of the specimen owing to the non-conductive nature of the 184 

shale.  A large montage scanning area of 300 μm × 300 μm (5 × 5 images) had been 185 

achieved through an Oxford Instruments Aztec image capture montage feature at a 186 

working distance of 4 mm, voltage of 1.5kV, current at 21 pA, contrast 85, brightness 187 

45 (FEI Dual Beam MK2 Helios SEM), resolution 8192 × 8192, and swelling time of 188 

10 μs.  Two large montage scanning area of SEM images from the Longmaxi 189 

Formation (Fig. 1a) and Qiongzhusi Formation (Fig. 1b) were obtained using the above 190 

processing steps.  The first image of these 25 SEM images from the Longmaxi 191 

Formation was selected to undertake the detailed analysis (Red square in Fig. 1a).  192 

Both large montage SEM images were analyzed using the new ETAP method to obtain 193 

the pore size distribution of organic pores and inorganic pores. 194 

Edge-Threshold Automatic Processing calculation method 195 

Previous research on the distinction between organic and inorganic pores has 196 

usually been carried out using manual drawing methods and automatic processing 197 

methods [52–54].  Manual drawing methods use Photoshop [55–57] , or other drawing 198 

software to distinguish organic pores from inorganic pores; this is laborious and 199 
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inconsistent according to the user.  The principle of automatic discrimination is to (i) 200 

find the threshold range of kerogen, (ii) fill the kerogen region, (iii) define the pores in 201 

the kerogen as organic pores.  However, certain problems may be encountered. Some 202 

gradual discoloration cracks may be mis-identified as kerogen in the process of defining 203 

the kerogen region, and kerogen associated with pyrite or clay minerals may result in 204 

mineral regions (such as pyrite or clay minerals) being counted as kerogen in the 205 

process of filling the kerogen region. As a result, error arises through enlargement of 206 

the kerogen area.  207 

In this study, a new Edge-Threshold Automatic Processing (ETAP) method has 208 

been created to process the SEM image to reliably and consistently obtain the organic 209 

and inorganic pore segmentation.  A technical flow schematic for this can be seen in 210 

Figure 2.  In the first step, the SEM image of the shale was transformed into a 8-bit 211 

greyscale image (Fig. 3a), and the number of pixels in each greyscale of 0-255 were 212 

counted, and the relationship curve of the number of pixels with greyscale drawn (the 213 

blue points in Fig. 4; each blue point represented the number of pixels corresponding 214 

to a grey level). Next, the relationship curve obtained in the previous step was fitted to 215 

the organic matter peak, main mineral peak and bright mineral peak by Gaussian peak-216 

splitting fitting. Peak1, Peak2 and Peak3 were used to find out the grey values 217 

corresponding to the peak values of organic matter, main mineral and bright contrast 218 

mineral, which were recorded as VP1, VP2 and VP3 respectively, and the width, W, of the 219 

peak was recorded.  As shown in Figure 3, VP1 = 76.34, VP2 = 132.1, VP1 = 191.7, W 220 
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= 19.31.  The grey cut-off value of pore (Pcutoff) was obtained by subtracting the peak 221 

width (W) from the grey value (VP1) corresponding to the organic matter peak. In 222 

addition, the grey cut-off value of kerogen (Kcutoff) was obtained by subtracting the peak 223 

width (W) from the grey value (VP2) corresponding to the main mineral peak (Pcutoff: 224 

57, Kcutoff: 113). The original shale greyscale images were then segmented by using 225 

Pcutoff and Kcutoff respectively, and the initial pore image (Fig. 3b) and the initial kerogen-226 

pore image (Fig. 3c) were obtained.  227 

The initial pore image was superimposed with the initial kerogen-pore image, and 228 

the sum of the peripheral length, area and the inner circumference of each isolated 229 

connected area in the kerogen-pore map counted as Lki; area Ski, the long-axis Lli and 230 

short-axis Lsi were also counted. Taking a small region as an example (Fig. 3d), the 231 

isolated connected area is shown as red regions in Fig. 3e.  In addition, the area of each 232 

pore in the superimposed initial pore was counted as Spij (Fig. 3f). The maximum area 233 

Spijmax of each isolated connected area in the kerogen-pore map was found, and the 234 

kerogen region discriminant function Qsti=(Spijmax/Ski)/[Lki/Ski/(Lli/Lsi)], this 235 

discriminant function is used to judge whether the isolated connected area in the initial 236 

kerogen-pore image was kerogen or mineral pore.  When Qsti was less or equal to 1, 237 

the isolated connecting area in the initial kerogen-pore image was denoted kerogen, and 238 

when Qsti was greater than 1, it was counted as mineral pore. Taking the two isolated 239 

connecting areas in Fig. 3f as an example, Qsti of the mineral pore was 2.37 and Qsti of 240 

the kerogen region 0.13. By combining all mineral pores for which Qsti was greater than 241 
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1, the mineral pore image was obtained (Fig. 3g).  Following this, after filling each 242 

isolated kerogen region in the initial kerogen-pore image, and each new kerogen region 243 

was eroded [58] , the initial kerogen region image was obtained (Fig. 3h).  The 244 

greyscale cut-off value for bright contrast minerals was obtained by adding the width 245 

(W) to the greyscale value (VP2) corresponding to the main mineral peaks, and the cut-246 

off value of “bright” mineral was Mcutoff (Mcutoff is 151 in this case).  The SEM image 247 

was segmented by Mcutoff, and the bright mineral image was obtained (Fig. 3i).  The 248 

initial kerogen region image and bright mineral image were superimposed, and the 249 

region of the bright mineral image was deleted to obtain the kerogen region image (Fig. 250 

