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 13 

Abstract 14 

This study examines the geomechanical properties of soft rocks from the Vale das Fontes 15 

Formation, a significant source rock in the Lower Jurassic Lusitanian Basin, Portugal. The study 16 

aims to establish a consistent relationship between uniaxial compressive strength, Young's 17 

modulus, and Poisson's ratio with mineralogical composition and porosity. The results indicate 18 

that samples are mainly characterised by calcite (ranging from 59.2% to 96.9%), followed by 19 

quartz (2.0% to 14.7%) and phyllosilicates (ranging from 0.0% to 22.0%). Porosity ranges from 20 

0.4% in sample 6 to 15.1% in sample 7. The uniaxial compressive strength, Young's modulus, 21 

and Poisson's ratio results show the influence of mineralogy and porosity. The compressive 22 

strength values (21.40 MPa, sample 7 - 155.98 MPa, sample 1) increase as the combined calcite 23 

and quartz content increases (73.8%, sample 8 - 99.5%, sample 6) and as the porosity decreases 24 

(15.1%, sample 7 - 0.4%, sample 6). Samples characterised by high calcite and quartz contents 25 

(99.2%, sample 1 and 99.5%, sample 6) reflect high values of Young’s modulus (30269 MPa, 26 

sample 1 and 39468, sample 6) and Poisson’s ratio (0.26, sample 1 and 0.20, sample 6). On the 27 

other hand, samples represented by high porosity values (15.1%, sample 7 and 11.7%, sample 8) 28 

reflect low values of Young's modulus (1927 MPa, sample 7 and 5120 MPa, sample 8) and 29 

Poisson's ratio (0.14, sample 7 and 0.06 sample 8). 30 

 31 
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1. Introduction 35 

The current increase in energy consumption and the challenges of meeting this high demand 36 

through renewable sources create a concerning energy scenario. Therefore, to promote energy 37 

sustainability, exploring new sources that align with the European Union’s goals outlined in the 38 

2015 Paris Agreement is central, particularly achieving carbon neutrality by 2050 (UN 2023).   39 

Natural gas has become increasingly competitive in the energy market because it is one of the 40 

most environmentally friendly fossil fuels and an excellent alternative energy source 41 

(Mohammad et al. 2021). Additionally, there has been considerable interest in exploring and 42 

developing unconventional reservoirs, particularly shale gas. In contrast to conventional 43 

reservoirs, unconventional reservoirs require stimulation due to their low permeability (e.g., Zou 44 

et al. 2016; Chen et al. 2019; Tan et al. 2019; Liu et al. 2020). As a result, studying the 45 

mechanical properties of unconventional reservoir rocks has become a challenging key field of 46 

research. The aim is to develop geomechanical models that can minimise the hazards and risks 47 

associated with unconventional reservoir rock behaviour under different environmental 48 

conditions and predict their response to specific loads (Liu et al. 2020; Kuang et al. 2023). 49 

Additionally, weak rocks or rock masses showing damage characteristics, such as jointing, 50 

faulting, or solution cracks, are commonly described as soft rocks (e.g., Potter et al. 1980; 51 

Oliveira 1993; Sadowski 2020). According to Manchao and Xiaoming (2020), soft rocks have 52 

distinguished low strength, lithology, fabric and physico-chemical properties. They can be 53 

classified into several categories (Manchao and Xiaoming 2020): expansible soft rock, high-54 

strength soft rock, jointed soft rock, and their combinations. Their geomechanical behaviour 55 

represents geological materials between soil and rock (e.g., Sadowski 2020; Tao et al. 2020).  56 

The Lower Jurassic of the Lusitanian Basin, particularly the Vale das Fontes Formation, is 57 

currently recognised for its organic-rich carbonates and shales (Duarte and Soares 2002; 58 

Oliveira et al. 2006; Duarte et al. 2010, 2012; Silva et al. 2011, 2015; Silva and Duarte 2015). 59 

This study highlights the Vale das Fontes Formation as an unconventional gas reservoir for the 60 

first time. Nevertheless, it is pertinent to note that the Jurassic in Portugal has been submitted to 61 
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several studies since the 19th century. The first relevant stratigraphic study of the Jurassic of 62 

Portugal was developed by Choffat (1880). Later, the first biostratigraphical study of the Lower 63 

