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Abstract 
 The fluid flow in carbonates represent mainly the flow in non-homogeneous medium. Such rocks are characterised 
both with primary and secondary porosities, where the second one is often isotropic only in strictly limited volumes of the 
depositional unit. Here are discussed several examples taken from the carbonate rocks of the Adriatic Carbonate Platform 
deposits in Croatia, on millimetre scale, well cemented, and partially dissolved and fractured. The distribution and the 
flow of fluids in such a medium, especially in two-phase liquid system, highly depends on wettability and capillary motion. 
These values need to be considered for modification of Darcy’s Law, i.e. the values of the filtration coefficient and 
thickness of the sample. 
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1. Introduction

Each sedimentary rock is characterized by total porosity: primary, secondary, or both. The value of such petrophysical 
variable is defined by their depositional model, grain packing and grain size, and by the processes of deposition, 
compaction and fracturing as well. As such processes are more or less stochastic, it is hard to quantify them with linear or 
deterministic models. However, some probability values and general equations can be derived for fluid flows in such 
rocks. Here we concentrated onto carbonate samples, taken from the rocks belonging to the Mesozoic Adriatic Carbonate 
Platform deposits from Croatia, i.e. the rocks reflecting dozens of millions years of the geological evolution. The presented 
model is fundamental to understand how the depositional evolution of Mesozoic carbonates reflects in the total porosity 
rock model and possible fluid flow in such a medium. 

1.1. General observation on theoretical porosity packing model in clastic rocks 

The total porosity is the direct consequence of the mineral grains (detritus) in rock. There are two theoretical models 
that describe how ideally spherical grains can pack – cubic and rhombohedral packing. The cubic packing (Figure 1.1) 
includes the maximal theoretical total porosity, i.e. pore volume. In the nature, it cannot be easily reached, due to several 
factors, such as real grain shapes (due to weathering), compaction, cementation, fracturing and faulting. Such grain pack 
is not in the mechanically stable state. Theoretical total porosity for cubic packing is 47 %. 
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Figure 1.1: Ideal cubic packing of mineral grains (taken from Velić et al., 2015a; 

http://www.glossary.oilfield.slb.com/Terms/c/cubic_packing.aspx , accessed 3. 6. 2018) 
 
 Rhombohedral packing (Figure 1.2) is more compact. As a consequence, maximal total porosity for rhombohedral 
packing is lower than in the cubic model, and it is 26 %. Mechanically, rhombohedral packing is more stable and it is 
more often found in the natural depositional environments, but having lower total porosity, due to the presence of fine 
detritus (clay and silt particles) and due to the cementation of the pores. 
 

 
 

Figure 1.2: Ideal rhombohedral packing of mineral grains (taken from Velić et al., 2015a; 
http://www.glossary.oilfield.slb.com/Terms/r/rhombohedral_packing.aspx , accessed 3. 6. 2018) 

 
 The compaction is the second important variable responsible for the decrease of total porosity. Such process 
continuously is active during consolidation and burial of clastics, due to lithostatic pressure. Mathematical relation 
between the depth and the total porosity of sandstones in the Northern Croatia Neogene subsurface deposits is established 
by Malvić et al (2005). Statistical analysis of the data from the Velika Ciglena syncline showed that the present-day 
difference in the sandstone units of the same lithostratigraphic member more than 500 m can clearly explain the decrease 
of total porosity. The similar effects are observed in the Galovac-Pavljani anticline, also in the Bjelovar Subdepression.  
 
1.2. General observations on the lithostratigraphy of the Southern Croatia (dominated by carbonates) 
 
 The lithostratigraphy of the Adriatic Carbonate Platform (the Southern Croatia) had been summarized, for the first 
time, in Velić et al. (2015b; Figure 1.3) and Malvić et al. (2015; Figures 1.4 and 1.5). It included entire pre-Mesozoic, 
Mesozoic and post-Mesozoic, mainly carbonate sequences, as well as Cenozoic clastic rocks and deposits. In pre-
Mesozoic, Mesozoic and partly in post-Mesozoic sequences, the thick carbonate succession predominate. In the rocks 
from Carboniferous to Miocene, four megasequences have been identified: (i) a pre-platform succession, ranging in age 
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from Late Carboniferous (Middle Pennsylvanian) to Early Jurassic (Early Toarcian; Brušane and Baške Oštarije 
Formations); (ii) an Early Jurassic to Late Cretaceous platform megasequence (Mali Alan Formation); (iii) a Paleogene 
to Neogene post-platform megasequence (Raša Formation); and (iv) a Neogene to Quaternary (Pliocene to Holocene) 
megasequence (Istra and Ivana Formations). 
 

