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Abstract 8 

This paper presents a comprehensive analysis of multiscale geological, petrophysical and rock 9 

mechanical data acquired from 35m of outcrop well core from the Late Jurassic (Kimmeridgian) Upper 10 

Jubaila Formation, Saudi Arabia. In this location the sequence is a typical shallow marine heterogeneous 11 

carbonate sequence and a direct analogue to a part of the prolific Arab D reservoir sequence in the 12 

subsurface towards the east. Four main lithofacies types were identified with a general shoaling 13 

upwards trend, varying from nodular bioturbated peloidal mudstone/ wackestone facies to sharp-based 14 

intraclast-peloidal, skeletal rudstone/floatstone facies. The mineralogy in the upper section of the well 15 

cores is predominantly calcite, while the lower section is also comprised of some dolomite and quartz. 16 

Stratiform dedolomitization as a telogenetic overprint is only evident in the upper 18m of the core and 17 

controlled by vertical flow of meteoric fluids. The core plug porosity distribution is lower than that of the 18 

subsurface equivalent reservoir zones, and is attributed to meteoric cementation. Thalassinoides 19 

burrow features in mudstone and wackestone facies in the upper sections of the core control horizontal 20 

permeability distribution at the centimeter to meter-scale. Micrite morphology and dedolomitization 21 

appear to be key controls on plug permeability, rock strength and sonic velocity. Based on the trends 22 

observed in compressive rock strength, p-wave velocity and plug porosity distributions, the cored 23 

section was divided into five main rock mechanical layers. Despite reduced porosity, the average 24 

compressive rock strength in the outcrop core is lower than that of the Arab-D subsurface equivalent 25 

rocks, indicating overall ‘weakening’ of the rock due to telogenetic processes and surface weathering.  26 

Keywords:  Jurassic Arab-D, outcrop database, dedolomitization, bioturbation, micrite, carbonate 27 

characterization, reservoir management 28 
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1. Introduction 29 

Carbonate rocks host a significant proportion of world’s hydrocarbon reserves, but their characterization 30 

is challenging because they are extremely heterogeneous with a wide-range of multiscale depositional 31 

and diagenetic textures. These complexities and heterogeneities become increasingly evident once 32 

carbonate reservoirs are being produced, field developments mature, and secondary or even tertiary 33 

recovery methods are required. In this context, carbonate reservoir characterization methods through 34 

integration of multi-scale and multi-disciplinary data become highly important and relevant. Compared 35 

to 1D core analysis, investigations on outcrop analogues allow high-resolution geological and 36 

petrophysical 2D/3D analyses and thus, represent a valuable opportunity to test new workflows and 37 

develop 2D/3D high-fidelity reservoir models.  38 

Outcrop analogue data can contribute to the development of fit-for-purpose integrated data analysis 39 

methods, in particular when it comes to characterization of complex reservoirs (Kerans et al. 1994; 40 

Odling et al., 1999; Grammer et al., 2004; Wennberg et al., 2006; Howell et al., 2014). Lateral and 41 

vertical facies variabilities and their architectures can be studied more extensively and in greater detail 42 

on outcrops through continuous measurements, which when carefully calibrated and integrated with 43 

subsurface data lead to more reliable geomodels. In particular, outcrop data help constrain reservoir 44 

characteristics in the inter-well volumes, and allow robust representations of vertical and lateral 45 

heterogeneities at these scales. In this context, field outcrop analogues are particularly useful for 46 

fracture network studies since they enable a more accurate understanding of three-dimensional natural 47 

fracture network geometries (Yose et al. 2001; Lamarche et al., 2012; Abdulmutalib & Abdullatif, 2017). 48 

Furthermore, diagenetic studies closely reveal the influence of reservoir architecture and early-formed 49 

structural features on late stage diagenesis (mesogenesis); for example, stratiform (bed-bound) vs non-50 

stratiform (along fracture zones) dolomitization and dedolomitization (Cantrell et al., 2007; Swart et al., 51 

2017). Moreover, outcrop studies provide insights into how late-stage diagenesis may control rock 52 

mineralogy, fabric and geochemical signature, as well as petrophysical and rock mechanical properties 53 

(Cantrell et al., 2007; Vandeginste and John, 2010).  54 

The main limitation of outcrop analogue studies often lies in the poor comparison of petrophysical data 55 

from subsurface reservoirs and their corresponding outcrop sections, owing to the telogenesis and 56 

weathering of exposed rock strata. Furthermore, surface related diagenetic processes and the effects of 57 

uplifting can cause differences in natural fracturing between the outcrop and subsurface equivalent 58 
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formations. Outcrop analogue studies of fractures hence commonly face the problem of additional 59 

fracture sets resulting from unloading during exposure (McQuillan 1985).  60 

A vast majority of the outcrop studies of Arab-D and Upper Jubaila formations focused on the Wadi 61 

Nisah area, which is located 90 km south of Riyadh (Saudi Arabia).  During the previous decades, several 62 

authors studied the paragenesis of the Upper Jubaila Formation outcrops (e.g. Basyoni and Khalil, 2013; 63 

Eltom et al., 2015) and as part of the Arab-D reservoir zone in the subsurface (Mitchell et al., 1988; 64 

Lindsay et al., 2006; Rosales et al., 2018). A few studies targeted the dolomitisation (Cantrell et al., 2001, 65 

Cantrell et al. 2004; Swart et al. 2005; Peng and Cantrell. 2016; Swart et al., 2016) and dedolomitisation 66 

processes (Cantrell et al., 2007), although the origin and timing of porosity creation is still under 67 

intensive discussion (e.g. Ehrenberg et al., 2019). Eltom et al. (2013b) studied the presence of 68 

microporosity in Late Jurassic outcrop sections at Wadi Nisah and reported three main types of 69 

microporosity based on their morphology; between micro- and macro-sparry crystals of calcite, between 70 

various morphologies of micrites, and within the crystals of dolomites. Abdlmutalib et al. (2015) and 71 

more recently Abdulmutalib and Abdullatif (2017) studied the relationship between lithofacies and 72 

geomechanical properties in the upper Jubaila Formation and concluded that the diagenetic factors and 73 

the rock mechanical and petrophysical properties are the main controls on fracture intensities in the 74 

Upper Jubaila and Arab-D Formations outcropping at Wadi Nisah.  75 

In this paper, we present a comprehensive multiscale study utilizing geological, petrophysical and rock 76 

mechanical data from 35 meters of well cores from Wadi Laban to describe and characterize the Jurassic 77 

Upper Jubaila Formation in Saudi Arabia. This formation is a typical example of shallow water carbonate 78 

sequences and in particular an outcrop equivalent of parts of the Arab D reservoir sequence in the 79 

subsurface. In comparison with previous outcrop studies in Saudi Arabia and elsewhere (Sharief et al. 80 

1991; Kerans et al. 1994; Grammer et al. 2004; Vaughan et al. 2004; Aigner et al. 2007; Adams et al. 81 

2011; Zeller et al. 2011; Ahmadzamri et al. 2014; John et al. 2015), the main focus of this paper is the 82 

characterization of outcrop well core and how this data can contribute to field scale outcrop and 83 

subsurface studies to address the scale-dependent heterogeneities in carbonate reservoirs. For the first 84 

time, we present a detailed overview of the vertical occurrence and distribution of pore types, cements 85 

and further diagenetic products in the Upper Jubaila Formation in this outcrop. Moreover, this study 86 

includes a detailed rock mechanical analysis based on high resolution scratch test data acquired from 87 

these outcrop core. We note at the outset that we do not aim to equalize the petrophysical and rock 88 

mechanical properties of these outcrop rocks with those of equivalent subsurface reservoir zones, due 89 
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to the diagenetic overprint caused by telogenesis. Instead, our goal is to understand the trends and 90 

relationships, in comparison to the subsurface, between the petrophysical and rock mechanical 91 

properties, rock micro- and macro-textures and patterns of metre scale spatial variability. This paper 92 

hence provides an exemplary case study of i) how depositional architecture and structural heterogeneity 93 

impacts late stage diagenesis, i.e., mesogenetic and telogenetic processes, and ii) how the rock fabric 94 

and micro-textures can be affected by late stage diagenesis, which in turn influence the petrophysical 95 

and rock mechanical properties. The practical applications of the database acquired from this outcrop 96 

study to develop new workflows are illustrated in the following works, which are published elsewhere: 97 

(1) testing of image-based machine learning workflows using SEM as well as whole core CT image data 98 

(Ramdani et al., 2020) and (2) development of a rock-typing workflow to upscale small-scale geological-99 

petrophysical heterogeneities critical to rock quality and flow into reservoir simulation grid-block scale 100 

(Chandra et al., 2019).   101 

2. Geological background 102 

Jurassic outcrops along the Tuwaiq Mountain escarpment (Figure 1A) have been studied since the early 103 

1900’s (Holdich, 1923). After the first hydrocarbon discovery in the Upper Jurassic Arab Formation in 104 