Jurassic of the Lusitanian Basin was reported by Mouterde (1955). More recently, studies 64 

focusing on organic geochemistry have been conducted to evaluate the Lower Jurassic´s 65 

potential as an oil source rock (e.g., Oliveira et al. 2006; Duarte et al. 2010, 2012; Silva et al. 66 

2011; Ribeiro et al. 2013; Brito et al. 2017, 2023, and references therein). However, there is a 67 

significant lack of research on the petrophysics and geomechanics of these soft rocks in the 68 

Lusitanian Basin, which are essential for understanding unconventional reservoir rocks. This 69 

study aims to contribute to an exploratory understanding of the geomechanical properties of the 70 

Vale das Fontes Formation while offering practical guidance for future research in this area. 71 

 72 

2. Geological setting 73 

The Lusitanian Basin is located on the western margin of the Iberian Peninsula and is associated 74 

with the opening of the North Atlantic Ocean. It is part of a group of Atlantic Marginal Basins 75 

that began to form at the end of the Triassic during the rifting phase. The basin has a NE-SW 76 

orientation, covering an area of approximately 22.000 km2. It is approximately 300 km long and 77 

150 km wide, including offshore areas, with a maximum sediment thickness of 5 km (e.g., 78 

Wilson 1988; Soares et al. 1993; Pinheiro et al. 1996; Alves et al. 2002; Azerêdo et al. 2003; 79 

Kullberg et al. 2013). The Lusitanian Basin is privileged for its geologically significant and 80 

well-preserved outcrops, particularly those of the Lower Jurassic, materialised by carbonate 81 

ramp deposits (e.g., Duarte 1997, 2004; Duarte and Soares 2002; Duarte et al. 2010, 2014, 82 

2022; Silva et al. 2011, 2015) (Fig. 1). 83 

The present study focused on the Pliensbachian Vale das Fontes Formation due to its geological 84 

features, well-defined stratigraphic control of the sedimentary succession, organic-rich marl and 85 

limestone layers, and exceptional outcrops exposure throughout the Lusitanian Basin (details in 86 

Duarte and Soares 2002; Oliveira et al. 2006; Duarte et al. 2010; Silva et al. 2011).  87 
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2.1. Vale das Fontes Formation: Studied outcrops 88 

The Vale das Fontes Formation is a marly-dominated unit composed of alternating decimetric to 89 

metric marls interspersed with centimetric limestone layers. This formation is notable for its 90 

record in benthic and nektonic macrofauna and exhibits a significant variation in thickness, 91 

reaching a maximum of approximately 90 m in the São Pedro de Moel region (Duarte and 92 

Soares 2002; Duarte et al. 2010; Silva et al. 2015). 93 

The Vale das Fontes Formation is dated from the Pliensbachian (from the Jamesoni to 94 

Margaritatus ammonite zones), and it is subdivided into three members (Duarte and Soares 95 

2002; Duarte et al. 2010): Marls and limestones with Uptonia and Pentacrinus (MLUP), Lumpy 96 

marls and limestones (LML), and Marly limestones with organic-rich facies (MLOF). Among 97 

the different types of marl-limestone alternations that typify each of the members, as well as 98 

their paleontological content, organic-rich facies, like black shales, are observed in all of them 99 

(see references cited above). 100 

Three different outcrops have been selected to provide a spatial view of the formation (details in 101 

Temporão de Sousa 2014): Peniche (Praia do Portinho da Areia Norte), Brenha (Estrada N109), 102 

and Coimbra (Bairro do Loreto and Bairro de São Miguel; Figs. 1 and 2). 103 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



5 

 

 104 

Fig. 1 The Lower Jurassic of the Lusitanian Basin and location of three studied successions: 105 

Peniche, Brenha (Figueira da Foz region), and Coimbra (modified from Duarte et al. 2010) 106 

 107 

In the northern part of the Peniche Peninsula, at Portinho da Areia Norte Beach, there is the 108 

Peniche section, well-defined by the three members that constitute the Vale das Fontes 109 

Formation (Fig. 2a), showing an approximate thickness of 90 m (Duarte and Soares 2002; 110 

Oliveira et al. 2006). 111 

The Brenha section (Fig. 2b), located along the N109 road, presents a continuous succession of 112 

the Vale das Fontes Formation with a thickness of approximately 80 m of this unit in this region 113 