 
Figure 1.3: Generalised stratigraphic column for the Croatian part of the Adriatic Basin with formations, potential 

source rock intervals and petroleum geological units, as defined in Velić et al. (2015b) 
 

29



Andreić, Ž., Barudžija, U., Malvić, T., Velić, J., Velić, I.  
 

2nd Croatian congress on geomathematics and geological terminology, 2018 
 
 

 
Figure 1.4: Lithostratigraphic division (formations and members) of the Pliocene, Pleistocene and Holocene 

sediments in the Croatian part of the Po Depression (Malvić et al., 2015b) 
 

 

 
Figure 1.5: Lithostratigraphic division (formations and members) in the shallow offshore sea in Southern Dalmatia - 

Neretva and Korčula Channels (Malvić et al., 2015b) 
 
 
 
2. Basics about analysed carbonate samples 
 
 Three representative limestone samples have been micropetrographically analysed. The sample BGuč-3B  (Figure 
2.1) represent ooid grainstone type of shallow-water marine limestone (classification after Dunham, 1962; suitable for the 
macroscopic determination of limestones), or as the oosparitic type of shallow-water marine limestone (classification after 
Folk, 1959, 1962; suitable for the microscopic determination of limestones). Mosaic calcite cement (Figure 2.1 - orange 
areas, between dark ooids) binds carbonate grains together, and pores can be only locally observed within the cement 
(Figure 2.1 small white areas – not to be mistaken with the large white gap, originated while thin-section has been 
prepared!). Limestone belongs to the oldest Middle Jurassic deposits of the Biokovo Mt., and the sample is taken from 
the thick-bedded ooid grainstone, having occasional sections with index foraminifera species Gutnicella cayeuxi 
(LUCAS). These limestones are deposited in the subtidal environments, where the ooids had been flooded by storm tides 
and waves from the marginal ooid bank. 
 The sample JB-3B (Figure 2.2) represents pelletal (Favreina sp.) packstone type of shallow-water limestone 
(classification after Dunham, 1962) or pelmicritic type of limestone (classification after Folk, 1959, 1962), which is partly 
recrystallized during diagenesis. These fecal pellets, carbonate grains produced by crustacean decapods, indicates calm, 
subtidal environment, with the low water energy and rapid lithification of a carbonate mud.  
 Sample Jb-5 (Figure 2.3) represent fenestral micritic limestone. The pores (white areas in figure Figure 2.3) are 
partly filled with calcite cement (the contrast of microphotograph is not optimal to clearly observe crystal boundaries 
within cement!). The sample indicates shallowing of the sea, from the subtidal marine environment (lagoon) into intertidal 
(changing flood and ebb zone) and supratidal (emerging zone). 
 Lab tests were not performed in this sample analyses, i.e. they are solely micropetrographically analysed. For sure, 
such tests would largely improve researching results, so it is planned in future. But, common for all samples is that they 
are taken from surface or very shallow outcrops. 

30



Andreić, Ž., Barudžija, U., Malvić, T., Velić, J., Velić, I.  
 

2nd Croatian congress on geomathematics and geological terminology, 2018 
 
 

 
 

 
Figure 2.1: BGuč-35, ooid grainstone, Middle Jurassic, Biokovo Mt. (Southern Croatia) 

 
 

 
Figure 2.2: JB-3B, pelletal packstone, Lower Cretaceous (Valanginian), Baredine Cave (Istria) 
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Figure 2.3: JB-5, fenestral mudstone, Lower Cretaceous (Valanginian), Baredine Cave (Istria) 

 
 
3. Mathematical equations for fluid flow in carbonates with secondary porosity 

 
Traditionally, total porosity is described with porosity coefficient (sometimes simply: porosity). which is defined 

(Equation 3.1) as the ratio of a total volume of pores and a total volume of the rock: 
 

 
       Eq. 3.1 
 

Where: 
k  - is the porosity coefficient,  
Vp  - is a total pore volume in a given sample and  
V  - is the total volume of the sample.  
 

Obviously, 0<k<1, with k=0 implying solid (impermeable) rock and k=1 representing empty space. It is named as 
primary porosity, as it represents the main porosity present in a solid material. If, through time and under influence of 
some outside factors, the porosity is altered (for instance by compacting the material or by chemically bleaching some 
part of it via diagenetic processes), it is named as the secondary porosity (Figure 3.1). It can be shown that for a 
homogenous material, the volume ratios equal area ratios obtained from the cut-through of the sample, providing another 
way of measuring porosity of such materials. 
 