1938 (Powers, 1962), mapping and detailed studies were conducted and the Jurassic strata was 105 

classified into lithostratigraphic units (Bramkamp and Steineke in Arkell, 1952; Steineke et al., 1958; 106 

Powers et al, 1966; Powers, 1968). Since then the lithostratigraphic classification of the Jurassic strata 107 

has been modified in a series of publications by Vaslet et al. (1983, 1987, and 1991) and Manivit et al. 108 

(1985a-b, 1986). Detailed biostratigraphic studies include Enay et al. (1987), Tintant (1987), Almeras 109 

(1987), Depeche et al (1987), Manivit (1987), Okla (1987), Manivit et al. (1990), Fischer et al. (2001), and 110 

Hughes (2004a-b). Genetically based depositional sequences were first defined by Mitchell et al. (1988), 111 

followed by Le Nindre (1990), Al-Husseini (1997), Handford et al. (2002), Lindsay et al. (2006), Al-Awwad 112 

and Collins (2013a-b), Al-Awwad and Pomar (2015), and Al-Mojel et al. (2020).  113 

From a structural perspective, the study area in Wadi Laban west of Riyadh is part of the central Arabian 114 

graben system, which consists of a complex pattern of numerous smaller individual grabens and 115 

lineaments up to 90km long. Together these form an approximately 500 km long arc concave toward the 116 

east (Weijermars, 1998). Faulting in this system began in the Late-Cretaceous time and is believed to 117 

have continued through the Eocene (Ibrahim et al., 2012). Fault zones in these structures typically 118 

consist of a principal boundary fault, subsidiary antithetic or synthetic normal faults, and minor 119 

antithetic or synthetic extension faults. In the Riyadh area interpretation of aeromagnetic data by 120 
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Ibrahim et al. (2012) concluded that shallow basement structures are dissected by NW and NE trending 121 

faults and bounded from the eastern side by NNW Najd fault system, which forms the eastern side of 122 

the so-called Tuwaiq escarpment.  123 

 124 

Figure 1. (A) Jurassic outcrops (blue area) along the Tuwaiq mountain escarpment, Saudi Arabia (B) 125 
from left to right: Lithostratigraphy of the Arab-D and Jubaila Formation, the informal division of 126 
Jubaila into J1 and J2, the main subsurface Arab-D reservoir zones 1, 2 and 3, generalized depositional 127 
setting, and stratigraphic sequences of Jubaila Formation (modified after Al Mojel et al., 2020).   128 

The Arab-D reservoir is hosted by the Late Jurassic Arab-D Members of the Upper Jubaila Formation and 129 

Arab Formation (Powers, 1968; Meyer et al., 1996; Figure 1B). The Jubaila Formation is Early 130 

Kimmeridgian (Late Jurassic) in age and conformably overlies the Hanifa Formation, while it is 131 

conformably overlain by the Arab D Member (Manivit et al. 1985, Al-Mojel et al., 2020; Figure 1B). 132 

Starting from the base, the Jubaila Formation is comprised of bioturbated mud- to wackestones 133 
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interbedded with bioclastic and intraclastic pack to grainstones showing finning-up trends, followed 134 

towards the top by a succession composed of cross-bedded bioclastic grainstones, bioturbated 135 

mudstones, intraclastic grainstones, and stromatoporoid biostromal beds (Powers, 1968; Manivit et al., 136 

1985; Enay et al., 1987; Mitchell et al. 1988; Lindsay et al. 2006; Figure 1B). The Jubaila Formation has 137 

been interpreted to be deposited in a distal, storm-dominated ramp setting (Meyer & Price, 1993; 138 

Handford et al., 2002; Lindsay et al., 2006; Al-Awwad and Pomar, 2015; Jacquemyn et al., 2018), while 139 

an alternate interpretation suggests that it is a deposition in an overall low-energy wide lagoon (Enay et 140 

al., 1987), in a flat-topped inner-platform subjected to transgression-related storm pulses (Goldring et 141 

al., 2005; Al-Mojel et al., 2020). The Jubaila Formation has been informally subdivided into J1 and J2 in 142 

some previously published studies (e.g. Powers, 1968; Manivit et al., 1985; Enay et al., 1987). 143 

In the subsurface, the Arab D reservoir is interpreted to represent two shoaling upward sequences. 144 

Based on porosity logs, the sequences have been further subdivided into five Zones: 1, 2A, 2B, 3A, and 145 

3B (Mitchell et al., 1988; Lindsay et al., 2006). It is important to note that the outcropping Jubaila 146 

Formation is not an analogue to the Jubaila unit in the subsurface, but instead corresponds to the 147 

middle Arab-D reservoir unit (Figure 1B).  Table 1 summarizes the main Upper Jubaila sequence 148 

stratigraphic units and the corresponding limestone lithofacies associations, reservoir rock types 149 

(Cantrell & Hagerty, 2003; Lindsay et al., 2006) and rock mechanical layers (Ameen et al., 2009) defined 150 

in the subsurface Arab-D reservoir zones. Six lithofacies define the Arab-D reservoir units based on their 151 

typical depositional elements that represent ‘genetically meaningful packages’ (Mitchell et al., 1988; 152 

Cantrell and Hagerty, 2003; Lindsay et al., 2006). Furthermore, eleven reservoir rock types (RRTs), 153 

comprised of seven limestone RRTs (IA- IIIB) and four dolomite RRTs (Vfp, Vs, Vi, Vm), classify the Arab-D 154 

reservoir based on petrographic parameters, distinctive pore-throat size distributions and porosity-155 

permeability relationships (Cantrell and Hagerty, 2003; Cantrell, 2004). The distribution of theses RRTs in 156 

the Arab-D reservoir zones reflects the stratigraphy and vertical succession of facies in the Arab-D and 157 

Upper Jubaila formations. From a rock mechanics point of view, Ameen et al. (2009) established six 158 

major rock mechanical layers (RMLs) in the Arab-D reservoir. These are based on distinct acoustic and 159 

mechanical properties measured under increasing confining pressures and axial stresses. These RMLs 160 

correlate well with porosity and fractional flow profiles in the subsurface reservoir. While the most 161 

prolific reservoir zones 2B and 3A are divided into two RMLs each, the lower part of zone 3A and the less 162 

productive zones 3B and 4 formed a single RML (Ameen et al., 2009).  163 
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Table 1. Summary of the main Upper Jubaila sequence stratigraphic units (Al Mojel et al. 2020), 164 
subsurface reservoir zones, lithofacies associations and reservoir rock types (RRT) and rock mechanical 165 
layers (RML) in the Arab-D reservoir hosted by Jubaila Formation.  166 

Chrono-
stratigraphic 
unit 
(Al-Mojel et 
al., 2020) 

Subsurface 
Zone 

(Lindsay et 
al., 2006) 

Predominant Limestone Lithofacies associations (Lindsay 
et al., 2006) 

RRT 
(Lindsay 

et al., 
2006) 

RML 
(Ameen 

et al., 
2009) 

 

JCS2 2A  Facies 1- Skeletal-oolitic grainstone, well sorted, relatively 
uniform 

IB 2 

JCS2 2B Facies 2- Cladocoropsis (CLADO), 
Facies 3- Stromatoporoid-red algal- coral (SRAC) rudstone 
and floatstone that contain a matrix of packstone and 
grainstone 

IA, IIA 3, 4 

JCS1, JCS2 3A Facies 4- Bivalve-coated grain-intraclast (BCGI) rudstone 
and floatstone that contain a matrix of packstone, mud-
prone,  
Facies 5- Micritic, wackstone to mudstone 

IIB 5, 6 

JCS1 3B Facies 5- Micritic, wackstone to mudstone IIIB 6 

 167 

3. Study Location and Methodology 168 

This study focuses on an outcrop located in Wadi Laban on the western side of Riyadh (Figure 2A), 169 

where the Upper Jubaila Formation is exposed on the Mecca-Riyadh highway along an 800 m road cut 170 

section (Figure 2B, C). Outcrop data was acquired using drone-based photogrammetry. At the eastern 171 

end of the outcrop cliff we drilled a well recovering approximately 35m of Upper Jubaila core. This 172 

specific well location along the outcrop was selected due to the close proximity to a deeper road cut 173 

section, thus allowing a correlation of the core with the longer road cut section. This location is also 174 

more readily accessible for traditional drilling equipment compared to nearby Wadi Nisah outcrops. 175 

Moreover, this section was completely described by Saudi Aramco [Pers comm. Cantrell] and studied by 176 

previous authors (e.g., Lindsay et al. 2006; Jacquemuyn et al. 2018), which would allowed the well data 177 

into future field scale outcrop studies (Vahrenkamp et al. 2019). 178 
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 179 