3j). 251 

At this point, the edge detection method was applied to the kerogen region image 252 

to obtain the edge of kerogen pores (Fig. 3k) [59–61] This edge image was set as a 253 

demarcated image.  A threshold greyscale image was obtained from the initial SEM 254 

image using the threshold method (the threshold values were set from 5 to 100 in every 255 

5, giving 20 points in total for a coarse search) (Fig. 3l). The pores in each threshold 256 

greyscale image, at different thresholds, were compared with the demarcated image 257 

(Figure 5). The pixels which were located inside the region of the closed edge were 258 

counted as Ainside, the higher the value Ainside is, the more specific the result should be. 259 

The pixels which were located outside the region of the closed edge were counted as 260 

Aoutside, and an error function was set as following: 261 
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Qerror = (Aoutside+Ainside)/Ainside                                                              (1) 262 

Where, the value Qerror demonstrates the quality of the result.  To attain optimal 263 

performance, values were iteratively rebalanced to obtain the highest Ainside and, as such, 264 

to minimize Qerror.  A discriminant function, Qt, was set as following: 265 

Qt = (Ainside/Qerror)/Aboundary                                                                 (2) 266 

Where, Aboundary is the total pixels of pores from the edge detection method. It was 267 

used to normalize the value of Ainside/Qerror.  Table 1 shows the result of Ainside, Aoutside 268 

and Qt.  When the discriminant value reached a maximum, the best threshold could be 269 

obtained from the greyscale image.  Following this, a fine search was initiated from 270 

the value Qt of 5 (minimum value) to 100 (maximum value) in steps of 1 and the 271 

discriminant function repeated.  In this present case, the best threshold was 53, as 272 

shown in Fig. 3l and Table 1.  Subsequently, a pore image was obtained by filling the 273 

edge from the edge detection method [62]. In addition, the pore image from the best 274 

threshold was combined with the pore image from the edge detection method.  This 275 

completed the undetected pores, missed owing to the defective boundary defined using 276 

the edge detection method alone.  Finally, the organic pores and inorganic pores were 277 

combined together as shown in Fig. 6a. Fig. 6b is the enlarged image of the red square 278 

area in Fig. 6a, and Fig. 6c is obtained from the OSTU threshold method [63].  Fig. 6d 279 

is the same image processed using the ETAP method, and it is clear that the OSTU 280 

threshold method was unable to discriminate the organic pores from the kerogen, and 281 
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could not distinguish the organic pores and inorganic pores.  However, the new ETAP 282 

method managed to solve the errors caused by kerogen, and the organic pores (red color 283 

in Fig. 6d) and inorganic pores (cyan color in Fig. 6d) were clearly distinguished. Since 284 

pore area of the SEM images was quantitatively obtained though the method established 285 

above, in order to compare with results of other experiments (such as mercury injection 286 

capillary porosimetry method and low temperature nitrogen adsorption method), the 287 

surface area of the pores was converted to pore volume using the sphere-fitting method.288 
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Table 1. Pixel number of Ainside & Aoutside and value of Qt during the coarse/fine 289 

searching step of the Edge-Threshold Automatic Processing method. 290 

Coarse Search Fine Search 
Threshold Ainside Aoutside Qt Threshold Ainside Aoutside Qt 

5 37126 23056 0.0428 46 240226 200999 0.2442 
10 63976 40819 0.0729 47 245732 210095 0.2474 
15 86916 57252 0.0979 48 251241 220024 0.2501 
20 109109 73551 0.1217 49 256934 230686 0.2528 
25 132262 90595 0.1466 50 262407 242216 0.2548 
30 156403 109219 0.1720 51 267792 255098 0.2561 
35 181413 131069 0.1967 52 273163 269279 0.2569 
40 207457 157578 0.2202 53 278635 284726 0.2574 
45 234855 192579 0.2410 54 284030 301962 0.2571 
50 262407 242216 0.2548 55 289276 321516 0.2559 
55 289276 321516 0.2559 56 294473 343371 0.2539 
60 315181 468865 0.2366 57 299658 368285 0.2511 
65 340427 772298 0.1945 58 304933 397088 0.2474 
70 365042 1290453 0.1503 59 310061 430120 0.2426 
75 388201 1917475 0.1221 60 315181 468865 0.2367 
80 409808 2493160 0.1080 61 320273 514083 0.2296 
85 429702 2984763 0.1010 62 325458 565488 0.2220 
90 448427 3422356 0.0970 63 330515 626276 0.2132 
95 466311 3843008 0.0942 64 335470 694513 0.2040 

100 484087 4276877 0.0919 65 340427 772298 0.1945 

 291 
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RESULTS  292 

Manual drawing method 293 

Here, the pores were drawn from an image of 60 μm × 60 μm area. It took five people 294 

with varied experience (1 PhD and 4 MSc level students) approximately two months of 295 

joint work to fully identify the pores on these images. The final count gave 17,374 pores 296 

in total. 297 

Threshold method 298 

This test was undertaken by 7 individuals (2 professors, 1 PhD and 4 MSc students) 299 

who independently extracted the pores in the same image as the manual method.  300 

However, the thresholds of the results differed from 25 to 60, illustrating the effect of 301 

experience and time constraints.  It is hard to a priori define which threshold is the 302 

best. 303 

During this research, 16 automatic threshold methods were applied to the pore 304 

extraction in the same image using the software package Image J [64] (Fig. 7). The 305 

methods could be broadly grouped into four types from the results obtained: The 306 

methods of TypeⅠ identified the pores approximately, including the MinError Method 307 

(Threshold 41) [65] and the Shanbhag Method (Threshold 43) [66]. The thresholds were 308 

mainly distributed in the darker part of the greyscale histogram in Fig. 7, which is the 309 

front region of the kerogen peak.  The methods of TypeⅡidentified both pores and 310 
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kerogen within the image; these included the Huang Method (Threshold 98) [67], the 311 

