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Highlights 

• Create diagenetic stages now overprinted by dolomitisation 

• Digitally generate pore networks to calculate porosity and permeability 

• Micrite, dolomite, Nummulites controls on petrophysics are investigated  

Abstract 

The fossiliferous Eocene carbonate reservoir interval of the offshore Hasdrubal Field 

has a diagenetic history in which dolomitisation of micrite-rich facies has significantly 

enhanced reservoir quality. Using published information on the diagenetic evolution, 

digital textural representations of the limestones and dolostones are created using 

the Multi-Component Architecture Method (MCAM). This technique allows integration 

of images at different length scales (e.g., SEM, micro-/nano- XRT) which provide 

different forms of information about the pre-dolomitisation rock, including textural and 

compositional factors, and the arrangements of preserved components. These digital 

representations of the dolostones, together with their now completely overprinted 

precursor micritic limestones, permit exploration of the impact on porosity and 

permeability of uncemented, partly cemented and biomoulds Nummulites, their 

number per unit volume, and their orientation (i.e., uniformly or randomly orientated) 

allowing investigation of the petrophysical consequences of different distributions, 

orientations and abundances of the matrix and fossiliferous components. Viable 

diagenetic pathways, which were identified by thin section analysis as well as data 

available in the literature, are linked to petrophysical property evolution. In this way 

MCAM permits investigation of earlier stages of the diagenetic processes which were 
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overprinted by later diagenetic processes. 

KEYWORDS: Multi-component model; multi-scale pore network; digital rock 

models; dolomitisation; carbonate diagenesis; reservoir characterisation; carbonate 

porosity; permeability 

1. Introduction 

Carbonate reservoirs hold over 50% of the world’s remaining conventional 

hydrocarbon reserves (Burchette, 2012; Garland et al., 2012; Nagalakshimi and 

Sivasakthi, 2017), but they can be very difficult to produce. One notable production 

challenge is recognising and accounting for the often significantly variable 

petrophysical properties common in carbonate reservoir rocks. This variability arises, 

in part, because of the original rock fabric’s tendency to be spatially variable, and, in 

part, because of the strong tendency of these rocks to experience ongoing 

diagenesis, which typically magnifies the variability (e.g., McLimans, 1987; Akbar et 

al., 1995; Machel, 1999, 2005; Esteban and Taberner, 2003; Flügel, 2004; Mazzullo, 

2004). 

Because estimating porosity and permeability away from well data, for example for 

geomodel building, is very demanding, sufficient knowledge of the petrophysical 

property distribution often requires support from indirect, non-reservoir sources such 

as outcrop analogues, structural restorations and basin models. This is the case for 

the offshore Hasdrubal reservoir, previously a nummulitic limestone, now extensively 

dolomitised, in which all micrite appears to have been dolomitised. Mangione (2016) 

and Mangione et al. (2018) assessed the immediately pre-dolomitisation conditions 

(Macaulay et al., 2001; Racey et al., 2001; Beavington-Penney et al., 2008) to better 
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predict the extent of dolomisation away from the drilled region. They used a basin 

model study to constrain burial conditions and also developed fluid and heat flow 

simulations of this incipient dolomitisation environment. Those simulations suggested 

that as dolomitisation initiated, a salt dome localised convective systems, locating 

burial dolomitisation above it and so making prediction of dolomitisation extent 

potentially more tractable. 

Mangione (2016) and Mangione et al. (2013, 2018) used their models and 

simulations to explore the impact of petrophysical properties on the dolomitisation 

extent prediction. Note that no pre-dolomitisation rock samples, or reliable 

analogues, could be identified. The work presented in this paper addresses the 

methods used to digitally recreate the petrophysical property datasets when, as for 

Hasdrubal, there is no physical object to measure. It relies on a suite of tools to 

create digital equivalents of overprinted components and to combine them with still 

existing components to create a whole-rock digital model that can then be used to 

calculate porosity and permeability. 

Digital rock models can be developed from measurable rock samples or from a 

variety of other inputs. When there is suitable information on the rock texture of 

interest, digital rock models (e.g., Wu et al., 2006; Jiang et al., 2012, 2013; Blunt et 

al., 2013; Mangione et al., 2014; Hosa and Wood 2020) provide a potential pathway 

for deriving such rock properties. Examples of this rock-texture based approach are 

given in van der Land et al. (2013), Wu et al. (2013), Mangione et al. (2014), and 

Jiang et al. (2018). Digital rock models can work very well when 3D images, such as 

well-resolved X-ray tomographic reconstructions, are available as input but they are 

particularly valuable where there are no such images. The latter approach has 
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proven important for generating digital rock models to investigate potential diagenetic 

pathways, as described in van der Land et al. (2013), Wu et al. (2013), Mangione et 

al. (2014) and Buckman et al. (2020). Each of these cited studies created a set of 

simplified diagenetic stages to investigate the consequences of different, or the 

same but differently sequenced, diagenetic events. 

The use of digital rock modelling for carbonate rocks, as here, is of course much less 

straightforward than it is for clastic rocks. Carbonates often have pore elements of 

significantly different sizes, often making it impossible to obtain suitable images of all 

elements in one acquisition with one tool type. So multiple tool type use is common 

and must be accommodated. For example, micro-X-ray tomography reconstructions 

(XRT) can be used to image larger pores (in 3D), whilst Scanning Electron 

Microscopy (SEM) is used to obtain 2D images of the smaller pore systems. 