 180 

Figure 2. Aerial photographs showing (A) the overview of the outcrop location in Wadi Laban, West of 181 
Riyadh, Saudi Arabia (Google, n.d.) and (B) the locations of the studied outcrop cross-section, X-1, and 182 
the drilled well, DQ Well (Google, n.d.). (C) Photograph illustrating the outcrop section X-1 (NE-SW 183 
orientation), the road cut along the Mecca-Riyadh highway, exposing the Upper Jubaila Formation. 184 
The black line shows the visible projection of upper DQ well path section along the outcrop. The white 185 
arrows point to a vertical natural fracture.   186 

 Outcrop photogrammetry  187 

Drone photography was used to acquire 420 digital photographs of the outcrop from a distance of 188 

approximately 75 meters with an overlap of 90%. A digital outcrop model (DOM) was built based on 189 

these photographs and used for mapping facies geometries, structural interpretation (i.e., natural 190 

fractures) as well as mapping of depositional layers and flooding surfaces. Based on the lithofacies 191 

interpretation from the DQ well core and the ~30 m wide and ~15 m long high-resolution (2x2 cm per 192 

pixel) panel of the DQ road cut approximately 10m away from the DQ core we described the lithofacies 193 
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at the outcrop scale and their depositional architecture (Figure 3A, B). In addition, we mapped natural 194 

fractures over an approximately 10 m wide outcrop section (X-1, Figure 2B) with the projected core 195 

trace in the middle. We identified and traced natural fractures manually to ensure no manmade induced 196 

features (e.g., those created from the drilling and blasting of the outcrop during road construction) are 197 

mistakenly included in the interpretation.  198 

 Laboratory analysis 199 

Whole core (84mm in diameter) was recovered from a 35-meter-deep well, namely the DQ core, drilled 200 

about 20 m away from the face of the road cut section (Figure 2B). Spectral gamma ray (SGR) data was 201 

acquired from whole core using a handheld gamma ray spectrometer including Potassium (% K) Uranium 202 

(ppm of U) and Thorium (ppm of Th) profiles. Total gamma ray count (SGR-TC) was derived in API units 203 

using an empirical formula (Luthi, 2001). Whole core CT data with voxel resolution of 0.625mm x 204 

0.625mm x 0.625mm was acquired using a medical CT scanner. Unconfined compressive strength (UCS) 205 

and ultrasonic acoustic velocity (Vp) of the whole cores were measured using a core scratch tester and 206 

miniature ultrasonic probe attachment, respectively. The UCS values were calculated from the 207 

relationship between the force acting on the cutter, cutter width and depth of the cut (Dagrain et al, 208 

2008) at regular sampling intervals of 2 mm. In order to use the UCS data for further analysis involving 209 

core plug data, values were 'upscaled' to core plug scale using moving average method over regular 210 

intervals of 26 mm. The Vp values were derived using the first break arrival time of ultrasonic wave 211 

transmitted at 300 KHz along the 1 cm wide ‘scratched’ groove at regular sample intervals of 4 cm. 212 

Following the whole core measurements, 103 plugs were drilled sub-parallel to bedding at a regular 213 

sampling interval of 1 foot. The core plugs were further trimmed to be 1 inch in diameter and 2 inch in 214 

length. Porosity and air permeability measurements were acquired for all the core plugs. The 'trim ends' 215 

from each sample were used for thin section, X-ray diffraction (XRD) measurements and Scanning 216 

Electron Microscopy (SEM) imaging. Pore space was stained blue all the thin sections, and half of each 217 

thin section was stained with Alizarin red-S.  218 

After drilling the plugs, the whole cores were slabbed into two sections and were used to describe the 219 

lithology, sedimentary structures, components and Dunham texture (Dunham, 1962). Thin section 220 

petrograpghy and the lihtofacies classification from Table 3 and the sequence stratigraphic approach 221 

according to Al Mojel et al. (2020) were used to refine our interpretation. Pressure solution features, 222 

including dissolution seams and stylolites were also mapped along all the slabbed cores. Furthermore, 223 
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hand held probe permeameter was used to measure spot permeability along the slabbed core surfaces 224 

to understand the small scale variability of permeability. 225 

Table 2. List of characterization techniques applied on the DQ core in the laboratory 226 

Sample type Data acquisition method Output/ information 

Whole core Whole core CT imaging Core scale rock heterogeneity, 
vertical distribution of stylolites,  
3D connectivity of bioturbation features 

  Gamma ray logging Spectral gamma ray logs- K, Th, U, TC 

  Scratch testing Unconfined rock compressive strength (UCS) 

 Acoustic core logging Ultra-sonic velocity (Vp) from first arrival 

Slabbed well core Core description Facies and sequence stratigraphic analysis 

 Probe permeametry Permeability at millimeter scale 

Core plugs He porosimetry Grain density, effective porosity 

  Gas permeametry Permeability at centimeter scale 

  Mercury Injection Porosimetry  Pore size distribution 

Trim-ends Thin-section petrography Microfacies, Diagenetic products 

  SEM imaging Micrite morphology, micro-textures 

  XRD analysis Rock composition 

Table 3. Summary of identified lithofacies types according to Al-Mojel et al. (2020). Note: Due to the 227 
distinct difference in the analyzed succession of the DQ core, we subdivided facies F8 (Al-Mojel et al., 228 
2020) into two lithofacies types. 229 

Facies  
Code  

Facies name Key attributes 
 

Interpretation 
 

Facies, Al-
Mojel et 
al. (2020)  

LFT 1 Nodular bioturbated 
peloidal mudstone/ 
wackestone 

Mud- to wackestone texture, wavy to 
nodular bedding moderate 
bioturbated (Thalassinoides and 
Planolites burrows), fine to medium 
grained bioclasts of echinoderms, 
brachiopods, benthic foraminifera 

Inner lagoon F5 

LFT 2 Bioturbated peloidal 
lime-mud to 
packstone 

Mud- to packstone texture, massive 
to slightly nodular, moderate sorted, 
strongly bioturbated (Thalassinoides 
and Planolites burrows), fine to 
coarse grained shells of brachiopods, 

Highly 
bioturbated 
lagoon 

F7 
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bivalves and echinoderms, rarely 
benthic foraminifera 

LFT 3 Bioclastic to peloidal 
skeletal pack- to 
grainstone 

Pack- to grainstone texture, 
moderate- strongly bioturbated 
poorly sorted, fining-upward trends, 
fine to coarse grained bioclasts of 
echinoderms, brachiopods, 
gastropods 

Storm-
dominated 
inner-
platform 
 

F8 

LFT 4 Sharp-based 
intraclast-peloidal, 
skeletal 
rudstone/floatstone 

Rudstone/floatstone texture, cross-
bedding, HCS, poorly sorted, weakly 
bioturbated, sharp bed bases, bored 
encrusted hardground, medium to 
coarse grained intraclasts 
echinoderms, brachiopods, 
gastropods,  

Storm-
dominated 
inner-
platform 

4. Results  230 

 Vertical facies distribution and sequence stratigraphy 231 

Four lithofacies types (LFT) were identified: (1) LFT 1- Nodular bioturbated peloidal mudstone 232 

/wackestone, (2) LFT 2- Bioturbated peloidal lime-mud to packstone, (3) LFT 3 - Bioclastic to peloidal 233 

skeletal pack- to grainstone and (4) LFT 4- Sharp-based intraclast-peloidal skeletal rudstone/floatstone 234 

(Table 3). The lower part of the well core (20- 35 m; Figure 3C) is characterized by several dm-scale 235 

coarsening-upward and minor fining-upward parasequences and consists mainly of a few dm-thick 236 

bioturbated mud- to wackstone beds (LFT 1) interbedded with several dm to m-thick bioturbated wacke- 237 

to packstone beds (LFT 2). The succession is occasional interrupted by a few cm to dm-thick, poorly sorted 238 

intraclast-peloidal rudstone beds (LFT 4) associated with sharp and erosive bases. The top of the lower 239 

part is composed of a 1.3 m-thick bioclastic pack- to grainstone (LFT 3; 24.2 to 25.5 m), overlain mainly by 240 

several dm- thick bioturbated wacke- to packstone beds (LFT 1). The entire lower section (20- 35 m; Figure 241 

3C) of the well core shows a slightly decreasing SGR trend (30 to 22 API). 242 

The central part of the core (14.5 to 20 m; Figure 3C) is characterized by dm-scale coarsening-upward 243 

sequences. From the base towards the top, the section is composed of a dm-thick bioturbated mud- to 244 

wackstone bed (LFT 1), overlain by dm-thick bioturbated wacke- to packstone beds (LFT 2) and several 245 

dm- thick bioclastic pack- to grainstone (LFT 3), intersected by cm-tick, poorly sorted intraclast-perloidal 246 

rudstone beds (LFT 4). The overall succession represents a single coarsening-upward trend accompanied 247 

with a slightly increasing GR trend (22 to 26 API).  248 
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The upper part of the core (0 to 14.5 m; Figure 3C) is characterized by dm to m-scale coarsening-upward 249 

sequences. From base towards the top, the DQ core contain an approximately half a meter thick karstified 250 

horizon (Figure 3D) filled with silt-sized and Fe-rich sediment, interbedded in 2.5 m-thick dedolomitized 251 

section, topped by a dm-thick bioturbated wacke- to packstone bed (LFT 2). It is overlain by several dm- 252 

to a few m-thick bioclastic pack- to grainstone beds (LFT 3), while the top of the core (0 to 2.2 m) consists 253 

mainly of dm-thick bioturbated wacke- to packstone bed (LFT 2). Compared to the lower and central part 254 

of the core, only a few cm-thick, poorly sorted intraclast-peloidal rudstone beds (LFT 4) intersecting the 255 

upper part of the core, while the section is characterized, from the base to the top, by an increasing-256 

decreasing trend (24 to 36 to 24 API). 257 

According to the established sequence stratigraphy for the outcropping Jubaila Formation (Al-Mojel et al., 258 