Li Method (Threshold 101) [68–70], the Ostu Method (Threshold 105) [63], the IsoData 312 

Method (Threshold 105) [71], the IJ-IsoData Method (Threshold 105) [71], the Triangle 313 

Method (Threshold 110) [72], the MaxEntropy Method (Threshold 110) [73], the 314 

RenyiEntropy Method (Threshold 110) and the Yen Method (Threshold 111) [68,74].  315 

The thresholds were mainly distributed in the region between the kerogen peak and 316 

main mineral peak. The methods of Type Ⅲ identified the pores and kerogen, as well 317 

as extracting some part of the minerals, including Monents Method (Threshold 128) 318 

[75], the Mean Method (Threshold 130) [76] and the Percentile Method (Threshold 131) 319 

[77]. The thresholds were mainly distributed in the top region of the greyscale of the 320 

main minerals. Finally, the methods of Type Ⅳ could extract the majority part of the 321 

image except the mineral pyrite, with these including the Intermodes Method 322 

(Threshold 161) [78] and the Minimum Method (Threshold 179) [78].  The thresholds 323 

were mainly distributed in the brighter end of greyscale histogram in Fig. 6, which are 324 

bigger than VP2.   325 

The results show that the extracted pores differed from the thresholds determined 326 

by different automatic threshold methods due to the basic principles. We can clearly see 327 

that the threshold results of methods grouped as Type Ⅲ and Type Ⅳ are far too high 328 

for reliable pore extraction of shale SEM images.  In addition, the methods of Type 329 

Ⅱ are more suitable for shale rock that does not contain kerogen, sandstone and 330 

carbonate rock, and they are unreliable for shale containing significant kerogen 331 
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fractions.  Finally, for the methods of TypeⅠ, although the pores extracted are all real 332 

pores, there is no quantitative method to determine which method is identifying the 333 

maximum number of pores correctly. 334 

 335 

Edge detection method 336 

Figure 8 shows the result of using the edge detection method. As can be seen in the 337 

image, the edge of minerals, edge of kerogen, roughness and artificial debris caused by 338 

pre-treatment of samples have all been detected by the method. All these edges will be 339 

recognized as the edge of pores, and this causes significant error when extracting the 340 

pore data from the image. 341 

Watershed method 342 

Figure 9 shows the result of employing the watershed method. It was observed that the 343 

watershed method had similar drawbacks to the edge detection method, though 344 

performed better for certain features. Here, only the kerogen and pollution were 345 

erroneously recognized as pores. Therefore, the results from these methods are also not 346 

totally reliable. 347 
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Organic/inorganic pore images of shale from the Longmaxi Formation and 348 

Qiongzhusi Formation 349 

In this section, the ETAP method was used to extract the organic pores and inorganic 350 

pores of SEM images from the shale samples of the Longmaxi Formation and the 351 

Qiongzhusi Formation.  Fig. 10 shows the pore number and pore size distribution of 352 

both shale samples.  From Fig. 10a, it can be seen that there were more small organic 353 

pores (radius of pores < 50 nm) than inorganic pores in the shale sample from the 354 

Longmaxi Formation, and the number of both organic and inorganic pores of which 355 

radius are bigger than 50nm were more or less the same. For the shale sample from the 356 

Qiongzhusi Formation, the number of small organic pores (radius of pores < 50nm) was 357 

greater than that of inorganic pores, in contrast, the number of large organic pores 358 

(radius of pores > 50nm) was smaller than that of inorganic pores, especially for the 359 

pores of which radii were bigger than 200 nm (Fig. 10b). From the pore size distribution, 360 

the organic pores of the shale sample of the Longmaxi Formation mainly developed 361 

pores with a radius between 10 nm to 200 nm, and the inorganic pores mainly developed 362 

with a radius between 50 nm to 200 nm. The volume of the organic pores were much 363 

greater than that of inorganic pores in the Longmaxi Formation’s shale sample (Fig. 364 

10c). For the shale sample from the Qiongzhusi Formation, the organic pores mainly 365 

distributed between 50 nm and 200 nm, meanwhile, the inorganic pores mainly 366 

distributed between 100 nm and 500 nm. The volume of organic pores were much lower 367 

than that of the inorganic pores, in addition, organic pores seldom developed pores with 368 
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radius greater than 200 nm (Fig. 10d). 369 

DISCUSSION  370 

Qualitative evaluation between the new ETAP method and the manual drawing 371 

method 372 

The larger pores identified by the ETAP method were coincident with those from the 373 

manual drawing method (Figure 11a).  In addition, the new method was able to extract 374 

many small pores, which were not picked up by the manual drawing method (Figure 375 

11b-11d).  A problem identified in the new method is that of correct identification of 376 

microfractures, as can be seen in Figure 11e and 11f, the region of microfracture 377 

identified by the new method is narrower than that from the manual drawing method.  378 

In addition, some microfractures/cracks may be discontinuous, which will affect the 379 

pore size distribution, artificially reducing it and, as such, causing additional error on 380 

extraction of larger pores (the error will mainly happen in the pores larger than 500 nm). 381 

Comparison of pore size distribution 382 

In this paper, we also compared the results of a manual drawing method, our new ETAP 383 

method, an automatic threshold method (Shanbhag) and the effects of different 384 

thresholds. We compared the pore number distribution of different radii of pore. Figure 385 

12a shows that the number of the pores smaller than 50 nm from the new method is a 386 

little more than that identified using the manual drawing method. This is because the 387 
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small pores are sometimes ignored, or missed altogether by the manual drawing method. 388 