Combining the different types and scales of images in a meaningful fashion can be 

very challenging (e.g., Padhy et al., 2007; Jiang et al., 2013; Nag 2017). High-

resolution images from SEM can depict pores within a small portion of a sample, but 

an SEM image using just one resolution can capture only certain pore scales, 

missing both larger and smaller pores. This latter issue can be resolved by using 

automated collection of high-resolution SEM montages from a selection of different 

sized representative areas to capture the range of pore sizes, shapes and 

architectures (Buckman et al., 2017). However, all these approaches have 

drawbacks. In some cases, file sizes are unmanageably large, or acquisition is too 

costly. There could be quality control issues or the sample intended for SEM analysis 

cannot be cut because sectioning is destructive and must be the last step of an 

analysis. 
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To overcome this group of challenges, a different approach was used, recognising 

that images at different length scales were needed, that different acquisition tools 

and techniques can be appropriate at the different scales, and that there was 

therefore a need to develop a technique to integrate the different tools at different 

functional length scales. This technique was called the Multi-Component Architecture 

Method (MCAM: Mangione 2016, Jiang et al., 2018), and it was employed here.  It 

was used to generate a pre-dolomitisation rock model as well as several potential 

stages in the diagenetic evolution including the present day for comparison to 

petrophysical measurements made from cores provided to the study by the operator.  

Thin sections from cores have also been provided by the operator. 

A key driver for the current work is that no well-matched analogue for the Hasdrubal 

reservoir pre-dolomitisation micrite has been identified but some components are 

available. Good approximations to the Nummulites component of the pre-

dolomitisation rock exist. The dolomite template needed to make equivalent 

dolomitised models was taken from a Hasdrubal core thin section (provided to the 

study by the operator) for its well-preserved but representative dolomite crystals. But 

without the micrite, confidently estimating porosity and permeability is difficult. These 

individual elements, and their individual variations, were characterised or imaged as 

appropriate then assembled using MCAM into a series of whole-rock representations 

that reflect particular diagenetic stages. This includes pre- and post-dolomitisation 

states and explores several diagenetic sequences that are consistent with the 

observations made by Mangione (2016) and Mangione et al. (2013, 2014, 2018). 

The paper is organised as follows. After the geological and reservoir setting is 

described, use of digital rock methods to set up several Rock Models is presented, 
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and then the petrophysical results for the Hasdrubal Field are discussed. Finally, a 

set of possible diagenetic scenarios in relation to the results obtained from MCAM 

are examined and assessed. 

 

2. Geological and Reservoir Setting 

The gas-condensate Hasdrubal Field is in the central area of the Gulf of Gabes near 

the SE edge of the Pelagian Platform, offshore Tunisia (Fig. 1) and it is a NNW-SSE 

trending horst block approximately 5 km by 3.5 km in extent. In the Gulf of Gabes, 

salt diapirs breached the Mesozoic and Cenozoic deposits also influencing 

deposition (Bishop, 1975; Zaïer et al., 1998; Loucks et al., 1998; Racey et al., 2001; 

Mejri et al., 2006; Beavington-Penney et al., 2008) but salt mobilisation only affected 

the NE margin of the Hasdrubal Field (Beavington-Penney et al., 2008). Structural 

events from the Late Permian to the present-day have all contributed to the Field’s 

current tectonic setting (Klett, 2001; Macaulay et al., 2001; Racey et al., 2001; 

Beavington-Penney et al., 2008). 

The El Garia Formation is the reservoir interval of the Hasdrubal Field and is part of 

the Metlaoui Group, which is dominantly Ypresian in age (Fig. 2). Hasdrubal’s 

petroleum was sourced by the lateral- and time-equivalent Bou Dabbous Formation, 

which surrounds the reservoir and is a deep-water organic rich mudstone with 

planktonic foraminifera (globigerinid), deposited in a deep-water embayment 

(Macaulay et al., 2001; Racey et al., 2001; Beavington-Penney et al., 2008). The El 

Garia Formation is dominated by allochthonous mud-rich nummuloclastic sediments 

with abundant in-situ B-form Nummulites (Beavington-Penney et al., 2005, 2008) 



8 
 

(Fig. 3). The A-form Nummulites hosted in packstones-grainstones tend to occur on 

top of palaeohighs and represent a remnant of the large volumes of sediment 

deposited on these shallow marine, euphotic settings; the missing volumes of 

sediments having been deposited in the surrounding deeper water as 

nummuloclastic debris-rich wackestones and packstones (Beavington-Penney et al., 

2005, 2008). These palaeohighs are believed to have been generated by salt 

diapirism and fault movements. 

The 40 to 60 m thick reservoir interval, was divided into four layers by Macaulay et 

al. (2001): Layers 1 and 4 are non-dolomitised layers, Layer 2 is dominated by A-

form Nummulites grainstones and Layer 3 is formed of dolomitised packstones and 

wackestones. Porosity and permeability measurements from RCA (Routine Core 

Analysis) show that highest porosity and permeability are found in the dolomitised 

layers (Fig. 4) being, approximately, 5 to 25% porosity and, approximately, 0.10 to 

30mD permeability respectively. Layer 3 in Well H3 has the highest values of both 

porosity and permeability, also caused by partial dissolution of Nummulites, which 

generated biomoulds in an approximately 1m thick interval. The three less porous 

and less permeable non-dolomitised layers have porosity values in the range <5% to 

approximately 15% and permeabilities <0.10mD approaching approximately 10 mD 

in the best quality rock (Fig. 4). Unfortunately, these non-dolomitised layers are, and 

always have probably been, micrite-free and so they cannot provide a template for 

the pre-dolomitisation micrite. 

The dolomitisation of micrite rich facies is of burial origin and has occurred at a 

temperature between 78°C and 97°C and has enhanced reservoir quality in the 

Hasdrubal reservoir interval (Macaulay et al., 2001, Beavington-Penney et al., 2008; 
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Mangione 2016, Mangione et al., 2018). When the micrite of a wackestone is 

replaced by dolomite and converted to dolostone, typically with a crystal size less 

than 20µm, the pore size of the dolostone is similar to the precursor lime mud (i.e., 

lime mud is considered to be made by particles that are less than 20µm) and 

permeability is potentially unchanged. But generally, dolomitisation leads to 

increased crystal size and potentially to change in pore size and structure as well 

(Sun, 1995, 2004; Lucia, 2004; Machel, 2004). When the dolomite crystals are larger 

than 20µm, then the pore size will also be larger than the precursor lime mud. In this 

case permeability could well be enhanced by dolomitisation. Permeability increases 

potentially by a factor of 10 as crystal size increases from fine (average crystal size 

of 15µm) to medium (average crystal size of 50µm) to large (average crystal size of 

150µm) (Lucia, 1995, 2004). 