2020), the lower part of the core (20 to 35 m; Figure 3C) represents a transgressive hemi-cycle, while the 259 

central part (14.5 to 20 m; Figure 3C) represents a regressive hemicycle of a high frequency sequence 260 

(HFS2). Marked by the karstified horizon, the base of the upper part (0 to 14.5 m; Figure 3C) represents a 261 

sequence boundary followed towards the top by the next transgressive hemi-cycle (HSF1). Moreover, the 262 

sequence boundary represents also the transition between two composite sequences (JCS 1 and JCS2; Al-263 

Mojel et al., 2020). 264 

Due to the regionally continuous nature of the karstified zone, we used this feature as a datum for the 265 

correlation between the DQ core and the road cut outcrop (Figure 3). The outcrop shows two different 266 

architectural styles: (I) Wide amalgamated channels and (II) narrow thin channels. During the lower 267 

transgressive hemicycle, channels composed mainly of sharped based LFT 4, are relatively wide (>30m), 268 

show an amalgamated deposition pattern (up to 2 m thickness) and scour deep into the underlying 269 

much-rich facies strata (LFT 1 to 2). In the following regressive hemicycle, channels are much narrower 270 

(<20 m), thinner (0.5 m) and well-defined. Within the upper transgressive hemicycle, only a few thin and 271 

narrow channels occur (<0.5 m thickness, (<20 m). 272 
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 273 

Figure 3. (A) NNE-SSW Orthopanel of Upper Jubaila Formation along DQ road cut outcrop. White 274 
cross-ruled pattern represents rock debris. Note the karstified section above the red line. (B) 275 
Interpreted wall panel showing a decrease of channel occurrence towards the top. Grainstone channel 276 
deposits are colored in orange. (C) Litholog, gamma ray log and sequence stratigraphy (nomenclature 277 
from Al-Mojel et al., 2020) of analyzed DQ core. (D) Section of well core with the karst feature.  278 

 Diagenetic products and vertical cement distribution 279 

The diagenetic products identified from core slabs, thin section petrography and SEM imagery can be 280 

assigned to the eogenetic, mesogenetic and telogenetic phases (Figure 4).  281 
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 282 

Figure 4. Detailed thin section images of diagenetic products. [A] Filled interparticle pore between 283 
micritized (m) shell fragments show bladed cements (B), dog tooth rims (DT), drusy (DC) and blocky 284 
calcite (BC). Vertical blue stained fracture is most likely an artefact related to the sampling. [B] 285 
Rhombic dolomite crystals (D) grown in a mudstone Dunham texture showing partial dedolomitisation 286 
[C] Partially dissolved rhombic dolomite crystals situated in brownish to black colored and cyrstaline 287 
matrix. [D] Rhombic dedolomite crystals (DD) and quartz grains (Q) in a microsparite matrix. Note: 288 
Calcite is stained in Red, while pore space is stained blue in all images. Black dots in all images 289 
represent Fe-rich minerals such as pyrite crystals and framboidal pyrite. 290 

4.2.1.  Eogenetic products 291 

Thin section and SEM analysis revealed that the majority of carbonate particles and skeletal grains have 292 

micritic envelopes or they are entirely micritized leading to a complete loss of its internal texture (Figure 293 

4A). Rare exceptions are echinoderm fragments that experienced early syntaxial overgrowth and 294 

brachiopod shell fragments. Early cements are represented by up to 25 µm long bladed calcite and by up 295 

to 6 µm long dog tooth cements appearing overall rarely (Figure 4A). Conspicuously, a bulk of carbonate 296 

grains show abundant grain-to-grain contacts (mechanical compaction). Moreover, in dozens of samples 297 

microsparite replaced the micritic matrix. We categorized the predominant micrite types along the 298 

entire core into three groups (Figure 5):  i) rounded to subrounded (average diameter between 1 and 4 299 

µm), ii) anhedral compact, and iii) fused.  300 
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4.2.2. Mesogenetic products 301 

In general, pores with a diameter larger than 600 µm are filled with euhedral blocky and drusy calcite 302 

(Figure 4A). Blocky calcite crystals can reach diameters up to 300 µm, while drusy calcite crystals range 303 

in diameter from 10 to 15 µm. Echinoderm fragments show often calcitic syntaxial overgrowth within 304 

grainstone and pack- to grainstone texture. On thin section-scale, stylolites show often a horizontal 305 

orientation with amplitudes up to approximately 1 cm. We also observed centimeter-scale horizontal 306 

stylolites on the slabbed core and CT cross-section images. Rhombic dolomite crystals occur in all 307 

Dunham textures ranging from mudstone to grainstone facie. Individual rhombic crystals range in size 308 

from 50 to 120 µm (Figure 4B) and often show brownish coatings. Further diagenetic features are silica 309 

replacements in echinoderm fragments and framboidal pyrite. 310 

4.2.3. Telogenetic products 311 

In several samples, blocky calcite crystals are partially replaced (neomorphism) by smaller anhedral 312 

calcite crystals ranging in size from 8 to 10 µm. Similar to the dolomite crystals, rhombic dedolomite 313 

crystals occur in all Dunham textures (Figure 4C and D) and have similar sizes. Observations from thin 314 

sections and SEM micrographs suggest that the dedolomite crystals are often associated with the 315 

presence of rounded to sub-rounded micrite in the surrounding matrix. Due to differential dissolution, 316 

the bulk of rhombic crystals show irregular intracrystalline pores (Figure 4C), while a few undissolved 317 

crystals present internal chaotic shapes. Both partial dissolved and undissolved crystals show a distinct 318 

outer rim (Figure 4D). Within individual samples hosting dolomite, rhombic dolomite crystals show 319 

dissolution rims. Moreover, SEM micrographs indicated the ubiquitous presence of micron to sub-320 

micron-scale low magnesium calcite needles and potentially Fe-rich geothite (Figure 5D-F), further 321 

corroborated by SEM- back-scatter electron images. A strongly karstified interval of thickness ranging 322 

from 0.5 – 1 m is observed on the outcrop cross-section (Figure 3C) and laterally extends along the 323 

entire road-cut section. The thickness of the karst interval in the well core is approximately 0.5 m (Figure 324 

3D). A more thorough investigation of the origin and nature of this karstified interval is out of scope of 325 

this paper.  326 

 327 

 328 
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   330 

   331 

Figure 5. Scanning electron microscopy (SEM) images of the main types of micrite observed in DQ well 332 
(A) rounded to subrounded, (B) anhedral compact, and (C) fused micrite types. SEM images showing 333 
the widespread presence of precipitated low Magnesium calcite and potentially geothite needles in 334 
DQ well (D) inside the interparticle and intercrystalline pore space in the upper, dedolomitized well 335 
interval (1.3 m), (E) on the surfaces of the recrystallized anhedral calcite in the karstified zone 336 
(13.29m), and (F) on the surfaces of dolomite crystals in the lower, dolomitic well interval (24.28 m).     337 

4.2.4. Vertical distribution of diagenetic products 338 

Figure 6 presents an overview of the vertical distribution of the diagenetic products along the entire DQ 339 

core. Micritic envelopes and entirely micritized grains occur along almost the entire core (Figure 6). 340 

Micritization features are only absent in some crystalline texture dominated samples (from 13 to 14.5 m 341 

and 20 m core depths) and rarely in some mudstone samples in the deeper part of the core (ca. at 19.5, 342 
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23.5 and 33.5 m; Figure 6). Furthermore, eogenetic products such as bladed and dog tooth cements 343 

appear dominantly in the core’s upper twelve meters. Grain-to-grain contacts (mechanical compaction) 344 

and microsparite occur mainly in the core’s upper half above the MFS1 (0 to 18.5 m), while we rarely 345 

interpreted these below the sequence boundary (i.e., 18m to 35 m; Figure 6). We make similar 346 

observations with typical mesogenetic products, such as pore filling cements (blocky and drusy calcite).  347 