The number of pores that are bigger than 50 nm, identified by ETAP, is almost the same 389 

with those found through the manual drawing method. The number of the pores which 390 

are smaller than 100 nm from the automatic threshold method (Shanbhag) is less than 391 

that of the manual drawing method, especially between 10~50 nm. These variations 392 

will lead to significant errors. For the results of different thresholds, trends of the pore 393 

number from thresholds of 30, 40 and 50 are the same with that of the manual drawing 394 

method, the peak is distributed in the region of 10~20. However, as the threshold 395 

increases, the pore number also increases sharply, leading to a larger number than 396 

identified by the manual drawing method. Since the increase in number of pores is 397 

artificial, this will again lead to error, which may potentially be significant for some 398 

samples.  399 

We also compared the pore area distribution of different radii of pores. Figure 12b 400 

shows results of the ETAP method, the Shanbhag method and the threshold method.  401 

The trends identified by all methods provided the same trends for pores with a radius 402 

less than 50 nm.  However, only the ETAP method and a threshold method of 50 show 403 

close agreement with the manual drawing method.  The lack of identified pore areas 404 

with a radius larger than 200 nm was due to the identification of cracks.  Both the new 405 

ETAP method and the threshold method struggled to identify these 406 

microfractures/cracks reliably. 407 
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Comparison of Qt among different methods 408 

Finally, we set the boundary from the result of the manual drawing method as the correct 409 

edge, and used the discriminant function to test the accuracy of all the other methods. 410 

Figure 13 shows square points for the Qt results of different thresholds, hollow square 411 

points for automatic threshold, bars for four edge detection methods and the combined 412 

result, hollow bar for the watershed method and bar with diagonal stripes for the ETAP 413 

method. Qt results of different threshold range from 0.1431 to 0.5857. With the 414 

threshold increases, Qt results of automatic threshold methods at first increased to the 415 

maximum (0.5923) and then decreased. Qt results of edge dectection method and 416 

watershed method range from 0.0961 to 0.5251. The Qt result of our new ETAP method 417 

gets the highest value of 0.7466, and indicates the accuracy of the new method. Using 418 

the ETAP method confers a significant step forward in speed and accuracy in processing 419 

of pore data in shale gas samples, removing the need to apply a range of time consuming 420 

methods such as helium/nitrogen porosimetry and with higher resolution than micro 421 

computer tomography.  In addition, the known limitations of SEM image pore analysis 422 

are addressed through this method. 423 

Table 2. Pixel number of Ainside & Aoutside and discriminant function Qt results of 424 

different image processing methods. 425 

Method Threshold Pixels of Pore-in Pixels of Pore-out Qt 

Manual Threshold Method 
10 113251 74 0.1848  
20 190956 105 0.3116  
30 275598 150 0.4497  
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40 368589 10125 0.5857  
50 434640 92500 0.5851  
60 513945 333060 0.5091  
70 565643 1230536 0.2908  
80 580230 2439117 0.1820  
90 589733 3377792 0.1431  

Automatic 
Threshold 
Method 

MinError 41 375317 15379 0.5886  

Shanbhag 43 388607 27662 0.5923  
Huang 98 595268 4083538 0.1236  

Li 101 597023 4367922 0.1172  
Ostu 105 599187 4785980 0.1088  

IsoData 105 599187 4785980 0.1088  
IJ-IsoData 105 599187 4785980 0.1088  

Triangle 110 601423 5431307 0.0979  
RenyiEntropy 110 601423 5431307 0.0979  

MaxEntropy 110 601423 5431307 0.0979  
Yen 111 601857 5594368 0.0954  

Monents 128 606742 24044595 0.0244  
Mean 130 607151 29439661 0.0200  

Percentile 131 607328 32267431 0.0183  
Intermodes 161 610788 63129763 0.0096  
Minimum 179 611546 63892478 0.0095  

Edge 
Detection 
Method 

Sobel - 164813 38138 0.2185 
Prewitt - 150253 31675 0.2026 
Roberts - 65730 7660 0.0961 
Canny - 241844 38611 0.3405 
Combined - 348495 29139 0.5251 

Watershed Method - 587068 4641956 0.1076  
New ETAP Method 53 514532 64425 0.7466  

CONCLUSIONS 426 

Correct automated processing of pore data from shale is critical to understanding 427 

transport of hydrocarbons in unconventional reservoirs, and aids understanding of 428 

expulsion efficiency of conventional reservoir source rocks.  Here we describe the 429 

conception and evaluation of a new method, termed the Edge-Threshold Automatic 430 
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Processing (ETAP) method to extract the information of pore size distribution from 431 

SEM images of shale. A discriminant function Qt was used to compare the new method, 432 

the manual threshold method, automatic threshold methods, edge detection methods 433 

and watershed methods with manual drawing methods.  Finally, the new method was 434 

applied to identify the pores within the shale images of Longmaxi Formation and 435 

Qiongzhusi Formation in the Sichuan Basin. The main findings are: 436 

(1) A discriminant function Qt can be used to evaluate quantitatively which automatic 437 

image processing method is the most suitable for extracting pore information from 438 

SEM images of shale. 439 

(2) It’s more reliable and rapid to extract the pore information from SEM images of 440 

shale by using the Edge-Threshold Automatic Processing (ETAP) method 441 

compared with manual threshold methods, automatic threshold methods, edge 442 

detection methods and watershed methods generally sued at present, and gives a 443 

better match with the painstaking manual drawing method. 444 

(3) The gas storage capacity in Longmaxi shale is better than that in Qiongzhusi shale, 445 

due to the excellent reservoir property and reliable preservation condition. 446 

The findings in this paper could be hopefully expected to provide a robust 447 

foundation for pore size distribution investigation of shale through combining an edge 448 

detection method and threshold method. 449 



 