(Duarte and Soares 2002; Silva 2007; Silva et al. 2007, 2010).  114 

The Coimbra area exhibits a discontinuous number of outcrops (Fig. 2c), and the thickness of 115 

the Vale das Fontes Formation in this region was not expected to exceed 60 m (Duarte and 116 

Soares 2002; Silva 2007; Silva et al. 2007, 2010).   117 
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 118 

Fig. 2 Sampling sites in the three outcrop sections of the Vale das Fontes Formation: a) MLOF 119 

at Peniche; b) MLUP to MLOF at Brenha; c) MLUP at Coimbra 120 

 121 

3. Materials and Methods 122 

This study comprised samples collected from the three distinct sections described above. A total 123 

of 9 marl and limestone samples were collected: 6 from the Peniche section, 2 from the Brenha 124 

Section, and 1 from the Coimbra section (Fig.3), with a view to a mineralogical analysis by X-125 

ray diffraction, porosity, uniaxial compressive strength, Young’s modulus, and Poisson’s ratio 126 

analyses. All laboratory work was conducted at the Petrophysical Institute Foundation 127 

(Fundación Instituto Petrofisico) based in Madrid (Spain). The rock testing methodologies 128 

recommended by CFCFF (1996) and ISRM (1981, 2007, 2015) were followed. 129 

 130 

Fig. 3 Selected samples for petrophysical and geomechanical tests (after Temporão de Sousa 131 

2014) 132 

 133 

 134 

 135 
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X-ray diffraction  136 

For the X-ray diffraction analysis, an X-ray diffractometer using a mortar grinder (RM 200) was 137 

used to grind 2 to 4 grams of sample. After grinding, the samples were passed through a 53 µm 138 

sieve, allowing for excellent particle size distribution and ensuring that all the crystals were 139 

oriented in all possible directions during the analysis. This analysis used the Rietveld method, 140 

using Empyrean equipment from PANalytical.  141 

Preparation of samples for geomechanical tests 142 

Samples were prepared for geomechanical testing according to ASTM standards D5407-99 and 143 

D2664-04. Initially, all samples were washed using a Soxhlet extraction system combined with 144 

a Dean-Stark apparatus to remove potential hydrocarbons and salts. Subsequently, the samples 145 

were dried in an oven at 60°C for 24 hours until the difference between successive weights was 146 

less than 0.01 g.  147 

Porosity  148 

Effective porosities were determined using a Micromeritics AccuPycTM 1340 pycnometer. These 149 

samples were then used to study geomechanical properties through the unconfined compressive 150 

strength test.  151 

Uniaxial compressive strength test 152 

This test was conducted using the MTS – Rock Mechanics Test System Model 815, which 153 

allows the determination of the uniaxial compressive strength of a cylindrical sample with a 154 

height equal to twice its diameter. In addition to assessing mechanical strength, this test allows 155 

the determination of the rock’s elastic constants (Young’s modulus and Poisson ratio) by 156 

measuring the axial and lateral deformations of the sample during the loading process (e.g., 157 

CFCFF 1996; Barton 2006; Gonzalez de Vallejo and Ferrer 2011; Zhang 2017; Ribeiro e Sousa 158 

et al. 2020; Tao et al. 2020). Young’s modulus, also known as elastic modulus, measures how 159 

much a material can deform under tension or compression and indicates its hardness. On the 160 

other hand, Poisson's ratio measures how much a material expands or contracts in directions 161 

perpendicular to the direction of the load.  162 
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4. Results  163 

The nine analysed samples are limestones and marly limestones; consequently, the mineral 164 

composition was dominated by calcite (a minimum of 59.2%), followed by quartz and 165 

phyllosilicates (mainly clay minerals). Some samples contained small amounts of albite 166 

(Samples 7 and 8) and magnetite (Sample 6) (Table 1). 167 

 168 

Table 1 X-ray diffraction results 169 

Sample Location Member 

X-ray 

Calcite            

(%) 

Quartz 

(%) 

Phyllosilicates 

(%) 

Magnetite                

(%) 

Albite 

(%) 