Echinoderm fragments the syntaxial overgrowths are scattered over the entire core. Centimeter-scale 348 

stylolites appear throughout the DQ core. Thin section-scale stylolites, however, are more clustered and 349 

occur mainly in the core’s shallowest (0 to 7 m) and deeper sections (below 21.5 m); they are almost 350 

absent in between (7 to 21.5 m; Figure 6). In contrast, rhombic dolomite crystals appear exclusively in 351 

the deeper part of the core (18.5 to 35 m). Rare individual dolomite crystals that are embedded in 352 

microsparite, occur only in the shallow part of the core from 0.3 to 4 m (Figure 6). 353 

Telogenesis related replacement of blocky calcite by smaller anhedral calcite crystals (neomorphism) is 354 

scattered over the entire length of the core. Rhombic dedolomite crystals appear exclusively above the 355 

MFS1 (0 to 18.7 m; Figure 6), while only few such crystals appear in two crystalline texture dominated 356 

samples within the deeper part of the core (at 20m and 29.3 m depth). It is evident from thin section 357 

and SEM imagery that dedolomitization is accompanied by dissolution enhanced porosity. Some 358 

samples show evidence of wide spread dissolution enhanced pores of rhombic shape suggesting the 359 

near complete dissolution of dolomite crystals. Individual samples showing partial dissolutions of 360 

rhombic dolomite are scattered over the deeper part of the core. On the other hand, the presence of 361 

the Fe-rich geothite and low-magnesium calcite (LMC) needles precipitates is much more pronounced in 362 

the upper core interval (JCS2 unit). 363 

--------------------------------------------------------------------------------------------------------------------------------------- 364 

Figure 6. Overview of Dunham texture, pore types (Lucia, 1999), porosity, permeability, and diagenetic 365 
products observed in all thin sections down the core. Diagenetic products are assigned to Eogenetic, 366 
Mesogenetic and Telogenetic. Moreover, total GR and rock strength are presented that are measured 367 
on the whole core. Note: Sorting of diagenetic products is not related to the individual timing. 368 
Moreover, due to the ongoing discussion about the timing and creation of secondary porosity 369 
dissolution phases are not mentioned. 370 
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 Petrophysical analysis 372 

Figure 7 shows the correlation panel of petrophysical and rock mechanics data acquired from DQ core. 373 

The XRD profiles indicate that the mineralogy in the lower core section contains dolomite and quartz 374 

rich facies, with very low clay content. In contrast, the upper section of the DQ core (above MSF1 in 375 

Figure 7) consists predominantly of calcite. Some quartz was observed above the karst zone (Figure 7).  376 

 377 

Figure 7. Correlation panel of DQ Well petrophysical and rock mechanics data. The ‘cold to warm’ 378 
color distribution in the CT image log represent the least to highest CT density, which indicates highest 379 
to lowest porosity, respectively, in the DQ well. Inset shows core section above the JCS2 composite 380 
sequence boundary that was heavily altered due to karstification. 381 

The K, Th and U profiles derived from spectral gamma ray (SGR) analysis generally increase with depth. 382 

This trend is especially clear in the JCS1 unit (Figure 7). The sharp decrease in the SGR-K values 383 

accompanied by considerable increase in SGR-Th and U, and the consequently subtle yet notably 384 
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decrease in the SGR-total, below the karst interval (Figure 7). Furthermore, a sudden increase in the 385 

SGR-K and SGR-TC profiles was observed below MFS1 (Figure 7), while the SGR-Th and U profiles remain 386 

unchanged.  387 

4.3.1. Porosity and permeability  388 

Mean porosity and permeability values in the DQ core are 10% and 0.65 mD (Figure 8). Overall plug 389 

porosity ranges from 1.53%- 16.24% with a standard deviation (SDV) of 2.52 and plug permeability from 390 

0.01-17 mD with a SDV of 2. A remarkable trend of higher average permeability is observed in the upper 391 

stratigraphic unit JCS2, compared to the lower JCS1 reflecting the correlation between the porosity-392 

permeability and lithofacies types (Figure 8A). For average porosity values of approximately 10%, 393 

average permeability in the dedolomitized facies is 1.16 mD, which is an order of magnitude higher than 394 

the dolomitized facies with 0.33 mD (Figure 8B). With respect to the mineralogy obtained from XRD 395 

analysis, the samples containing predominantly dolomite and quartz exhibit lower permeability values 396 

than the calcite-rich samples for similar porosity values. At the millimetre to centimetre scale, the 397 

results from probe permeametry measurements taken on slabbed core faces indicate high permeability 398 

variability in the core intervals containing Thalassinoides (Goldring et al., 2005; Eltom et al. 2020a, b) 399 

burrow features (Figure 9).  Although the plug porosity and permeability values do not adequately 400 

reflect this variability (Figure 9A), it is evident from the probe permeability measurements that the infill 401 

material in the burrow features is up to four orders of magnitude higher than the surrounding matrix 402 

(Figure 9B).  403 

  404 

Figure 8. Crossplots of plug porosity and permeability showing their distributions (A) when 405 
superimposed in color by lithofacies type, and (B) compared between dolomite rich and dedolomitized 406 
facies.  407 
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 408 

Figure 9. (A) Exemplary well section showing Thallasinoides burrow facies observed on whole core CT 409 
cross-section images. From left to right- measured depth (m), plug porosity (%) and permeability (mD), 410 
and whole core CT cross-section panel. (B) Probe permeameter measurements showing stark contrast 411 
in permeability between the Thallasinoides infill (up to 300 mD) and surrounding matrix (up to 15 mD). 412 

4.3.2. Whole core CT image analysis 413 

Processed whole core CT data provide a high resolution, continuous 3D profile of the rock’s geological 414 

heterogeneities along the entire core interval. The CT cross-section images corroborate the vertical 415 

distribution of multi-scale geological features at the cm- m scale observed in thin sections and slabbed 416 

core including Thalassinoides (Goldring et al., 2005) burrow facies (Figure 9A) and stylolites (Figure 10A). 417 

Intervals containing mud dominated lithofacies with intense Thalassinoides bioturbation were visualized 418 

in 3D (Figure 10B). These images reveal appreciable lateral and vertical connectivity between the burrow 419 

features at the cm-scale.  420 
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    421 

Figure 10. (A) unrolled CT section showing the presence of low amplitude stylolites in the core (left), 422 
corroborated by observation from slabbed core (right) (B) Volume rendering of segmented 3D whole 423 
core CT showing well connected burrow features and associated vugs (dark red and blue). 424 

 Rock mechanical analysis 425 

4.4.1. Unconfined compressive strength (UCS) 426 

Unconfined compressive strength (UCS) values from scratch testing shows an overall Gaussian 427 

distribution with a mean UCS value of 68.3 MPa (Figure 11A). Overall, UCS values range from 5.53 MPa 428 

to 150 MPa with a standard deviation of ±19.5 MPa. When inspecting the UCS log in Figure 7A in more 429 

detail we see intervals of varying thickness where UCS averages a specific value (e.g., 5m – 6.5m or 430 

14.5m – 18m). These intervals are then constrained to the top and bottom by marked jumps in strength 431 

(e.g., between 18m und 19m coinciding with the MFS). Below 7m depth, the UCS profile in JCS2 432 

decreases gradually with depth, with no major sudden/sharp UCS value jumps. In contrast, the JCS1 unit 433 

reveals a sudden UCS increase below MFS1 (Figure 7A), followed by another sharp decrease at a depth 434 

of approximately 26 m. These observations may denote possible mechanical layer boundaries. Also, 435 

within the intervals we generally see appreciable variability on a smaller scale. This is expected since 436 

rock strength is a function of petrophysical rock properties and in carbonate rocks we expect these to 437 

vary on a variety of scales. The UCS log upscaled to core plug scale, UCSAVG, using a running average of 438 

12 cm and cross-plotting it against porosity reveals a general strengthening of the rock with decrease in 439 

porosity (Figure 11B). Although the trend is relatively widespread (probably resulting from the 440 

difference in scales between both measurements), this observation is consistent with other published 441 

results (Chang et al., 2016).   442 
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4.4.2. Sonic velocity (Vp) 443 

The continuous Vp sonic velocity log in Figure 7A exhibits values that generally range between 3,000 m/s 444 

and 6,000 m/s except for three distinct intervals (1m to 2.5m thick) above MFS1 where Vp drops to 445 

markedly lower values. Below MFS1 in the JCS1 unit we observe gradually decreasing sonic velocities 446 

with increasing depth. The Vp histogram profile in Figure 11C reveals an overall distribution from 2,000 447 

m/s to 5,945 m/s with a mean of 3,155 m/s and standard deviation of 1,987 m/s. We also note a 448 

somewhat bimodal Vp distribution with a shorter fraction of the core characterized by velocities 449 

between 2,000 m/s and 3,000 m/s and a peak around 2,800 m/s. This represents the three lower Vp 450 

velocity intervals mentioned above. Much of the core, in contrast, is characterized by higher Vp 451 

velocities ranging from 3,500 m/s to 5,500 m/s and a peak at 4,800 m/s.   Because compressive rock 452 

strength and porosity are positively correlated, we expect a similar trend of Vp with porosity. In Figure 453 