Two conceptual models have been hypothesised to explain the origin of the 

dolomitising fluids in the Hasdrubal Field. Macaulay et al. (2001) suggested a closed 

system in which the magnesium required for dolomitisation to occur was sourced by 

the transformation from high magnesium calcite to low magnesium calcite in the 

Nummulites’ calcite. Beavington-Penney et al. (2008) questioned this model 

recognising that several fields close to the Hasdrubal Field have similar amounts of 

skeletal nummulitic material but do not show the extensive dolomitisation of the 

Hasdrubal Field. These latter authors suggested that the distribution of dolomite 

could be related to localised structural controls of magnesium abundance, 

magnesium being provided by both the transformation from high to low magnesium 

calcite of Nummulites tests and fluid flow via faults (i.e., a partially closed system). 

Since the Hasdrubal Field is above a strike-slip fault, which does not intersect any 

other nearby fields, Beavington-Penney et al. (2008) claimed that dolomitising fluids 
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could have entered through this fault zone. 

Finally, it should be noted that Mangione (2016) and Mangione et al. (2018) 

integrated published fluid inclusion data with burial and thermal history ranges 

derived from their basin modelling studies. These authors suggested that the main 

phase of dolomitisation occurred at depth between 1.7 and 2km and was 

approximately isochronous (Mangione et al., 2018). 

3. MCAM 

3.1. Background and Data Assembly 

One of the main objectives of this study is to estimate porosity and permeability 

immediately prior to burial dolomitisation, with an additional objective being to 

understand the evolution of those properties. As explained above, meeting these 

objectives requires the identification of the main components of the pre-

dolomitisation rock mass along with the geological conditions over the relevant time 

period, such as burial depth and temperature. This, in turn, requires an 

understanding of the sequence of events, both geological and petrophysical, at least 

for the immediately preceding dolomitisation, so that appropriate constraining values 

can be chosen. Once a range of viable components (e.g., Nummulites tests, rock 

textures) are created, these can be assembled using MCAM so that ranges of 

representative porosity and permeability values can be calculated (Jiang et al., 

2018). 

The following provides a summary of MCAM, with the full details supplied in 

Mangione (2016) and Jiang et al. (2018). The essence of MCAM is its ability to 

digitally combine information concerning the pore systems of distinct rock 
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components, derived from various sources (e.g., optical thin section studies, micro- 

and nano-XRT, SEM), and assembling composite pore-system models while 

preserving the spatial distributions of the identified components.  

Thin section analysis provided the base for understanding the spatial distribution of 

Nummulites and dolomite in the reservoir. Thin section analysis of the Hasdrubal 

reservoir has been documented in Macaulay et al. (2001), Beavington-Penney et al. 

(2008), Mangione (2016), and Mangione et al. (2018) and the models used in this 

work are based on these published works. These authors found no remaining micrite 

in the thin sections, all the original micrite having been replaced by dolomite. The 

non-dolomitised parts of the reservoir interval, Layers 1, 2 and 4, consist almost 

entirely of Nummulites with extensive mechanical and chemical compaction while 

Layer 3 shows dolomitisation of the original micritic mud plus minor mechanical and 

chemical compaction features. In addition, a part of Layer 3 as seen in Well H3 

shows higher porosity and permeability than measured elsewhere, at least partly 

caused by the local development of biomouldic porosity, itself generated by 

dissolution of Nummulites tests. 

MCAM is appropriate in the current work because of the well-defined spatial 

arrangement of the fossil and matrix components. These components possess 

contrasting pore systems that exhibit variable pore sizes and connectivities. The 

multiple pore systems must be assembled into a composite whole to create a 

representative digital rock model, and hence a means of calculating the porosities 

and permeabilities. To achieve this, MCAM requires initial creation of separate digital 

rock models that depict the small-scale pore-solid patterns, here in the order of a few 
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microns, and also similar models that are large enough to depict the larger scale 

pore-solid patterns (Jiang et al., 2012, 2013), here reaching millimetres in diameter. 

To create a single combined digital rock model with all scales included, the voxel 

size of that composite model would have to be that of the most-resolved component, 

but the overall model would require a physical size suited to the largest components. 

In practice, a large physical domain, with highly-resolved (and thus small) voxels, 

would lead to a model comprised of far too many voxels to be useful, given the 

current computing capabilities. To overcome those technical limitations, the MCAM 

approach avoids the need to create a composite voxellated model. Instead, pore-

network models of the spatially-restricted component parts are assembled, in the 

appropriate spatial locations within the model domain, and then connected into a 

composite pore network system. The pore network models are not voxellated, and 

instead use real-number space coordinates, so the only real constraint is the 

computing capacity. Larger model domains can be represented with a pore network 

model when compared with methods that rely on the voxellated representation. Once 

a pore network model has been constructed, established methods, such as 

Poreflow32 (Valvatne and Blunt, 2004; Valvatne et al., 2005), for simulating fluid flow 

in pore networks can be used to derive the effective flow properties of the composite 

domain. 

The technical details of the MCAM approach are presented in Mangione (2016) and 

Jiang et al. (2018), but a summary is given here (see also Fig. 5): 

1) Optical thin section analysis, and associated SEM images, were used to identify 

the sequence and effects of the depositional fabric/texture alteration (e.g., 

identification of micrite and dolomite prototypes) primarily by diagenetic events, 
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together with the micro-texture and crystal size of the dolomite that replaced the 

matrix micrite. Lacking any preserved samples of the pre-dolomitisation micrite, 

some possible micrite textures were created. The dolomite template however was 

derived from thin section analysis. Thus, a small range of matrix models was created 

for both micrite and dolomite textures, to accommodate the variations observed or 

inferred. Each fabric/texture example was used to derive a pore network model, 

which provides the geometric and topological (G&T) characteristics of that network. 