1 Peniche MLUP 95.6 3.6 0.8 - - 

2 Peniche MLUP 79.7 11.6 8.6 - - 

3 Coimbra MLUP 88.7 9.1 2.2 - - 

4 Peniche LML 96.9 2.0 1.1 - - 

5 Peniche LML 90.8 5.0 4.2 - - 

6 Brenha LML 94.2 5.3 - 0.5 - 

7 Peniche MLOF 64.6 14.7 14.4 - 6.3 

8 Peniche MLOF 59.2 14.6 22.0 - 4.3 

9 Brenha MLOF 85.2 7.8 7.1 - - 

MLUP – Marls and limestones with Uptonia and Pentacrinus; LML – Lumpy marls and limestones; 170 
MLOF – Marly limestones with organic-rich facies.  171 

 172 

Table 2 shows the porosity results, ranging from 0.4% to 15.1%, along with Young’s modulus 173 

(1827 MPa – 9468 MPa) and Poisson’s ratio (0.06 - 0.26) obtained from the uniaxial 174 

compressive strength. These values are critical for understanding the mechanical behaviour of 175 

materials under load. 176 
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Table 2 Porosity and geomechanical parameters 182 

    Geomechanical parameters 

Sample Location Member 
Porosity 

(%) 

Maximum 

load  

(KN) 

Compressive 

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

Passion 

ratio 

1 Peniche MLUP 4.6 194.15 155.98 30269 0.26 

2 Peniche MLUP 6.8 163.21 130.33 23212 0.22 

3 Coimbra MLUP 7.3 92.01 74.25 23745 0.16 

4 Peniche LML 6.0 89.38 71.34 38379 0.16 

5 Peniche LML 7.9 62.52 50.21 25981 0.22 

6 Brenha LML 0.4 188.67 150.67 39468 0.20 

7 Peniche MLOF 15.1 26.76 21.4 1927 0.14 

8 Peniche MLOF 11.7 45.20 36.4 5120 0.06 

9 Brenha MLOF 6.0 152.64 124.88 25624 0.21 

MLUP – Marls and limestones with Uptonia and Pentacrinus; LML – Lumpy marls and limestones; 183 
MLOF – Marly limestones with organic-rich facies. 184 

 185 

5. Discussion  186 

The results of the present study's rock geomechanical properties showed a strong dependence on 187 

mineralogical composition and porosity.  188 

The geomechanical results showed that the compressive strength index values (Fig. 4a) 189 

increased with the combined content of calcite and quartz. Generally, calcite is more brittle than 190 

quartz due to its crystalline structure, making it more susceptible to fracture. As a result, 191 

compressive strength values are typically lower for calcite. However, this trend does not apply 192 

to the samples analysed (Tables 1 and 2 and Fig. 4b). Specifically, samples 1 and 4 had the 193 

highest calcite content at 95.5% and 96.9%, respectively (Table 1). Despite this high calcite 194 

content, sample 1 exhibited the highest compressive strength value at 155.98 MPa (Table 2), 195 

whilst sample 4 had one of the lowest at 71.34 MPa (Table 2).  196 
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 198 

 199 

Fig. 4 Uniaxial compressive strength as a function of (a) calcite + quartz and (b) calcite  200 

 201 

In addition, quartz is known for having higher hardness and compressive strength than calcite. It 202 

is generally expected that samples with a higher quartz content should have higher compressive 203 

strength values. However, the samples analysed did not support this (Tables 1 and 2 and Fig. 204 

5a). Samples 7 and 8 had the highest quartz contents of 14.7% and 14.6%, respectively (Table 205 

1). Yet, they recorded the lowest compressive strength values of 21.4 MPa and 36.4 MPa (Table 206 

2). It is clear that the phyllosilicate content also plays a relevant effect on the compressive 207 

strength values of the analysed samples (Fig. 5b). It is well known that phyllosilicates typically 208 

exhibit elastic and/or plastic behaviour and are, therefore, less brittle and exhibit low 209 

compressive strength values. Thus, the compressive strength values of samples 7 and 8 were 210 

low (21.4 MPa and 36.4 MPa respectively, Table 2), despite their high quartz content (14.7% 211 

and 14.6% respectively, Table 1), due to their high phyllosilicates content (14.4% and 22.0% 212 
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respectively, Table 1). In addition, samples 5 and 6 were characterised by similar quartz content 213 

of 5.0 % and 5.3%, respectively (Table 1), but their compressive strength values are markedly 214 

different. Sample 5 showed a significantly lower compressive strength value (50.21 MPa, Table 215 