𝑘 =
#$
#
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Figure 3.1: A cut-through of a porous material 

 
If material is fully saturated with some liquid and individual pores are small, the flow of liquid experiences large 

resistance, dominated by forces at the liquid-solid boundaries, and is thus laminar in nature.  If the fluid is Newtonian, the 
Bernoulli equation can be used and is reduced to a simpler form called Darcy law (Equation 3.2): 

 
 
       Eq. 3.2 
 
 

Where: 
vd  - is the apparent flow velocity (Darcy's velocity) which fluid would have if flowing through the whole volume 

of the sample (meaning that the actual velocities in pores are much larger), 
k  - is the coefficient of filtration (which is proportional, but not equal to the porosity coefficient),  
Dh  - is the change in the energy of the fluid (in units of height) and l is the thickness of the sample.  The coefficient 

of filtration is usually determined experimentally as it is very difficult to obtain otherwise. 
 
Modern research is concentrated on modelling porous materials and calculating the fluid flow through them, using 

either Darcy law or some different set of flow properties. So far, no general model that can be successfully applied to real 
situations is produced, illustrating the intricacies and complexity of fluid flow through a porous medium. 
 
3.1. Wettability 
 

There are several rock and fluid properties (and forces) that mutually interact inside rock pore volume. Here are 
selected two of them as probably the most important for defining fluid saturation and flow. 

The wettability (or wetting) is property of a liquid to maintain contact with a solid surface, resulting from 
intermolecular interactions at their contact. The degree of wetting (wettability) is determined by a force balance between 
adhesive and cohesive forces, e.g., for system oil-water in rock pores (Equation 3.3a, b, c).  
 
𝐴& = 𝜎() − 𝜎(+          Eq. 3.3a 
 
cos	〖𝜃+)〗 = (𝜎() − 𝜎(+)/𝜎+)	        Eq. 3.3b 
 
𝐴& = 𝜎+)𝑥 cos 𝜃+)          Eq. 3.3c 
 

𝑣6 = 𝑘 ∆8
9
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Where are: 
 
𝐴&  - adhesion/surface tension; 
𝜎()  - surface tension between solid/rock and oil; 
𝜎(+  - surface tension between solid/rock and water; 
𝜎+)  - surface tension between water and oil; 
𝜃+)  - wetting angle between water and oil (calculate from denser toward lighter fluid). 
 

 
3.2. Capillary action 
 
 Capillary action (sometimes capillarity, capillary motion, capillary effect, or wicking) is the ability of a liquid to flow 
in narrow spaces without the assistance of, or even in opposition to, external forces like gravity. The effect can be seen in 
porous materials, and occurs because of intermolecular forces between the liquid and surrounding solid surfaces. If the 
diameter of the pore is sufficiently small, then the combination of surface tension in liquid and adhesive forces between 
the liquid and solid wall migrate fluid upward (wetting) or downward (non-wetting). See Figure 3.2. 
 

 
 

Figure 3.2: Capillary motion upward (left, wetting phase, e.g., water) and downward (right, non- wetting phase, e.g., 
oil). Taken from Malvić and Velić (2008). 

 
 Capillary action/pressure is inversely proportional to pore diameter, and proportional to surface tension (Figure 3.3). 
So, in fine grained rocks, like fine-grained sandstones, siltstone, especially claystone, capillary pressure is higher and, 
consequently, permeability lower or non-existent, especially for non-wetting fluid. 
 However capillary pressure plays important role also in porous, reservoir rocks, like sandstones or carbonates. Due 
to low capillary motion, permeability in reservoirs is high, and primarily such rocks are saturated with water. When 
secondary migration brought hydrocarbons (especially oil) in such rock volume, new reservoir would be formed with 
completely gravitational exchange of fluid. The upper part of the reservoir would be completely saturated with 
hydrocarbons (oil), lower part with water, and contact would be just line (sharp). However, capillary pressure, together 
with wettability, is reason that reservoir also included some percentage of water and contact between fluid is never sharp, 
but zone with gradually distributed saturation of hydrocarbons and water. As a consequence, saturations in reservoir is a 
result of the capillary-gravitational equilibrium (Equation 3.4): 
 
𝑝; = ℎ	 ∙ 	 𝜌+ − 𝜌?+ 	 ∙ 𝑔         Eq. 3.4 
 
Where are: 
 
𝑝;   - capillary pressure; 
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h - height above level with water saturation of 100 %; 
𝜌+  - density of wetting phase; 
𝜌+  - density of non-wetting phase; 
g - gravity. 
 
 

 
Figure 3.3: Capillary diameter vs. water column height. Taken from https://en.wikipedia.org/wiki/Capillary_action (9 

June 2018). 
 