Using the stochastic methods of Jiang et al. (2013), the G&T characteristics can be 

re-created within any physical space. In the matrix materials, the pore networks can 

be represented by a single-scale approach, although a multi-scale approach (Jiang 

et al., 2013) could be employed if the matrix material warranted that. 

2) XRT images of Nummulites–containing samples from the Hasdrubal cores were 

used to derive 3D templates of the fossil tests, depicting the imaged solid and pore 

arrangements.  Resolution was 18 microns. The primary (i.e., biological) void 

systems of these fossils consist of macro-scale growth chambers and connections. 

The scanned Nummulites tests were then segmented, using several potentially 

suitable algorithms, to identify the pore network within Nummulites. The results of 

using different segmentation algorithms and morphologies of the Nummulites tests 

were compared to explore the impact on the results and the most suitable one was 

chosen. The algorithms used for segmentation as well as their impact are described 

in Mangione (2016) and Jiang et al. (2018). Additional nano-scale pore elements 

(seen in analogue examples of Nummulites, but not imaged via XRT) are expected 

to connect the growth chambers to the exterior, across the walls of the fossils. To 

this already-multi-scale and spatially-arranged primary pore system, diagenesis has 

added new pores, or destroyed pre-existing ones. 
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3) The actual fossils observed in the core material occur in a range of sizes, together 

with variable diagenetic effects. In order to account for the variations, the primary 

pore systems of the Nummulites were transformed into an analytical model of the 

geometric pattern of growth chambers. These analytical models were then employed 

to create the primary pore systems of larger and smaller versions of the fossil tests. 

The nano-pores of the fossil walls are then added. Additionally, diagenetic overprints 

(which can enhance pores, or occlude them) were added. Together, the suite of 

fossil models captured the range of variation observed and inferred. 

4) To construct composite models of the rock, the pore networks of the selected 

matrix and fossil elements were assembled into their respective regions of the 

composite domain. Note that a series of composite models were generated. The 

fossil elements were placed first, according to the rule chosen for orientations and 

density, followed by the chosen matrix pore network filling the remainder of the 

space. Connections between the fossil elements and the surrounding matrix were 

arranged according to one of several options (see Jiang et al., 2018). Each 

composite pore network was then passed to the flow simulation software, from which 

the whole-sample permeability is derived. Note that the flow simulation method was 

capable of performing multi-phase flow, but the results presented here illustrate only 

single-phase permeability. 

The subsurface conditions immediately preceding dolomitisation can be estimated 

from the spatial, thermal and temporal context. The burial depth at which 

dolomitisation occurred is estimated at around 1.7 to 2.0km (Mangione, 2016; 

Mangione et al., 2018). The Hasdrubal reservoir interval is currently buried to about 

3 km, about 1.0 to 1.3 km deeper than the proposed depth where dolomitisation 
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occurred. However, no major diagenetic events have been identified post-

dolomitisation (Mangione, 2016). Compaction and cementation processes that 

happened pre-dolomitisation are not simulated, and instead, these processes are 

represented by the choice of micrite templates. This is a simplification of the study. 

3.2. Rock Models  

Macaulay et al. (2001), Beavington-Penney et al. (2008), and Mangione (2016) 

described the diagenetic evolution of the carbonate reservoir in the Hasdrubal Field 

and agreed that dolomitisation of micrite-rich facies has enhanced overall reservoir 

quality. MCAM was used to explore the possible textural states and their 

petrophysical consequences at different diagenetic stages identified by Macaulay et 

al. (2001), Beavington-Penney et al. (2008), Mangione (2016), and Mangione et al. 

(2013, 2018) and with a range of component types and arrangements as discussed 

above. These are referred to as Rock Models. In each Rock Model, a chosen 

assembly of Nummulites is embedded in one of three micrite templates or the 

dolomite template (Table 1). The three micrite-only rock models calculate 

permeabilities of 2mD (Micrite 1), 9mD (Micrite 2) and 41mD (Micrite 3). The single 

dolomite-only rock model has a permeability value of 29mD based on dolomite 

crystal size and shape seen in thin section. 

In the absence of suitable analogues, the main control on the micrite texture 

estimate was inferred by using analogues buried to similar depths and with a similar 

diagenetic history. Basin modelling estimates that the reservoir was approximately 

within the interval 1.7-2 km during dolomitisation (Mangione, 2016; Mangione et al., 

2018) and therefore micrite textures that represent three possible micrites at different 

depths are employed (i.e., different porosities, assuming normal compaction trends). 
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In addition, limited published material supports average permeability around 20 to 40 

mD at 1.5 to 2.5 km maximum burial depth (Kirby, 2012; Harland et al., 2015). Rare 

measurements of shallow Holocene wackestone sediments have near-surface mean 

values of 68% porosity and 228 mD, respectively (Enos and Sawatsky, 1981) 

providing a rather distant, upper limit. Budd (2001, 2002) estimates average 

permeability in similar sediments to already be less than 40 mD at a burial depth of 

greater than 500 m. 

Several different representations of Nummulites, namely uncemented and 

undissolved, with added cementation and lastly with the tests partially dissolved (i.e., 

biomoulds) were used. These Rock Models aimed to reproduce what was observed 

in thin sections (Fig. 6) as well as to investigate the earlier stages of the textures.  

The Nummulites with minimal cement, recorded in the XRT images, were used as a 

prototype for uncemented Nummulites; these are labelled as UC. To create a 

prototype for the partly cemented Nummulites (PC), a given amount of Nummulites 

chamber void space was removed from the UC case, effectively replacing the 

targeted pore space with solid. Finally, a fraction of the chamber walls was 

numerically removed to generate a Nummulites representation to be used as a 

prototype of biomoulds (BM). The parameters that were varied are: the Nummulites 

type (UC, PC and BM); their number per unit volume, which was set as either 10 or 

20; Nummulites orientation, set as uniform or randomly orientated (Table 1). The 

Nummulites-tests’ external boundaries can be permeable or impermeable and so are 

either open or closed. No intermediate states were examined. Note that the 

Nummulites size was kept constant for the results presented here. 