27 

ACKNOWLEDGEMENTS 450 

This study was partly funded by China Postdoctoral Science Foundation 451 

(2020M670878), Superior Youngth Foundation of Heilongjiang Province 452 

(YQ2020D002), Project of Daqing Guiding Science and Technology Plan (zd-2019-18), 453 

National Natural Science Foundation of China (41972156), Key Laboratory Open 454 

Project Plan of Daqing Research Institute(YJY-KY-2020-001(2.0)), National Oil and 455 

Gas Major Project (2017ZX 05008-002-050). The first author also would like to 456 

acknowledge the China Scholarship Council (CSC) for its financial support for his 457 

living expenses at Durham University, UK as a visiting Ph.D. student. We gratefully 458 

acknowledge Prof. H. Chris Greenwell for providing the opportunity for ST to visit the 459 

Greenwell research group. HCG thanks the Royal Society for funding via an Industry 460 

Fellowship, and also acknowledges funding from BP. 461 

DECLARATIONS 462 

Conflict of interest: We declare that we have no financial or personal relationships 463 

with other people or organizations that can inappropriately influence our work, there 464 

is no professional or other personal interest of any nature or kind in any product, 465 

service and/or company that could be construed as influencing the position presented 466 

in, or the review of, the manuscript entitled, “Edge-threshold automatic digital image 467 

processing method of pore extraction on shale sample”. 468 



 

28 

Ethical approval: Not required 469 

AUTHOR CONTRIBUTIONS 470 

Shansi Tian wrote the codes for Edge-Threshold automatic processing method, 471 

took the SEM image and wrote the main manuscript. Leon Bowen provided the SEM 472 

training and help to draft the manuscript. Fang Zeng provided solutions for the 473 

problems of processing the SEM images. Haitao Xue defined the statement of problem. 474 

Chris Greenwell provided solutions for the problems of processing the SEM images 475 

and help to draft the manuscript. Valentina Erastova and Bo Liu help to discuss the 476 

main idea and help to draft the manuscript. Rixin Zhao and Zhentao Dong help draw 477 

the manual edge of the pores and revise the figures. Jinzhong Liu help to prepare the 478 

samples. All authors reviewed the manuscript. 479 



 

29 

REFERENCES 480 

[1] Zou C, Zhu R, Chen Z-Q, Ogg JG, Wu S, Dong D, et al. Organic-matter-rich 481 

shales of China. Earth-Science Rev 2019;189:51–78. 482 

[2] Liu K, Ostadhassan M, Sun L, Zou J, Yuan Y, Gentzis T, et al. A comprehensive 483 

pore structure study of the Bakken Shale with SANS, N2 adsorption and mercury 484 

intrusion. Fuel 2019;245:274–85. 485 

[3] Wardlaw NC, McKellar M. Mercury porosimetry and the interpretation of pore 486 

geometry in sedimentary rocks and artificial models. Powder Technol 487 

1981;29:127–43. 488 

[4] Chen Y, Wei L, Mastalerz M, Schimmelmann A. The effect of analytical particle 489 

size on gas adsorption porosimetry of shale. Int J Coal Geol 2015;138:103–12. 490 

[5] Washburn EW. The dynamics of capillary flow. Phys Rev 1921;17:273. 491 

[6] Münch B, Holzer L. Contradicting geometrical concepts in pore size analysis 492 

attained with electron microscopy and mercury intrusion. J Am Ceram Soc 493 

2008;91:4059–67. 494 

[7] Zeng F, Dong C, Lin C, Wu Y, Tian S. Analyzing the effects of multi-scale pore 495 

systems on reservoir Properties — A case study on Xihu Depression , East China 496 

Sea Shelf Basin , China. J Pet Sci Eng 2021;203:108609. 497 



 

30 

[8] Hildenbrand A, Urai JL. Investigation of the morphology of pore space in 498 

mudstones—first results. Mar Pet Geol 2003;20:1185–200. 499 

[9] Hildenbrand A, Krooss BM, Urai JL. Relationship Between Pore Structure and 500 

Fluid Transport in Argillaceous Rocks. IUTAM Symp. Physicochem. 501 

Electromechanical Interact. Porous Media, Springer; 2005, p. 231–7. 502 

[10] Brunauer S, Emmett PH, Teller E. Adsorption of gases in multimolecular layers. 503 

J Am Chem Soc 1938;60:309–19. 504 

[11] Barrett EP, Joyner LG, Halenda PP. The determination of pore volume and area 505 

distributions in porous substances. I. Computations from nitrogen isotherms. J 506 

Am Chem Soc 1951;73:373–80. 507 

[12] Schull CG. The determination of pore size distribution from gas adsorption data. 508 

J Am Chem Soc 1948;70:1405–10. 509 

[13] Liu B, Gao Y, Liu K, Liu J, Ostadhassan M, Wu T, et al. Pore structure and 510 

adsorption hysteresis of the middle Jurassic Xishanyao shale formation in the 511 

Southern Junggar Basin, northwest China. Energy Explor Exploit 512 

n.d.:0144598720985136. 513 

[14] Desbois G, Urai JL, Kukla PA. Morphology of the pore space in claystones–514 

evidence from BIB/FIB ion beam sectioning and cryo-SEM observations. EEarth 515 

Discuss 2009;4:1–19. 516 



 