2), while sample 6 achieved 150.67 MPa (Table 2). Therefore, it is clear that this difference in 216 

compressive strength values, identified between samples 5 and 6 (50.21 MPa and 150.67 MPa, 217 

respectively, Table 2), is closely related to the phyllosilicates content, meaning that sample 5 218 

displayed a phyllosilicates content of 4.2% and in sample 6 they were not identified (Table 1). 219 

Finally, samples 1 and 6 displayed the highest compressive strength values (155.98 MPa and 220 

150.67 MPa, respectively, Table 2), the highest combined percentages of calcite and quartz, at 221 

99.2% and 99.5%, respectively (Table 1), and the lowest phyllosilicates content, at 0.8% for 222 

sample 1 and 0% for sample 6 (Table 1). 223 

  224 

 225 

 226 

Fig. 5 Uniaxial compressive strength as a function of (a) quartz and (b) phyllosilicates  227 

 228 
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Figure 6 shows a general trend of increasing compressive strength values as porosity decreases. 229 

Samples displaying high porosity values, such as samples 7 and 8 (15.1% and 11.7% 230 

respectively, Table 2), exhibited low compressive strength values (21.4MPa and 36MPa 231 

respectively, Table 2) due to pore collapse and, therefore, they are less resistant. However, the 232 

relationship between compressive strength and porosity must also consider the mineral 233 

composition. For example, sample 1 exhibited a compressive strength of 155.98 MPa, while 234 

sample 6 had a compressive strength of 150.67 MPa (Table 2). Therefore, one would typically 235 

expect lower porosity in the former than in the latter. Nevertheless, sample 1 exhibited a 236 

porosity of 4.6%, which is significantly higher than the 0.4% of sample 6. This unexpected 237 

result can be related to the higher phyllosilicate content in sample 1 (0.8%) compared to sample 238 

6, which has no phyllosilicates. 239 

 240 

Fig. 6 The relationship between compressive strength and porosity 241 

 242 

The Young´s modulus and the Poisson´s ratio strongly depended on mineral composition and 243 

porosity. Young's modulus measures the hardness of a rock, which, in this case study, increases 244 

as the combined calcite and quartz content increases (Fig. 7a). Sample 6 had the highest 245 

combined content of calcite and quartz at 99.5%, corresponding to the highest Young's modulus 246 

value of 39468 MPa (Table 2, Fig. 7a). In contrast, the lower Young's modulus values of 1927 247 

MPa (sample 7, Table 2) and 5120 MPa (sample 8, Table 2) were observed in samples with 248 

higher phyllosilicate contents (14.4% and 22.0%, respectively Table 1, Fig. 7b). Phyllosilicates 249 
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typically exhibit elastic and plastic behaviour, making them less susceptible to brittle 250 

deformation.  251 

  252 

 253 

 254 

Fig. 7 Young’s modulus behaviour as a function of (a) calcite + quartz and (b) phyllosilicates 255 

 256 

Poisson’s ratio shows an increasing trend with increasing calcite and quartz contents (Fig. 8a). 257 

In contrast, due to their elastic or plastic behaviour, Poisson’s ratio decreased with increasing 258 

phyllosilicate content (Fig. 8b). For example, sample 1 showed a high Poisson´s ratio value of 259 

0.26 (Table 2), and the phyllosilicate content was 0.8% (Table 1). In contrast, sample 8, which 260 

showed a high phyllosilicate content of 22.0% (Table 1), reported a low Poisson ratio of 0.06 261 

(Table 2). This suggests lateral deformation may become less significant than axial deformation 262 

as the phyllosilicate content increases, reducing Poisson’s ratio. 263 
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 265 

 266 

Fig. 8 Poisson’s ratio behaviour as a function of (a) calcite + quartz and (b) phyllosilicates 267 

 268 

Additionally, porosity affects the mechanical behaviour of the rock as the volume of voids in the 269 

internal pore structure contributes to increased deformation when subjected to load or stress. 270 

Thus, samples with greater porosity are more flexible, resulting in lower values for both 271 

Young’s modulus and Poisson´s ratio, as shown in Fig. 9a and 9b. For example, sample 6 272 

showed a low porosity value of 0,4% (Table 2), resulting in high values of Young´s modulus of 273 

39468 MPa and Poison’s ratio of 0.2 (Table 2). In contrast, sample 7 showed a high porosity 274 

value of 15.1% (Table 2), leading to low values of Young´s modulus of 1927 MPa and Poisson’s 275 

ratio of 0.14 (Table 2).  276 
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 278 