The calculations of permeability from the configurations described above provided 
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permeability values in the three principal directions, but the results shown below use 

an arithmetic average value, both because the directional variability is very small and 

because the core analysis data (which provide the ground truth) do not identify the 

permeability direction. 

4. Permeability Evolution 

This section describes and assesses a series of Rock Models created to explore the 

petrophysical consequences of choices of, for example, micrite or dolomite template 

or nature and distribution of Nummulites. Finally, the results of these Rock Models 

were linked to the diagenetic events derived by Macaulay et al. (2001), Beavington-

Penney et al. (2008) and Mangione (2016). 

Results of the series of Rock Models, using Micrite1, with both randomly and 

uniformly orientated Nummulites with closed boundaries, (both the aperture and the 

test outer edge), show that increasing the density of Nummulites leads to a 

permeability decrease as compared to the Micrite1-only case (Fig. 7), though this 

decrease is only slight. The open Nummulites boundaries Rock Models also produce 

a permeability lower than Micrite1-only, though slightly higher than does the closed 

boundaries case. In this case some fluid movement into and out of the Nummulites 

test occurs, but the pore system of the fossil does not provide a pathway that 

bypasses the matrix. The Rock Models using Micrite2 and Micrite3 show a similar 

pattern, with the presence of Nummulites decreasing permeability from the micrite-

only values in each case. Generally, closed boundaries result in slightly lower bulk 

permeabilities than open boundaries, as expected. Unsurprisingly when doubling the 

Nummulites number per unit volume (with closed or open boundaries) permeability 
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decreases as well. In the latter case the impact of the boundaries (i.e., closed or 

open) was negligible. There are also small differences between using Nummulites 

with a random and with a uniform orientation. 

The Rock Models using the dolomite template with each of the three Nummulites 

templates (UC, PC and BM) in turn, all with an open boundary, show that the 

resulting permeability difference between using the PC and the UC Nummulites is 

negligible (Fig. 8). This is consistent with any connected pore space within the 

Nummulites not having a big influence, because fluid movement into and out of the 

test is still dominated by the matrix-material connections between fossils. However, 

using the Rock Models with BM Nummulites, corresponding to biomouldic porosity, 

permeability increased by approximately 6mD over the UC and PC Nummulites Rock 

Models. This change is still small but indicates that an increase in larger-scale, 

better-quality flow pathway (through the dissolved BM Nummulites, even though the 

aperture is held constant) is sufficient to reduce the influence of the matrix. Note that 

the combinations of Nummulites and matrix (micrite or dolomite) are chosen to 

represent diagenetic events observed or expected to have occurred at Hasdrubal, 

and do not attempt to cover all possible combinations that might be plausible 

elsewhere in the region. 

The Rock Models described above were chosen to represent potential stages in the 

diagenetic events which affected the reservoir. Mangione et al. (2018) integrated 

published fluid inclusion data with burial and thermal history ranges derived from 

their basin modelling studies to derive their estimate for the main phase of 

dolomitisation at depth between 1.7 and 2km. Mangione et al. (2018) was also 

followed in assuming that the main dolomitisation phase was approximately 
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isochronous. The post-dolomitisation processes addressed here as dissolution of 

Nummulites (creating biomoulds) and cementation of Nummulites were assumed to 

be approximately isochronous. Although compaction occurred, compaction was not 

modelled nor separate out its mechanical and chemical components. Instead 

reasonable assumptions in line with the basin modelling results were made and 

diagenetic sequence observations of Mangione (2016), including that, in the absence 

of any evidence of overpressure, porosity declines with depth in a simple way. 

Thin section analysis shows that permeability, which is generally recognised as 

having been increased by dolomitisation, is most affected by the value of 

intercrystalline porosity in the dolomitic matrix and the RCA data show that the 

highest permeability is in Layer 3. In addition to this generally more permeable 

nature of Layer 3, an approximately 1m thick Layer 3 interval in Well H3 shows 

biomoulds after dissolution of Nummulites tests which increased the permeability 

locally. Mangione et al. (2018) demonstrated, via numerical simulations, that this 

localised dissolution appears to result from higher temperature regions that 

developed on top of an underlying salt dome. The MCAM simulations results that 

use biomouldic porosity calculate an approximately 6mD permeability increase as 

compared with the UC and PC Nummulites scenarios. The simulations also show 

that intraskeletal/intraparticle porosity within Nummulites does not increase 

permeability. As comparison the textures used and the calculated porosity and 

permeabilities supports an increase in Nummulites density producing permeability 

lowering due to the isolated pore systems within the Nummulites. 

Thin section analysis, fluid inclusion and isotope data as well as basin modelling, all 

suggest that the micrite was dolomitised during its burial. Therefore, it is possible to 
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speculate three potentially viable sequences of burial dolomitisation (i.e. scenarios) 

which are populated with the appropriate MCAM results which are described below. 

A schematic representation of the diagenetic events affecting these three scenarios 

is given in Fig. 9 and the corresponding petrophysical properties evolution is in Fig. 

10: 

• Scenario 1 (red and blue arrows in Figs. 9 and 10): starting with micrite and 

Nummulites tests limestones which were then dolomitised during the main 

burial dolomitisation event. The resulting rock consists of Nummulites tests 

without additional cement and dolomite, increasing bulk permeability 

somewhat. Permeability is further enhanced by partial dissolution of 

Nummulites in an approximately 1m thick interval in Layer 3, generating 

biomoulds. Some of these biomoulds were cemented leading to a subsequent 

bulk permeability decrease. 