31 

[15] Bernard S, Horsfield B, Schulz H-M, Wirth R, Schreiber A, Sherwood N. 517 

Geochemical evolution of organic-rich shales with increasing maturity: A STXM 518 

and TEM study of the Posidonia Shale (Lower Toarcian, northern Germany). 519 

Mar Pet Geol 2012;31:70–89. 520 

[16] Chalmers GR, Bustin RM, Power IM. Characterization of gas shale pore systems 521 

by porosimetry, pycnometry, surface area, and field emission scanning electron 522 

microscopy/transmission electron microscopy image analyses: Examples from 523 

the Barnett, Woodford, Haynesville, Marcellus, and Doig uni. Am Assoc Pet 524 

Geol Bull 2012;96:1099–119. 525 

[17] Curtis ME, Sondergeld CH, Ambrose RJ, Rai CS. Microstructural investigation 526 

of gas shales in two and three dimensions using nanometer-scale resolution 527 

imagingMicrostructure of Gas Shales. Am Assoc Pet Geol Bull 2012;96:665–77. 528 

[18] Holzer L, Muench B, Wegmann M, Gasser P, Flatt RJ. FIB‐nanotomography of 529 

particulate systems—Part I: Particle shape and topology of interfaces. J Am 530 

Ceram Soc 2006;89:2577–85. 531 

[19] Milner M, McLin R, Petriello J. Imaging texture and porosity in mudstones and 532 

shales: Comparison of secondary and ion-milled backscatter SEM methods. Can. 533 

Unconv. Resour. Int. Pet. Conf., OnePetro; 2010. 534 

[20] Passey QR, Bohacs K, Esch WL, Klimentidis R, Sinha S. From oil-prone source 535 



 

32 

rock to gas-producing shale reservoir-geologic and petrophysical 536 

characterization of unconventional shale gas reservoirs. Int. oil gas Conf. Exhib. 537 

China, Society of Petroleum Engineers; 2010. 538 

[21] Schieber J. Common themes in the formation and preservation of intrinsic 539 

porosity in shales and mudstones-illustrated with examples across the 540 

Phanerozoic. SPE Unconv. Gas Conf., Society of Petroleum Engineers; 2010. 541 

[22] Schneider J, Flemings PB, Day-Stirrat RJ, Germaine JT. Insights into pore-scale 542 

controls on mudstone permeability through resedimentation experiments. 543 

Geology 2011;39:1011–4. 544 

[23] Slatt RM, O’Brien NR. Pore types in the Barnett and Woodford gas shales: 545 

Contribution to understanding gas storage and migration pathways in fine-546 

grained rocks. Am Assoc Pet Geol Bull 2011;95:2017–30. 547 

[24] Wang FP, Reed RM. Pore networks and fluid flow in gas shales. SPE Annu. Tech. 548 

Conf. Exhib., Society of Petroleum Engineers; 2009. 549 

[25] Loucks RG, Reed RM, Ruppel SC, Hammes U. Spectrum of pore types and 550 

networks in mudrocks and a descriptive classification for matrix-related 551 

mudrock pores. Am Assoc Pet Geol Bull 2012;96:1071–98. 552 

[26] Ambrose SA, Bridges MW, DiPietro M, Lovett MC, Norman MK. How learning 553 

works: Seven research-based principles for smart teaching. John Wiley & Sons; 554 



 

33 

2010. 555 

[27] Desbois G, Urai JL, Houben M, Hemes S, Klaver J. BIB-SEM of representative 556 

area clay structures paving towards an alternative model of porosity. EGU Gen. 557 

Assem. Conf. Abstr., 2012, p. 2074. 558 

[28] Keller LM, Holzer L, Wepf R, Gasser P, Münch B, Marschall P. On the 559 

application of focused ion beam nanotomography in characterizing the 3D pore 560 

space geometry of Opalinus clay. Phys Chem Earth, Parts A/B/C 2011;36:1539–561 

44. 562 

[29] Sisk C, Diaz E, Walls J, Grader A, Suhrer M. 3D visualization and classification 563 

of pore structure and pore filling in gas shales. SPE Annu. Tech. Conf. Exhib., 564 

Society of Petroleum Engineers; 2010. 565 

[30] Sondergeld CH, Ambrose RJ, Rai CS, Moncrieff J. Micro-structural studies of 566 

gas shales. SPE Unconv. gas Conf., Society of Petroleum Engineers; 2010. 567 

[31] Klaver J, Desbois G, Urai JL, Littke R. BIB-SEM study of the pore space 568 

morphology in early mature Posidonia Shale from the Hils area, Germany. Int J 569 

Coal Geol 2012;103:12–25. 570 

[32] Desbois G, Urai JL, Kukla PA, Wollenberg U, Pérez-Willard F, Radí Z, et al. 571 

Distribution of brine in grain boundaries during static recrystallization in wet, 572 

synthetic halite: Insight from broad ion beam sectioning and SEM observation 573 



 

34 

at cryogenic temperature. Contrib to Mineral Petrol 2012;163:19–31. 574 

[33] Desbois G, Urai JL, Kukla PA, Konstanty J, Baerle C. High-resolution 3D fabric 575 

and porosity model in a tight gas sandstone reservoir: A new approach to 576 

investigate microstructures from mm-to nm-scale combining argon beam cross-577 

sectioning and SEM imaging. J Pet Sci Eng 2011;78:243–57. 578 

[34] Loucks RG, Reed RM, Ruppel SC, Jarvie DM. Morphology, genesis, and 579 

distribution of nanometer-scale pores in siliceous mudstones of the Mississippian 580 

Barnett Shale. J Sediment Res 2009;79:848–61. 581 

[35] Zhou W, Apkarian R, Wang ZL, Joy D. Fundamentals of scanning electron 582 

microscopy (SEM). Scanning Microsc. Nanotechnol., Springer; 2006, p. 1–40. 583 

[36] Akay B. A study on particle swarm optimization and artificial bee colony 584 

algorithms for multilevel thresholding. Appl Soft Comput 2013;13:3066–91. 585 

[37] Hammouche K, Diaf M, Siarry P. A comparative study of various meta-heuristic 586 

techniques applied to the multilevel thresholding problem. Eng Appl Artif Intell 587 