 
3.4. Wettability and capillarity in the case of two fluids (oil and water) 
 
 If adhesion/surface tension 𝐴&>0 (𝜃+)<90o) denser fluid (water) will better wetting solid. If 𝐴&<0 lighter fluid 
(oil) will do the same. And in the case 𝐴&=0 both fluids would have the same wettability. Wettability of water is higher 
than from oil (Figure 3.4). However, in some carbonate reservoirs when oil has high portion of asphaltenes, it can be 
inverted, and instead of bounded water, part of oil will be permanently bounded over the detritus. 
 

 
Figure 3.4: Wetting fluid (left) and non-wetting fluid (right) on the solid base (𝜎AB - surface tension air-fluid, 𝜎AC- 

surface tension air-solid, 𝜎CB – surface tension solid – fluid). Taken from Malvić and Velić (2008). 
 
4. Discussion and conclusion 
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 Fluid flow in carbonates is never uniform, and depends on several factors. Geologically, carbonates are often 
characterised with secondary porosity originate from different factors, like dissolving, fracturing, faulting or cementation. 
No one will not result in homogeneous alteration. Consequently, carbonate porosity cannot be described with 
homogeneous model, i.e., in the best case, it can be extrapolated as isotropic, encompassing only part of volume of single 
depositional unit. There are two other unfavourable factors in carbonate reservoirs are object of consideration. The first 
one is wettability, which sometime can favour oil as wetting phase. The second is relatively small primary (depositional) 
porosity, reflected in smaller effective porosity, high portion of bounded water and large capillary motion. 
 In fact, some secondary permeability can have included significant parts of analysed carbonate, although the 
entire depositional unit is characterised with very low, mostly matrix porosity (e.g., Russel-Houston et al., 2013). But such 
cases are hard to described (here by fractal nature) and are mostly unique model. Also, migration of fluids can be observed 
in the early phase of the deposit diagenesis, e.g., during the process of dolomitization. For one such single-phase case for 
hydrologic simulation on carbonate platform had been done by Kaufman (1994). Such model consisted from platform-
reef complex surrounded by basinal shale and showed that “most pore fluids in the shale migrated to the surface at 
velocities less than 0.1 mm/yr and basin-derived fluids are focused into the reef from only a limited distance of 10 km.”. 
 Considering analysed samples and their total porosity (consequently effective as well as permeability) there are 
two unfavourable factors in carbonates. Those are simple cementation (including dissolving) and dolomitization. Both 
will decrease total porosity and connected variables, but both need to be analysed separately at each location/outcrop 
where sample(s) from particular lithostratigraphic and chronostratigraphic unit of the Adriatic Carbonate Platform (the 
AdCP) has been taken. Generally, total porosity in typical carbonates of the AdCP varies from few to more than ten 
percentages. Based on lab, e-log and other analyses such values can be reliable estimated from enough number of samples. 
Results can be compared with different graphs, e.g., published in Lucia (1995), and together with detritus size and type, 
selected into kinds of different packstones. 
 All of these facts define the carbonates as rocks with relative small permeability (absolute and relative), and 
strictly limited volumes available for fluid flow. So, the problems can be solved if Darcy equation is applied (variable “l”) 
only on geological defined flow units and coefficient of filtration (variable “k”) in the law be defined taking into account 
primary and secondary porosity, cementation rate, wettability of fluids and capillarity. 
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Abstract in Croatian 
 
Protok fluida u šupljikavim karbonatnim stijenama, teorijska i praktična razmatranja 
 
 Protok fluida u karbonatnim stijenama nije moguće opisati homogenim protokom. Razlog tomu je što takve stijene 
najčešće uključuje obje vrste šupljikavosti – prvotnu i drugotnu, a ova druga se može opisati izotropnom razdiobom samo 
u ograničenom (i malome) volumenu promatrane stijene. U radu je opisano nekoliko uzoraka karbonatnih stijena 
prikupljenih u prostoru Jadranske karbonatne platforme (Hrvatska). Njihove dimenzije su opisane milimetarskim 
mjerilom, a obilježava ih jaka cementacija te djelomično otapanje i raspucanost. Protok i raspodjela fluida u takvom 
stijenskom prostoru, posebice u dvofaznim slučajevima, snažno ovisi o močivosti i kapilarnim silama. Stoga se te sile 
moraju uzeti u obzir kada se protok opisuje Darcyjevim zakonom, tj. kod izračuna vrijednosti koeficijenta filtracije i 
debljine uzorka. 
 
Ključne riječi: karbonati, šupljikavost, Jadranska karbonatna platforma, jednadžbe protoka fluida, Hrvatska 
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