11D we display the cross plot of Vp versus porosity and similar to the trend with UCS find a widespread 454 

correlation whereby Vp decreases with increasing porosity. Again, the widespread trend results from the 455 

scale and resolution differences between the two measurements. Porosity measurements were made 456 

on 3-inch long plugs drilled from the core every 50 cm while UCS values were derived at 2mm intervals 457 

from the scratch tests and then averaged according to corresponding plug intervals and locations.     458 

   459 
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  461 

 462 

Figure 11. (A) Histogram of unconfined compressive rock strength (UCS) profile in DQ well. (B) 463 
Crossplot of plug porosity and UCSAVG from the stratigraphic units JCS1 and JCS2. (C) Histogram of 464 
sonic velocity (Vp) distribution in DQ well. (D) Crossplot of plug porosity and sonic velocity Vp from the 465 
stratigraphic units JCS1 and JCS2. 466 



25 
 

 Natural fractures and stylolites 467 

Natural fractures and pressure solution features were mapped along the entire interval of DQ core (Figure 468 

12). Although many (sub-) vertical and mostly layer-bound fractures from cm to tens of cm in length are 469 

visible along the road cut, we only saw one natural fracture in the core itself. This partially mineralized 470 

fracture occurs in a nodular bioturbated pelodial mud-/wackestone layer and extends sub-vertically for 471 

about 0.4m (19.65m to 20.05m) along the core axis. Robust fracture study based on the outcrops in the 472 

Wadi and along the road cut (e.g.,Lamarche et al. 2012; Al-Fahmi et al., 2020, 2018, 2017; Al-Fahmi and 473 

Cartwright 2019) is part of a separate ongoing study and is out of scope of this paper. 474 

  475 

Figure 12. Correlation panel showing the vertical distribution of lithofacies types, plug porosity, 476 
unconfined compressive strength (UCS) and p-wave velocity (Vp), along with mapped pressure 477 
solution features and their density of distribution. Rock mechanical layering (RML) is inferred from the 478 
vertical distributions of plug porosity, rock strength and p-wave velocity. 479 
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Unlike fractures, pressure solution features- namely dissolution seams and low amplitude stylolites- are 480 

more abundant in the core. The pressure solution features were classified into three categories:  i) high 481 

density (more than 5 per meter), ii) low to moderate density (between 2 and 5 per meter) or iii) low 482 

density to none (less than 2 per meter). The density of distribution of stylolites strongly correlates with 483 

the lithofacies types. The upper section of the core, dominated by bioclastic pack- and grainstone facies 484 

(LFT3), is associated with higher density of stylolites. In contrast, the bioturbated lime-mud- and 485 

packstone lithofacies (LFT-1, 2) in the lower section of the core contained very low density of stylolites 486 

(Figure 12).  487 

5. Interpretation & Discussion  488 

 Impact of depositional textures on diagenetic pathways: Subsurface vs. outcrop 489 

Although hydrocarbon filled reservoir rocks are several 100 kilometers away, the samples we analyzed 490 

from the DQ well host very similar eogenetic and mesogenetic products when compared with 491 

subsurface descriptions (Mitchell et al., 1988; Lindsay et al., 2006; Rosales et al., 2018). As discussed by 492 

other authors (Al-Awwad and Pomar, 2015; Rosales et al, 2018), the absence of early cements (bladed 493 

and dog tooth cements) and absence of mesogenetic pore-filling cements (blocky and drusy calcite) in 494 

samples with pack- to grainstone and grainstone textures indicate an early compaction history. 495 

However, the dominant occurrence of both eogenetic and mesogenetic cements in the shallow part of 496 

the DQ core points to an influence of a changing depositional environment towards dominantly high-497 

energy conditions (Rosales et al, 2018; Al-Mojel et al., 2020). Presumably this led most likely to initial 498 

availability of primary pore space. The absence of eogenetic cements in the deeper part of the DQ core 499 

may be related to early dissolution processes during periods of sub-areal exposure, such as marked for 500 

the Oxfordian by negative δ18O excursions in several sections along the Tuwaiq mountain escarpment 501 

(Hanifa Formation: Al-Mojel et al., 2018). However, bulk isotope data from a stratiform section located 502 

in Wadi Nisah (Eltom et al., 2015) do not support this hypothesis. 503 

The most prominent difference compared to Arab-D subsurface characterization is the appearance of 504 

dedolomite crystals in the shallow part of the DQ core (i.e., 0 to 18.7 m, Fig. 6). Such crystals are only 505 

observed in outcrops (e.g. Cantrell et al., 2007; Eltom et al., 2015). This exclusive dedolomite occurrence 506 

along with the absence of baroque dolomite, or baroque crystal shaped pores, suggests the influence of 507 

near-surface meteoric fluids as a driver for the dedolomitization. Moreover, the presence of low 508 

magnesium calcite and potentially Fe-rich geothite needles (Figure 5D-F) similarly indicate the influence 509 
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of rainfall (i.e., humid climate conditions) and near surface fault-controlled processes (such as those 510 

presented by Vandeginste and John (2012) for Jurassic strata in the Oman Mountains). It is highly likely 511 

that the large-scale vertical fractures as seen along the DQ outcrop in the well’s vicinity provided the 512 

pathways for meteoric fluids to enter the formation and resulted in stratiform dedolomitisation. This 513 

hypothesis aligns with the large-scale dedolomitisation model described by Cantrell et al. (2007) for 514 

similar strata, where meteoric fluids enter the subsurface via large vertical fractures. The sharp 515 

transition towards the dolomite dominated deeper part of the core (~18.7 m, Figure 6) suggests a 516 

horizontal flow-barrier preventing near-surface meteoric fluids to flow deeper that coincides with the 517 

boundary between the composite sequences JCS1 and JCS2. Based on the dominating wackestone 518 

texture and associated low permeability values (0.01 to 0.1 mD) at this core depth, we postulate a 519 

depositional controlled flow-barrier. Alternatively, clogging of already limited open pores via 520 

precipitation of previously dissolved carbonates or Fe-rich minerals, released during dolomite crystals 521 

and dedolomitization dissolution, could also influence this process (Coniglio, 2003; Flügel, 2010; 522 

Vandeginste and John, 2012). Based on these observations, we recommend a more detailed large scale 523 

study to understand if this is a local or laterally more wide-spread phenomenon.  524 

Interestingly, the rhombic dolomite crystals observed predominantly in the lower core section have 525 

similar characteristics as those reported from subsurface reservoirs (e.g. Peng and Cantrell et al., 2016; 526 

Swart et al., 2016). This similarity suggests a similar origin. Within several thin sections, the outer rim of 527 

the dolomite crystals is partly dissolved, indicating a post-dolomitization dissolution phase. Rosales et al. 528 

(2018) described similar observation for the same strata in the subsurface (Khurais complex) and 529 

interpreted the pores as late burial dissolution that post-dates the latest dolomite generation. However, 530 

we cannot exclude the possibility of dissolution during post-uplift diagenesis (telogenesis) via Mg 531 

undersaturated pore waters. Since the replacement of large and pore-filling blocky calcite by smaller 532 

anhedral calcite crystals is not observed in the subsurface (Mitchell et al., 1988; Lindsay et al., 2006; 533 

Rosales et al., 2018), this diagenetic product can be dated post-burial. Moreover, since we observe the 534 

neomorphism along the entire core, we conclude that this process most likely occurred before 535 

dedolomitization and before the postulated horizontal flow barrier led to the generation of the karst 536 

horizon. 537 

 Impact of depositional and diagenetic textures on rock properties 538 

5.2.1. SGR characteristics of lithofacies  539 
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At the meter-scale high SGR level intervals typically correspond to the core intervals dominated by the 540 

rudstone and floatstone lithofacies (LFT 4). In contrast, low SGR levels intervals correlate either with 541 

bioturbated, mud-dominated lithofacies (LFT 1 and 2) and the packstone-grainstone facies (LFT 3) in the 542 

layered strata. Overall, at the meter-scale the SGR profiles within DQ core appear to be controlled by 543 

the composite sequences, while on dm to meter-scale higher order cyclicity or independent and periodic 544 

events (Jacquemyn et al., 2018) and related facies shifts are influencing the SGR profile  in the Upper 545 

Jubaila Formation. At the centimeter scale, however, thin intervals characterized by ‘lower K- higher Th, 546 

U’ or ‘higher K- lower Th, U’ values may reflect variations in clay mineral abundance. These intervals also 547 

correlate with small but visible changes in plug porosity and permeability values. The karst interval is 548 

associated with significantly high K and Th peaks, contributing to high total SGR response, indicating high 549 

clay content and very low influence of organic matter. More thorough analysis of gamma ray data to 550 

study the relationships between U, Th, K, to improve the stratigraphic interpretations of this core (e.g., 551 