• Scenario 2 (black and blue arrows in Figs. 9 and 10): as for Scenario 1 except 

micrite becomes progressively compacted and cemented during burial. This is 

followed by the main dolomitisation event. Also, as in Scenario 1, dissolution 

of Nummulites tests in an approximately 1m thick interval generating 

biomoulds occurs, increasing permeability. Again, some biomoulds were 

subsequently cemented leading to permeability decrease. 

• Scenario 3 (green and blue arrows in Figs. 9 and 10) as for Scenario 2 but 

micrite becomes even more compacted and cemented during burial. As in 

Scenarios 1 and 2, dissolution of Nummulites generating biomoulds occurs 

with permeability increases and was followed by some degree of biomoulds’ 

cementation leading to permeability decrease. 
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The porosity and permeability results derived from the different MCAM Rock Models 

using the dolomite template and different assemblies of Nummulites (uncemented, 

partly cemented and biomoulds) with different orientations are shown in Fig. 11, 

together with the core porosity and permeability data taken from the reservoir interval 

cores. The MCAM-derived values are within the data cloud occupied by the 

measured core data and particularly the dolomitised layers in Fig. 11. These MCAM 

results lie centrally within the porosity field and are at the upper end of the 

permeability field. This correspondence indicates that MCAM replicated the 

dolomitised core texture such that its calculated porosity and permeability lie within 

the data cloud, at least in these case, supporting the ability of the digital rock models 

to adequately capture the textural characteristics of the reservoir rock as represented 

in cores. The ability of MCAM to provide acceptable representations of the core data 

is encouraging for its use to represent rocks that have been partially overprinted: this 

is the main value of MCAM. 

The input, the textural characteristics of the Nummulites, dolomite cement and their 

arrangement and distribution were tailored to the observed textures seen on cores 

and thin sections. Under these conditions provided the software operates correctly a 

match would seem inevitable and this is what is seen here. However, the Rock 

Models and their porosity and permeability calculations are not unique. Alternate 

states and paths could also lead to acceptable matches with the observations, but in 

the absence of textural evidence to challenge the interpretation, those have not been 

examined. 

5. Discussion 
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MCAM allowed us to combine hard and soft information taken from, or used in, 

activities such as micro-/nano- XRT, SEM, petrographic studies, basin modelling, 

fluid inclusion and isotope analyses, as described by Mangione (2016), Mangione et 

al. (2014, 2018) and Jiang et al. (2018). As well as challenges and uncertainties 

inherent in the technique, each case will have its own areas of lower and higher 

confidence in the fidelity of the representations. A complete analysis of the strengths 

and weaknesses of the MCAM technique is addressed in Jiang et al. (2018). 

In the Hasdrubal case, most concerns centre around appropriate representation of 

the overprinted material, particularly the texture of the micrite. In the absence of 

suitable analogues, the main control on the micrite texture estimate is inferred by 

using analogues which were buried at similar burial depth and which have 

experienced a similar diagenetic history. Published fluid inclusion data for Hasdrubal 

suggest dolomitisation temperature between 78°C to 97°C (Macaulay et al., 2001) 

and basin modelling estimates a reservoir depth of approximately 1.7-2km 

(Mangione, 2016; Mangione et al., 2018). Kirby (2012) and Harland et al. (2015) 

suggested values for this type of sediment around 20 to 40 mD while Budd (2001, 

2002) estimated average permeability in similar sediments to already be less than 40 

mD below 500 m. The micrite templates used in this work have petrophysical 

properties which cover almost the whole spectrum of the known porosity and 

permeability from the literature and, between them, can represent a series of 

potential stages in the pre-dolomitisation part of this system’s evolution, most 

probably reflecting timing and depth of burial variations. Finally, it should be noted 

that MCAM does not simulate the diagenetic event and dolomitisation but it 

represents texture for chosen points. It provides the digital models needed for 

porosity and permeability value calculations and from the sequence of digital models 
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the evolution can be assessed for geological likelihood.  

Although MCAM was applied to calculate petrophysical properties both before and 

after the dolomitisation event, it can be used to represent different lithologies and/or 

different diagenetic evolution as well as former parts of rock which are now missing 

or parts that have not been sampled where there is good reason to believe they 

existed. MCAM is designed to be flexible and, particularly, is able to accommodate 

textural data of different kinds and different resolutions to give as detailed a picture 

as possible. These predicted properties can thus be used for exercises such as flow 

simulations or to understand events or processes in the geological record that have 

left evidence and traces but not measurable material. 

RCA data, of course, provide the latest stage values only and can be used as tests 

of predictions, but they cannot, by themselves, be used to estimate values for earlier 

stages in the petrophysical evolution. To be able to derive values for these earlier 

stages of the rocks, their diagenetic history is required to understand porosity and 

permeability evolution, but textures developed during earlier stages of petrophysical 

evolution have not been preserved and so cannot be imaged directly; this is the main 

focus of this work and the key driver for the development of MCAM. In addition, since 

there is no micrite left in the Hasdrubal Field, it is not possible to constrain the 

numerical results with the RCA data. The results from digital rock models using the 

dolomite template, show good agreement with the RCA providing a further 

confirmation that the representative elementary volume was captured, at least for the 

rock textures that are currently in the reservoir. This confirmation can be used to 

infer that the representative volume was also captured in the digital rock models of 

the rocks before dolomitisation and that the method is robust. In addition, one of the 
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strengths of MCAM is the ability to combine pore networks and therefore overcome 

the challenge of the different scales of carbonates. One can then speculate that 

potentially, MCAM can represent even more complex pore and pore throat systems. 

So far, this work investigates essentially two different pore network types but, in 

theory MCAM is ably to combine several pore networks. The main challenge that it 

can be anticipated, would be the computational cost. As concluded also by Jiang et 

al. (2018), this method is flexible enough to represent other multi-components rocks. 

However, this has not been tested yet and further investigation is needed. 

It should be noted that generally the scale at which the RCA is carried out is different 

from the scale of pore network models. Therefore, one should not look for a perfect 

match which will probably never occur but for the ability of the methodology to 

replicate the reality. As already suggested by Jiang et al. (2018), this model 

highlights the need for a correct determination of dominant pore scaled, the spatial 

correlation and the cross-scale connections to create multiscale networks which can 

capture the heterogeneous structures in carbonates. 