2010;23:676–88. 588 

[38] Arbelaez P, Maire M, Fowlkes C, Malik J. Contour detection and hierarchical 589 

image segmentation. IEEE Trans Pattern Anal Mach Intell 2010;33:898–916. 590 

[39] Zhang M, Zhang L, Cheng H-D. A neutrosophic approach to image segmentation 591 



 

35 

based on watershed method. Signal Processing 2010;90:1510–7. 592 

[40] Yang R, He S, Yi J, Hu Q. Nano-scale pore structure and fractal dimension of 593 

organic-rich Wufeng-Longmaxi shale from Jiaoshiba area, Sichuan Basin: 594 

Investigations using FE-SEM, gas adsorption and helium pycnometry. Mar Pet 595 

Geol 2016;70:27–45. 596 

[41] Al-Amri SS, Kalyankar N V. Image segmentation by using threshold techniques. 597 

ArXiv Prepr ArXiv10054020 2010. 598 

[42] Li J, Yin J, Zhang Y, Lu S, Wang W, Li J, et al. A comparison of experimental 599 

methods for describing shale pore features—A case study in the Bohai Bay Basin 600 

of eastern China. Int J Coal Geol 2015;152:39–49. 601 

[43] Sun W, Zuo Y, Wu Z, Liu H, Xi S, Shui Y, et al. Fractal analysis of pores and the 602 

pore structure of the Lower Cambrian Niutitang shale in northern Guizhou 603 

province: Investigations using NMR, SEM and image analyses. Mar Pet Geol 604 

2019;99:416–28. 605 

[44] Tong S, Dong Y, Zhang Q, Elsworth D, Liu S. Quantitative analysis of nanopore 606 

structural characteristics of lower Paleozoic shale, Chongqing (Southwestern 607 

China): combining FIB-SEM and NMR cryoporometry. Energy & Fuels 608 

2017;31:13317–28. 609 

[45] Kelly S, El-Sobky H, Torres-Verdín C, Balhoff MT. Assessing the utility of FIB-610 



 

36 

SEM images for shale digital rock physics. Adv Water Resour 2016;95:302–16. 611 

[46] Li D, Wang Y. Application of an improved threshold segmentation method in 612 

SEM material analysis. IOP Conf. Ser. Mater. Sci. Eng., vol. 322, IOP Publishing; 613 

2018, p. 22057. 614 

[47] Tsuda T, Nemoto N, Kawakami K, Mochizuki E, Kishida S, Tajiri T, et al. SEM 615 

observation of wet biological specimens pretreated with room‐temperature ionic 616 

liquid. ChemBioChem 2011;12:2547–50. 617 

[48] Liu X, Wang J, Ge L, Hu F, Li C, Li X, et al. Pore-scale characterization of tight 618 

sandstone in Yanchang Formation Ordos Basin China using micro-CT and SEM 619 

imaging from nm-to cm-scale. Fuel 2017;209:254–64. 620 

[49] Shrivakshan GT, Chandrasekar C. A comparison of various edge detection 621 

techniques used in image processing. Int J Comput Sci Issues 2012;9:269. 622 

[50] Sarkar P, Kumar A, Singh KH, Ghosh R, Singh TN. Pore system, microstructure 623 

and porosity characterization of Gondwana shale of Eastern India using 624 

laboratory experiment and watershed image segmentation algorithm. Mar Pet 625 

Geol 2018;94:246–60. 626 

[51] Salman N. Image segmentation based on watershed and edge detection 627 

techniques. Int Arab J Inf Technol 2006;3:104–10. 628 



 

37 

[52] Chen Z, Liu X, Yang J, Little E, Zhou Y. Deep learning-based method for SEM 629 

image segmentation in mineral characterization, an example from Duvernay 630 

Shale samples in Western Canada Sedimentary Basin. Comput Geosci 631 

2020;138:104450. 632 

[53] Gou Q, Xu S, Hao F, Yang F, Zhang B, Shu Z, et al. Full-scale pores and micro-633 

fractures characterization using FE-SEM, gas adsorption, nano-CT and micro-634 

CT: A case study of the Silurian Longmaxi Formation shale in the Fuling area, 635 

Sichuan Basin, China. Fuel 2019;253:167–79. 636 

[54] Zhang S, Yan J, Hu Q, Wang J, Tian T, Chao J, et al. Integrated NMR and FE-637 

SEM methods for pore structure characterization of Shahejie shale from the 638 

Dongying Depression, Bohai Bay Basin. Mar Pet Geol 2019;100:85–94. 639 

[55] Zhang P, Lu S, Li J, Xue H, Li W, Zhang P. Characterization of shale pore system: 640 

A case study of Paleogene Xin’gouzui Formation in the Jianghan basin, China. 641 

Mar Pet Geol 2017;79:321–34. 642 

[56] Li J, Zhang P, Lu S, Chen C, Xue H, Wang S, et al. Scale-dependent nature of 643 

porosity and pore size distribution in lacustrine shales: An investigation by BIB-644 

SEM and X-ray CT methods. J Earth Sci 2019;30:823–33. 645 

[57] Rine JM, Smart E, Dorsey W, Hooghan K, Dixon M. 12 Comparison of Porosity 646 

Distribution within Selected North American Shale Units by SEM Examination 647 



 

38 

of Argon-ion-milled Samples 2013. 648 

[58] Gonzalez RC, Woods RE, Eddins SL. Digital image processing using Matlab” 649 

Gatesmark Publishing 2009. 650 

[59] Parker JR. Algorithms for image processing and computer vision. John Wiley & 651 

Sons; 2010. 652 

[60] Lim JS. Two-dimensional signal and image processing. Englewood Cliffs 1990. 653 