Ehrenberg and Svånå 2001; Ehrenberg et al 2008; Ehrenberg et al., 2019) would require additional 552 

geochemical data, which was not available for this study.   553 

5.2.2. Distribution of porosity and permeability 554 

At the sub-mm scale, the impact of micrite morphology on porosity and permeability in the DQ core is 555 

difficult to quantify due to the telogenetic overprint such as neomorphic calcite and the ubiquitous 556 

presence of LMC and Fe-rich goethite needles (Figure 5D-F). However, observations from SEM 557 

micrographs suggest that rounded-subrounded micrite is generally associated with the presence of 558 

dedolomite crystals, potentially contributing to the improved connectivity of the pore network. In 559 

contrast, the fused-anhedral compact micrite is mainly associated with dolomite in the mud-rich 560 

intervals, resulting in tight, fitted rock fabric and lower associated permeability. At the core plug scale, 561 

higher porosity-permeability distributions in the grainier lithofacies LFT3 and LFT 4 (Figure 8A) are also 562 

associated with dedolomitization (Figure 8B). Average permeability values of samples containing 563 

dedolomite crystals are an order of magnitude higher than those with dolomite. This increase may be 564 

attributed to improved pore throat connectivity between the intergranular porosity in the bioclastic to 565 

peloidal skeletal pack- to grainstone lithofacies (LFT 3) and the intra-crystalline pores associated with the 566 

dedolomite crystals.  Based on the interpretations from the outcrop section (Figure 6) the ‘channel 567 

deposits’ comprised of LFT3 and LFT4 lithofacies are laterally extensive up to several tens of meters, 568 

suggesting a potentially well connected high permeability pathways in the outcrop scale. This 569 

observation, is in agreement with Jacquemyn et al., (2018), who studied the geometries and lateral 570 
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distributions of these grain dominated ‘channel deposits’ and concluded that these features are locally 571 

well connected- horizontally and vertically.  572 

The Thalassinoides burrow features in the mudstone/wackstone facies (LFT 1 and LFT 2) also appear to 573 

be one of the key controls of horizontal and vertical permeability distribution, particularly in the upper 574 

section of DQ core. The remarkably higher permeability values compared to the surrounding matrix 575 

(Figure 9) and the extensive network in 3D (Figure 10B) are evident from the probe permeameter 576 

measurements and whole core CT image analysis, respectively. Outcrop photogrammetry data analysis 577 

suggests (Figure 6) that the mud-dominated LFT1 and LFT2 lithofacies composed of these bioturbation 578 

features are scoured by the high permeability channel deposits (LFT3 and LFT4), which can contribute to 579 

higher vertical permeability in the meter-scale.   580 

Overall, the plug porosity and permeability distribution of the outcrop core is significantly lower than 581 

that of the equivalent subsurface reservoir rocks (Figure 13). This reduction is much more pronounced in 582 

the JCS2 unit, which is mainly composed of the bioclastic to peloidal skeletal pack- to grainstone 583 

lithofacies (LFT 3) and correspond to RRTs IA, IIA, and IIB (Table 1) in zones 2 and 3. As discussed 584 

previously this difference is most likely due to a combination of a) absence of early cements causing 585 

reduction in porosity in the outcrop rocks due to greater degree of early compaction compared to 586 

subsurface, b) most likely a possible near surface porosity reduction during telogenesis involving 587 

anhydrite dissolution in overlying evaporate layers (Arab-D anhydrite), which may have caused 588 

simultaneous dedolomitization and calcite cementation, and c) possibly enhanced porosity in the 589 

reservoir rocks due to later diagenetic processes and further preservation of porosity after hydrocarbon 590 

migration The JCS1 unit on the other hand, dominated by the micritic mudstone/wackestone lithofacies 591 

(LFT 1, LFT 2) and correspond to RRT IIIB in zone 3, does seem to have similar porosity-permeability 592 

distribution as in the reservoir. This supports the earlier discussion on the similarities between the 593 

rhombic dolomite crystals, and the overall rock fabric in the deeper DQ core intervals (JCS1) and the 594 

subsurface equivalent.  595 
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 596 

Figure 13. Comparison of DQ well porosity-permeability distributions with that of ‘equivalent’ 597 
subsurface reservoir rock types (RRT IA, IIA, IIB, and IIIB) (Lindsay et al., 2006). 598 

5.2.3. Rock strength and p-wave velocity 599 

The general trends of increasing UCS and Vp with decreasing porosity in the DQ core (Figure 11B and D) 600 

are expected and have also been frequently observed in the subsurface (Ameen et al. 2009). In contrast 601 

to porosity-permeability distributions, UCS versus Vp correlations indicate no differences between JCS1 602 

and JCS2 (Figure 14A). Furthermore, UCS and Vp distributions show no correlation with thin section 603 

interpreted depositional textures (Figure 14B). The strikingly low Vp values (marked by the dotted circle 604 

in Figure 14D), which contribute to the bimodal Vp distribution belong to three specific intervals in the 605 

DQ core: one above MFS1 in JCS1 unit and two in the JCS2 unit (Figure 7). These low Vp intervals show a 606 

strong correlation with dedolomitization (Figure 14D).  607 

 To get more insight into the strength-porosity relationship in DQ core compared to published 608 

subsurface reservoir trends, we calculate UCS from plug porosity using equation (1) (Chang et al., 2006) 609 

and add this empirical trend to the UCS-porosity cross plot in in Figure 14C.  610 

𝑈𝐶𝑆 = 143.8 𝑒−6.95∅      (1)    611 
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This empirical equation is based on so-called confined triaxial strength measurements conducted on 612 

core plugs from a Middle Eastern reservoir with low to moderate porosity (5% – 20%) and a wide UCS 613 

range between 30 MPa and 150 MPa (Chang et al., 2006). The porosity and UCS values from the DQ core 614 

fit these literature-reported ranges. Interestingly, when fitting an exponential function to our measured 615 

data and comparing it against equation (1) we find that despite the significant reduction of porosity 616 

compared to the Arab-D subsurface equivalent rocks (Figure 13), the average rock strength in the DQ 617 

core is lower  (Figure 14C). We attribute this fact to the combined effect of dedolomitization and 618 

associated rounded to sub-rounded micrite, particularly in the mud-rich intervals in the JCS2 unit.  619 

The presence of dedolomite crystals is not the only main diagenetic control of rock strength in the JCS2 620 

unit, but the extensively micritized matrix appears to markedly impact UCS as well. As mentioned 621 

earlier, most carbonate grains are heavily micritized in the DQ core, often to the extent of losing their 622 

internal textures completely. Analysis of thin sections, SEM imagery and UCS trends suggests that some 623 

intervals in JCS2 with moderate to high dedolomitization, but with predominantly fused-anhedral 624 

compact micrite, show relatively high UCS values (see Figure 15). The lower UCS intervals across the DQ 625 

core are also generally associated with intense bioturbation in the mudstone/wackstone facies and 626 

matrix dominated by rounded-subrounded micrite. Throughout the core, the higher UCS values 627 

correlated well with the presence of fused and anhedral compact micrite in the matrix. This behavior is 628 

more pronounced in the JCS1 interval, where the presence of dolomite and quartz further enhance rock 629 

strength, resulting in the markedly improved UCS below MFS-1 at 18.5 meters (Figure 7). The distinctly 630 

high UCS values (marked by the dotted circle) in Figure 14C reflect the cumulative effect of higher 631 

dolomite and quartz distribution in a specific interval below the MFS1 in JCS1 unit (Figure 7). This is also 632 

apparent in Figure 14D, wherein the highest values of UCS within DQ core correspond to some samples 633 

from JCS1 containing dolomite, which are also associated with remarkably high Vp values. 634 
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    638 

Figure 14. Crossplots of rock strength, UCS_AVG, and p-wave velocity, Vp, in the DQ-well distinguished 639 
by (A) the units JCS1 and JCS2, (B) Dunham textures. (C) Crossplot of rock strength (UCS_AVG) and 640 
porosity, showing lower UCS profile (Expon. UCS) in DQ well compared to that computed from plug 641 
porosity using Chang et al. (2006) Empirical relationship (UCS_Emp) based on subsurface plugs from a 642 
Middle-Eastern carbonate reservoir. The dotted circle represents the high quartz and dolomite interval 643 
below MFS1 showing remarkably higher UCS. (D) Crossplot of UCS_AVG and Vp distinguished by the 644 
predominant presence of dolomite (DOLO) and dedolomite (DEDOLO) crystals. The red dotted circle 645 
represents the intervals with strong association between low Vp zones and dedolomitization.    646 

 647 

Figure 15. SEM (right) and thin section (left) micrographs from points A (depth 18.18 m) and B (depth 648 
20.08 m), above and below the MFS1, respectively. The significantly higher UCS and Vp values below 649 
MFS1 are associated with the presence of dolomite and fused micrite. 650 
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5.2.4. Mechanical layering and pressure solution features 651 

The analyses and discussions in the preceding sections highlight the stratified nature of the Jubaila 652 