A fundamental challenge of the pore-scale modelling exercise is the representativity 

issue. Porosity and permeability values are calculated on a cube that has millimetre 

dimension. These values could be then potentially used to populate model at 

reservoir or basin scale. This is a key challenge that is difficult to address, especially 

in carbonates that are known to be very heterogeneous. However, there are different 

considerations that can help identifying if the digital rock models are representative. 

The textures observable in thin sections and in cores vary from grainstones to 

wackestones with different densities and orientations of Nummulites tests (Macaulay 

et al., 2001; Racey et al., 2001; Beavington-Penney et al., 2008; Mangione 2016 and 
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Mangione et al., 2014, 2018). Grainstones are volumetrically less abundant. In 

addition, because grainstones show important compaction features performing a 

viable diagenetic back-stripping exercise would be too challenging. Hence digital 

rock models of grainstones were not created. On the other hand, the variations of 

wackestone textures were explored and represented by several digital rock models 

changing the number and distribution of Nummulites tests. These digital rock models 

were a good representation of what was observed in thin sections. In addition, the 

textures of the thin sections and the cores were visually compared, and it was 

concluded that the thin sections are representative of the cores. Again, this is a 

further confirmation: because digital rock models are representative of thin sections 

and thin sections are representative of the cores, the digital rock models results can 

be used as input for the heat-flow simulations. It should be further noted that often a 

thin section was made every approximately 25cm of core and hence the data are 

quite closely spaced. 

6. Conclusions 

This work shows a new workflow, MCAM, which is able to combine information 

derived from different images at different length scales (e.g., SEM, micro-/nano- 

XRT). MCAM permits investigation of diagenetic pathways for rock textural and 

petrophysical states even when the earlier stages of the process have been 

overprinted. It has the potential to create digital representations of past textures as 

well as present and can do so by integrating a larger range of input types than was 

previously available as well as to predict future states. 

This capability enables studies, particularly those that require viable but now 
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unavailable textural states, to have a digital form. This use is demonstrated for a 

dolomitised Nummulites-rich reservoir limestone, focusing on identifying the now 

overprinted immediately pre-dolomitisation state. This study creates digital 

representations of the dolostones, as well as their now completely overprinted 

precursor micritic limestones and explores the impact on porosity and permeability of 

uncemented, partly cemented and biomoulds Nummulites, their number per unit 

volume, and their orientation (i.e., uniformly or randomly orientated). Viable 

diagenetic pathways have been identified by thin section analysis as well as data 

available in the literature and the MCAM outputs have been used to investigate the 

petrophysical consequences of different distributions, orientations and abundances 

of the matrix and fossiliferous components, so extending the work beyond the limited 

sample availability. 

This flexible use of the MCAM method to represent incompletely available, or even 

unavailable rock with geologically reasonable soft information has good potential for 

extending the range of diagenetic alteration studies to previously intractable cases. 

The ability of digital rock models illustrated here in the recreation of overprinted 

material could foreshadow their broader use to qualitatively represent materials 

whose characteristics are understood to be well bounded but are not available as 

well as purely speculative rocks. It is possible to speculate that MCAM can represent 

even more complex pore and pore throat systems and combine several pore 

networks since this method is very flexible to represent other multi-components 

rocks. However, this has not been tested yet and further work is needed to advance 

the needed knowledge. It should be noted that generally, the RCA data are at 

different scale with respect to the scale used in this work. Therefore, a perfect match 

is only possible for rocks presenting a very simple pore structure. MCAM needs 



27 
 

information about spatial correlation and the cross-scale connections to create 

multiscale networks which can capture the heterogeneous structures in rocks in 

general and in carbonates in particular. This is a key challenge that is difficult to 

address, especially in carbonates that are known to be very heterogeneous. 

Finally, by understanding the dolomitisation at well locations as well as inferring the 

diagenesis away from good well data, one can use MCAM to recreate digitally 

putative rocks and calculate petrophysical properties. MCAM has also the potential 

to be applied to any rock of which the diagenesis is known, or speculations can be 

made. The calculated petrophysical properties can be then used for simulation at 

bigger scale and sensitivity can be explored. MCAM is also able to represent 

previous states of the rocks which cannot be directly measured. The calculated 

porosity and permeability can use, for example, to populate reactive transport 

models at basin scale to predict dolomitisation away for good well data. 
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Fig.1 A) Location of the Hasdrubal Field showing well positions and the A–A’ shows the line of the 
schematic cross-section shown in (B). Arrows show where the source rock was encountered, suggesting 
that the Hasdrubal Field is surrounded by the source rock (modified from Beavington-Penney et al., 
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2008); B) cross section A-A’ showing the horst structure and the different geological formations and C) 
correlation of the different layers in the different wells using gamma-ray (left trace) and density-neutron 
(right trace) logs (modified from Mangione et al., 2018).  

 
 
Fig.2 Chronostratigraphy and lithostratigraphy of the study area (modified from Klett 2001 and 
Beavington-Penney et al., 2008). 
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Fig.3 Photomicrograhs from the reservoir interval in Hasdrubal cores. 1), 2) show Nummulites tests (N), 
intra-particle porosity within Nummulites tests (IPP) and chemical compaction features (i.e. stylolites, S); 
3) and 4) show dolomitised micrite (D); (5) shows inter-crystalline porosity (ICP) between dolomite 
crystals (D) and 6) shows dissolved Nummulites (arrows). See each image for scale bar. The thin 
sections were epoxy-impregnated, and the photomicrographs were taken using plane polarized light 
(modified from Mangione 2016).  
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Fig.4 Porosity and permeability derived from RCA (Routine Core Analysis) of the reservoir divided in four 
layers (Mangione 2016). 