 279 

Fig. 9 Influence of porosity on (a) Young’s modulus and (b) Poisson’s ratio 280 

  281 

6. Conclusions 282 

The exploratory study of the geomechanical properties of the Vale das Fontes Formation leads 283 

to the following concluding remarks:  284 

1) The X-ray results indicate that calcite is the most representative mineral in the Vale das 285 

Fontes Formation, followed by quartz and phyllosilicates. The porosity of the studied 286 

samples varies between 0.4% (sample 6) and 15.1% (sample 7), with an average value of 287 

7.3%. 288 

2) The geomechanical properties of rocks are strongly dependent on their mineralogical 289 

composition and porosity: 290 
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- Rock samples with a high content of brittle minerals, such as calcite and quartz, present 291 

high compressive strength values. Thus, samples 1 and 6, which are characterised by the 292 

higher calcite and quartz contents of 99.2% and 99.5%, report the highest compressive 293 

strength values of 155.98 MPa and 150.67 MPa, respectively.  294 

- Phyllosilicate-rich samples exhibit plastic and/or elastic behaviours and, therefore, less 295 

brittleness, resulting in lower compressive strength. In the present study, the lower 296 

compressive strength values of 21.4 MPa and 36.4 MPa are reported in the samples with the 297 

highest phyllosilicate contents, sample 7 (14.4%) and sample 8 (22.0%).  298 

3) Results show that compressive strength values generally increase as porosity decreases. 299 

Therefore, samples 1 and 6 report the highest compressive strength values of 155.98 MPa and 300 

150.67 MPa, respectively. These samples have the lowest porosity values of 4.6% (sample 1) 301 

and 0.4% (sample 6).   302 

4) Young’s modulus and Poisson’s ratio show average values of 23.747 MPa and 0.18, 303 

respectively. Both parameters show an increase with decreasing calcite and quartz content, 304 

whereas an increase in phyllosilicate content leads to a decrease in these values. In addition, 305 

samples with higher porosity of 15.1% and 11.7% are reported for samples 7 and 8, show 306 

increased flexibility, which is associated with a decrease in both Young’s modulus (1927 MPa, 307 

sample 7 – 5120 MPa, sample 8) and Poisson’s ratio (0.14, sample 7 – 0.06, sample 8). 308 
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Sample Location Member 

X-ray 

Calcite            

(%) 

Quartz 

(%) 

Phyllosilicates 

(%) 

Magnetite                

(%) 

Albite 

(%) 

1 Peniche MLUP 95.6 3.6 0.8 - - 

2 Peniche MLUP 79.7 11.6 8.6 - - 

3 Coimbra MLUP 88.7 9.1 2.2 - - 

4 Peniche LML 96.9 2.0 1.1 - - 

5 Peniche LML 90.8 5.0 4.2 - - 

6 Brenha LML 94.2 5.3 - 0.5 - 

7 Peniche MLOF 64.6 14.7 14.4 - 6.3 

8 Peniche MLOF 59.2 14.6 22.0 - 4.3 

9 Brenha MLOF 85.2 7.8 7.1 - - 

MLUP – Marls and limestones with Uptonia and Pentacrinus; LML – Lumpy marls and limestones; 

MLOF – Marly limestones with organic-rich facies.  
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    Geomechanical parameters 

Sample Location Member 
Porosity 

(%) 

Maximum 

load  

(KN) 

Compressive 

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

Passion 

ratio 

1 Peniche MLUP 4.6 194.15 155.98 30269 0.26 

2 Peniche MLUP 6.8 163.21 130.33 23212 0.22 

3 Coimbra MLUP 7.3 92.01 74.25 23745 0.16 

4 Peniche LML 6.0 89.38 71.34 38379 0.16 

5 Peniche LML 7.9 62.52 50.21 25981 0.22 

6 Brenha LML 0.4 188.67 150.67 39468 0.20 

7 Peniche MLOF 15.1 26.76 21.4 1927 0.14 

8 Peniche MLOF 11.7 45.20 36.4 5120 0.06 

9 Brenha MLOF 6.0 152.64 124.88 25624 0.21 

MLUP – Marls and limestones with Uptonia and Pentacrinus; LML – Lumpy marls and limestones; 

MLOF – Marly limestones with organic-rich facies. 
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