Formation. Different types of rock and diagenetic products are separated by interfaces, including 653 

stylolites, laminae and thin beds. These interfaces may constitute mechanically distinct intervals and 654 

boundaries (Figures 1, 6, 7 and 12) and thus are expected to influence petrophysical and mechanical 655 

properties of the Jubaila Formation. Occurrence and patterns of natural fractures – their heights and 656 

densities – are likely impacted as well (although the core only revealed one fracture, which does not 657 

allow a quantitative analysis). 658 

Based on the trends observed in rock strength (high resolution UCS and UCSAVG), p-wave velocity and 659 

plug porosity distributions, we divided the DQ core into five main rock mechanical layers from top to 660 

bottom, RML1- 5 (Figure 12). RML3 was further divided into sub-sections RML3a and 3b, due to the 661 

karstified zone and more specifically the slight increase in rock strength in RML-3b for the same porosity 662 

range. This increase could be due to the presence of quartz, immediately below the karst layer. RMLs- 1, 663 

2 and 3a correspond to the JCS2 unit, while RMLs- 3b, 4 and 5 are in JCS1. The RMLs in JCS2 are 664 

associated with high intensity of pressure solution compared to the RMLs in JCS1, especially below the 665 

MFS1 (RML-4 and RML-5). At the cm scale the relationships between UCS, Vp and porosity are also 666 

consistent with the rock mechanical layering. The only exception are the three low Vp intervals in RML-2 667 

and 3 (Figure 12). These intervals show distinctly low p-wave velocity distribution compared to the 668 

neighbouring intervals, for similar strength and porosity values. All three intervals are comprised of 669 

skeletal-bioclastic lithofacies (LFT-3) and are associated with high intensity of pressure solution (Figure 670 

16).  671 

 672 

Figure 16. Crossplot of compressional velocity (Vp) versus average compressive rock strength (UCS-673 
AVG) obtained from the core interval colored by (A) lithofacies type (LFT) and (B) observed intensity of 674 
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pressure solution seams along the core. Note the correlation between the skeletal-bioclastic 675 
lithofacies (LFT-3) and high intensity of pressure solution in the distinct sub-set of data points with 676 
lower Vp circled in red.  677 

 Implications to subsurface reservoir management  678 

Analysis of outcrop photogrammetry data concurs with the observations by Jacquemyn et al. (2018) 679 

who studied the distribution, orientation and sediment body geometries of the channelized rudstone 680 

(LFT 4) facies in the Upper Jubaila outcrop sections in Wadi Laban, and emphasized their potential role 681 

in increasing the effective vertical permeability of the entire Arab-D reservoir zone. In the DQ core, 682 

another key factor controlling the distribution of permeability is the lateral and vertical connectivity of 683 

the bioturbation features (Thallasinoides network) as evident from whole core CT analysis. Based on 684 

observations from the photogrammetry data from this outcrop along with recently published works 685 

from the nearby Wadi Nisah outcrops (Eltom et al., 2019; 2020a, b), these layers of bioturbated 686 

mudstone/wackestone facies are laterally extensive over several tens of meters. Moreover, in the 687 

subsurface equivalent zones these layers of bioturbated micritic mudstones/wackstones (LFT 1 and LFT 688 

2 in DQ core) and overlying grainstone facies (LFT 3 and LFT 4 in DQ core) result in a highly stratified, 689 

laterally extensive reservoir interval (Mitchell et al., 1988; Lindsay et al., 2006). Depending on the infill of 690 

these features in the subsurface equivalent zone, the permeability can be significantly higher than the 691 

surrounding matrix (Figure 9), and these features could act as preferential horizontal flow pathways. 692 

Consequently, the horizontal permeability of the meter-scale reservoir volume containing these 693 

burrowed features would improve. However, conventional core plug sampling methods and subsequent 694 

permeability estimation using porosity-permeability regression would grossly under-sample this 695 

connectivity. As a result, the grid-block scale permeability in the reservoir simulation model used for 696 

forecasting production during the primary or enhanced oil recovery phases would be severely 697 

underestimated in these layers/zones. Moreover, the connectivity between the macro-pores in these 698 

burrows and the micro- and macro-pores in the surrounding matrix, and how they collectively impact 699 

fluid flow within grid-block scale reservoir volumes is another critical issue that could be detrimental to 700 

the success of a given EOR scheme, which is evident in Uthmaniya reservoir (Alexander et al. 1996). 701 

These challenges can be addressed by combining focused core plugging, improved petrophysical 702 

characterization, and informed property modelling. The former delivers more accurate porosity-703 

permeability relationships at the cm to sub-grid scale in conjunction with probe permeametry. The latter 704 

is achieved via sub-grid scale modelling and ‘flow-based upscaling’ of reservoir rock types (e.g., Chandra 705 

et al., 2015).  More accurate upscaling of dynamic properties may be achieved using multi-scale flow 706 
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simulation and history-matching of core-flood experiments. Further, dynamic CT scan experiments 707 

provide an opportunity to visualize and characterize fluid flow behaviour at the core plug scale and 708 

reveal more readily fluid pathways and the processes that govern it. 709 

Similarly challenging are the presence of natural fractures and their impact on reservoir fluid flow. 710 

Reliably predicting the permeability structure of the fractured rock requires proper characterization of 711 

the natural fracture network and proper calibration as to which fractures (or fracture sets) are 712 

hydraulically conductive. Mineral dissolution and precipitation processes and in situ stresses can have 713 

significant impact on a fracture's transmissivity (Finkbeiner et al., 2019). At the outcrop and inter-well 714 

scale, horizontal and vertical flow communication between channel bodies can be markedly influenced 715 

by the aforementioned burrow networks and the presence of permeable natural fractures. These 716 

features significantly impact effective permeability and Kv/Kh in subsurface reservoir zones as they 717 

become an integral and effective part of a multi-modal and connected pore system. Robust flow 718 

simulations predicting phenomena such as water break through or coning, the advancement of steam 719 

floods, flow of polymers, or leakage pathways of CO2 require a profound knowledge of this permeability 720 

distribution. Whilst such a system is challenging to accurately simulate with conventional reservoir 721 

modelling tools, advanced modelling tools and simulation methods (e.g., surface based modelling) 722 

deliver satisfactory results (Jackson et al. 2009; Sech et al. 2009). Our future work includes developing 723 

fit-for-purpose characterization methods and high-fidelity geomodels as part of the multi-scale 724 

modelling project using regional outcrop data from the Tuwaiq Mountain Escarpment.  725 

6. Summary and conclusions  726 

In this study, we present an exemplary approach on how to use outcrop analogues for the development 727 

of high fidelity geomodels of hydrocarbon reservoirs in Saudi Arabia and elsewhere, suitable for 728 

IOR/EOR reservoir simulation studies. We present a comprehensive database and analysis of rock 729 

geological, petrophysical and mechanical properties of 35 meters of core drilled in the Upper Jubaila 730 

Arab-D reservoir equivalent outcrop formation. Four main lithofacies types (LFT 1-4) were identified; (1) 731 

LFT 1- Nodular bioturbated peloidal mudstone /wackestone, (2) LFT 2- Bioturbated peloidal lime-mud to 732 

packstone, (3) LFT 3 - Bioclastic to peloidal skeletal pack- to grainstone and (4) LFT 4- Sharp-based 733 

intraclast-peloidal skeletal rudstone/floatstone. The SGR profiles within DQ core appear to be controlled 734 

by the lithofacies associations within the stratigraphic setting, and reflect the shoaling upwards trend in 735 

the Upper Jubaila Formation. The vertical distribution of the diagenetic products observed in DQ core 736 

suggests stratiform dedolomitization, mainly controlled by vertical fractures and a flow-barrier 737 
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prohibiting vertical flow of near-surface meteoric fluids to migrate deeper into the formation. At the 738 

millimeter to micrometer scale the main controls of porosity and permeability are the extent of 739 

dedolomitization and the micrite morphology. The combination of heavily dedolomitizated crystals 740 

surrounded by matrix and grains with rounded-subrounded mictrite in the grainier lithofacies resulted in 741 

an increase of plug permeability by an order of magnitude. At the centimeter to meter-scale the 742 

Thalassinoides burrow features in the mudstone/wackstone facies (LFT 1 and LFT 2) also appear to be 743 

one of the key controls of horizontal and vertical permeability distribution, particularly in the upper 744 

section of DQ core. Rock strength and sonic velocity appear to be controlled mainly by the micrite 745 

morphology and the presence of dedolomite. Based on the trends observed in rock strength, p-wave 746 

velocity and plug porosity distributions, we divided the DQ core section into five main rock mechanical 747 

layers. The rock mechanical layers in the deeper core interval with higher rock strength, RML-4 and 5, 748 

also exhibit lower intensity of pressure solution features compared to RML-1 to -3. Despite the overall 749 

reduction of porosity, the average rock strength in the DQ core is lower than that of the Arab-D 750 

subsurface equivalent rocks.  751 
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