 

 

Fig.5 A generated model; A) X-ray tomographic image of a Nummulites; B) the Nummulites extracted 
from the image (pores in red, solid in green); C) a 2D image used as a training image for reconstructing 
one or more 3D matrix models; D) a slice of the resultant model and (E) 3D model showing both matrix 
and Nummulites.  
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Rock Model 

Type of 
template 

Realisation 
of 
Nummulites 

Nummulites per 
unit volume 

Nummulites 
Orientation 

Border 
Type  

M1S10_closed Micrite 1 UC 10 Same orientation Closed 

M1R10_closed Micrite 1 UC 10 Random 
orientation 

Closed 

M1S20_open Micrite 1 UC 20 Same orientation Open 
M1S20_closed Micrite 1 UC 20 Same orientation Closed 
M1R20_open Micrite 1 UC 20 Random 

orientation 
Open 

M1R20_closed Micrite 1 UC 20 Random 
orientation 

Closed 

M2S10_closed Micrite 2 UC 10 Same orientation Closed 
M2R10_closed Micrite 2 UC 10 Random 

orientation 
Closed 

M2S20_open Micrite 2 UC 20 Same orientation Open 
M2S20_closed Micrite 2 UC 20 Same orientation Closed 
M2R20_open Micrite 2 UC 20 Random 

orientation 
Open 

M2R20_closed Micrite 2 UC 20 Random 
orientation 

Closed 

M3S10_closed Micrite 3 UC 10 Same orientation Closed 
M3R10_closed Micrite 3 UC 10 Random 

orientation 
Closed 

M3R20_closed Micrite 3 UC 20 Random 
orientation 

Closed 

M3S20_open Micrite 3 UC 20 Same orientation Open 
M3S20_closed Micrite 3 UC 20 Same orientation Closed 
M3R20_open Micrite 3 UC 20 Random 

orientation 
Open 

D1S10_UC_closed Dolomite 1 UC 10 Same orientation Closed 
D1R10_ UC_closed Dolomite 1 UC 10 Random 

orientation 
Closed 

D1S20_ UC_open Dolomite 1 UC 20 Same orientation Open 
D1S20_ UC_closed Dolomite 1 UC 20 Same orientation Closed 
D1R20_ UC_open Dolomite 1 UC 20 Random 

orientation 
Open 

D1R20_ UC_closed Dolomite 1 UC 20 Random 
orientation 

Closed 

D1S10_PC_closed Dolomite 1 PC 10 Same orientation Closed 
D1R10_ PC_closed Dolomite 1 PC 10 Random 

orientation 
Closed 

D1S20_ PC_open Dolomite 1 PC 20 Same orientation Open 
D1S20_ PC_closed Dolomite 1 PC 20 Same orientation Closed 
D1R20_ PC_open Dolomite 1 PC 20 Random 

orientation 
Open 

D1R20_ PC_closed Dolomite 1 PC 20 Random 
orientation 

Closed 

D1S20_BM_open Dolomite 1 BM 20 Same orientation Open 
D1R20_BM_open Dolomite 1 BM 20 Random 

orientation 
Open 

 
Table1 Names of rock models showing micrite, dolomite, Nummulites templates chosen, Nummulites 
distribution parameters and Nummulites boundary type. UC = uncemented: PC = partially cemented; BM 
= biomoulds after dissolution of Nummulites tests. 
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Fig. 6. 1), 2) and 3) are SEM images showing Nummulites tests (N) which are also dissolved (BMN), 
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dolomite crystals (D) with inter-crystalline porosity (ICP) which sometimes is filled by kaolinite (K). 4) 
shows X-ray tomograph of a Nummulites test showing also intra-particle porosity within the Nummulites 
test (IPP); 5) and 6) are digitally-produced (MCAM) textures for the same reservoir interval showing 
biomoulds after dissolution of Nummulites tests (BMN), dolomite crystals (D) with inter-crystalline 
porosity (ICP), uncemented Nummulites tests (UCN),  intra-particle porosity within the Nummulites tests 
(IPP) and micrite (M). 
 
 

 
 
Fig.7 Porosity and permeability results from MCAM using the three micrite templates in the different 
Rock Models as shown in the key. See Table. 1 for the Rock Model details.  

 

 
 
Fig.8 Porosity and permeability results from MCAM using the dolomite template in the different Rock 
Models as shown in the key. See Table. 1 for the Rock Model details.  
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Fig.9 Schematic representation of scenarios 1, 2 and 3. Events started from top left and follow arrows. 
Arrow labels identify the events they represent. The difference between the three scenarios is the point 
of the burial depth at which dolomitisation occurred (and hence which type of micrite (e.g., petrophysical 
properties) was present). After the dolomitisation event, all scenarios are assumed to be the same: the 
newly created rock texture was made by non-cemented Nummulites tests and dolomite. Then 
permeability can be further enhanced by dissolution of Nummulites tests in an approximately 1m thick 
interval in Layer 3 in Well H3 generating biomoulds. Some of these biomoulds were then cemented 
leading to permeability decrease. 

 

 
Fig.10 Evolution of porosity and permeability for scenarios 1, 2 and 3. Compaction and cementation of 
micrite shown to reduce permeability, followed by dolomitisation that enhanced permeability leading to 
rock textures made by non-cemented Nummulites tests and dolomite. Subsequently permeability can be 
further enhanced by dissolution of Nummulites tests in an approximately 1m thick interval in Layer 3 in 
Well H3 generating biomoulds. Some of these biomoulds were cemented leading to permeability 
decrease (5). 
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Fig.11 RCA data and results from MCAM. The filled circles identified by the three arrows represent the 
results from MCAM using the dolomite template and uncemented, partly cemented and biomoulds 
Nummulites Rock Models (UC, PC and BM respectively). It should be noted that there is practically no 
difference in porosity and permeability between the Rock Models with uncemented and partly cemented 
Nummulites. The development of biomouldic porosity after dissolution of Nummulites tests (BM) in an 
approximately 1m thick interval in Layer 3 in Well H3 is able to generate increased permeability.  
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