[61] Canny J. A computational approach to edge detection. IEEE Trans Pattern Anal 654 

Mach Intell 1986:679–98. 655 

[62] Soille P. Morphological image analysis: principles and applications. Springer 656 

Science & Business Media; 2013. 657 

[63] Otsu N. A threshold selection method from gray-level histograms. IEEE Trans 658 

Syst Man Cybern 1979;9:62–6. 659 

[64] Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of 660 

image analysis. Nat Methods 2012;9:671–5. 661 

[65] Kittler J, Illingworth J. Minimum error thresholding. Pattern Recognit 662 

1986;19:41–7. 663 

[66] Shanbhag AG. Utilization of information measure as a means of image 664 

thresholding. CVGIP Graph Model Image Process 1994;56:414–9. 665 



 

39 

[67] Huang L-K, Wang M-JJ. Image thresholding by minimizing the measures of 666 

fuzziness. Pattern Recognit 1995;28:41–51. 667 

[68] Sezgin M, Sankur B. Survey over image thresholding techniques and 668 

quantitative performance evaluation. J Electron Imaging 2004;13:146–65. 669 

[69] Li CH, Lee CK. Minimum cross entropy thresholding. Pattern Recognit 670 

1993;26:617–25. 671 

[70] Li CH, Tam PK-S. An iterative algorithm for minimum cross entropy 672 

thresholding. Pattern Recognit Lett 1998;19:771–6. 673 

[71] Ridler TW, Calvard S. Picture thresholding using an iterative selection method. 674 

IEEE Trans Syst Man Cybern 1978;8:630–2. 675 

[72] Zack GW, Rogers WE, Latt SA. Automatic measurement of sister chromatid 676 

exchange frequency. J Histochem Cytochem 1977;25:741–53. 677 

[73] Kapur JN, Sahoo PK, Wong AKC. A new method for gray-level picture 678 

thresholding using the entropy of the histogram. Comput Vision, Graph Image 679 

Process 1985;29:273–85. 680 

[74] Yen J-C, Chang F-J, Chang S. A new criterion for automatic multilevel 681 

thresholding. IEEE Trans Image Process 1995;4:370–8. 682 

[75] Tsai W-H. Moment-preserving thresolding: A new approach. Comput Vision, 683 



 

40 

Graph Image Process 1985;29:377–93. 684 

[76] Glasbey CA. An analysis of histogram-based thresholding algorithms. CVGIP 685 

Graph Model Image Process 1993;55:532–7. 686 

[77] Doyle W. Operations useful for similarity-invariant pattern recognition. J ACM 687 

1962;9:259–67. 688 

[78] Prewitt JMS, Mendelsohn ML. The analysis of cell images. Ann N Y Acad Sci 689 

1966;128:1035–53. 690 

 691 

Figure 1. Large montage SEM images of shale samples. (a.) Longmaxi Formation; (b) 692 

Qiongzhusi Formation. 693 

 694 

Figure 2. Technical roadmap for the edge-threshold automatic processing (ETAP) 695 

method for pore indentification and quantification in SEM images.  696 

 697 

Figure 3. Various charts in image processing. (a) 8-bit greyscale image; (b) initial pore 698 

image; (c) initial kerogen-pore image; (d) a small region of example; (e) results of 699 

identified isolated connected area; (f) results of identified kerogen region and mineral 700 

pore region; (g) image of the mineral pores; (h) initial kerogen region image; (i) bright 701 
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mineral image; (j) kerogen region image; (k) image of the edge of kerogen pores; (l) 702 

plot showing effect of discriminant function Qt in the processing of best threshold 703 

searching. 704 

 705 

Figure 4. Schematic diagram of a relationship curve and a fitting curve of the 8-bit 706 

greyscale image. 707 

 708 

Figure 5. An effect diagram after edge-threshold automatic processing: (a) Boundary 709 

obtained from the edge detection method combined with original SEM image (Red dash: 710 

local magnified area); (b) Local magnified area in the region of red dash in (4a.); (c) – 711 

(k) Pore extraction image obtained from different threshold segmentation folded with 712 

boundary delineation, with threshold set at 10, 20, 30, 40, 50, 60, 70, 80, 90, 713 

respectively.  714 

 715 

Figure 6. Contrast effect images of ETAP method and threshold method: (a) image of 716 

identified kerogen pores and mineral pores using ETAP method; (b) initial grayscale 717 

image of red square in Fig. 6a; (c) pore extraction of Fig. 6b using threshold method; 718 

(d) .identified kerogen pores and mineral pores of Fig. 6b. 719 

 720 
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Figure 7. Threshold results of the same SEM image of shale processed using different 721 

automatic threshold methods. 722 

 723 

Figure 8. Pore segmentation result of the same SEM image using the edge detection 724 

method. 725 

 726 

Figure 9. Pore segmentation result of the same SEM image, using watershed methods. 727 

 728 

Figure 10. Quantitative evaluation result of pore distribution of shale samples: (a) 729 

Number of pores distribution of shale in Qiongzhusi Formation; (b) Number of pores 730 

distribution of shale in Longmaxi Formation; (c) Volume of pores distribution of shale 731 

in Qiongzhusi Formation; (d) Volume of pore distribution of shale in Longmaxi 732 

Formation. 733 

 734 

Figure 11. Qualitative evaluation of results obtained between the new ETAP method 735 

and manual drawing method. 736 

 737 

Figure 12. Quantitative evaluation result between the ETAP method and manual 738 
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drawing method: (a) Pore quantity diagram; (b) Pore volume diagram). 739 

 740 

Figure 13. Discriminant function Qt result of different methods, compared with the 741 

manual drawing method. 742 

 743 

 744 

 745 
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