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 
Abstract—The correlation between Total Organic Carbon (TOC) 

and flow units have been carried out to predict and compare the 
carbon dioxide (CO2) storage potential of the shale and carbonate 
rocks in Irati Formation of the Parana Basin. The equations for 
permeability (K), reservoir quality index (RQI) and flow zone 
indicator (FZI) are redefined and engaged to evaluate the flow units 
in both potential reservoir rocks. Shales show higher values of TOC 
compared to carbonates, as such,  porosity (Ф) is most likely to be 
higher in shales compared to carbonates. The increase in Ф 
corresponds to the increase in K (in both rocks). Nonetheless, at 
lower values of Ф, K is higher in carbonates compared to shales. This 
shows that at lower values of TOC in carbonates, Ф is low, yet, K is 
likely to be high compared to shale. In the same vein, at higher values 
of TOC in shales, Ф is high, yet, K is expected to be low compared to 
carbonates.  Overall, the flow unit factors (RQI and FZI) are better in 
the carbonates compared to the shales. Moreso, within the study 
location,  there are some portions where the thicknesses of the 
carbonate units are higher compared to the shale units. Most parts of 
the carbonate strata in the study location are fractured in situ, hence,  
this could provide easy access for the storage of CO2. Therefore, 
based on these points and the disparities between the flow units in the 
evaluated rock types, the carbonate units are expected to show better 
potentials for the storage of CO2. The shale units may be considered 
as potential cap rocks or seals.  

 
Keywords—Total organic carbon, flow units, carbon dioxide 

storage. 

I. INTRODUCTION 

OC relationship with porosity (Ф) and permeability (K) is 
a reliable tool for the prediction of the storage potential of 

carbon dioxide (CO2) in the Irati Formation of the Paraná 
Basin. Different types of shale exist based on different 
depositional environment. They include calcareous shale, 
carbonaceous shale and black shale (examples are in the Irati 
Formation). Others could include siliceous shale, ferruginous 
shale and sandy/silty shales. The black shales exhibit highly 
laminated bedding and their TOCs can be up to 16%. 
Carbonaceous shales are likely to show TOC up to 20% [1]. 
TOC in rocks is dependent on the percentage of organic 
carbon. It ranges from less than 0.5% to above 12% in 
potential reservoir rocks. The target of an evaluation may be 
focused on TOC quality in potential reservoir rocks. TOC 
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quality of reservoirs may be considered to be very poor to 
poor when its percentage values range from 0.5% to less than 
2%. Above 2% to 5% may be considered as good, but up to 
12% and above are considered very good/excellent. 

Generally, shales may have TOC of ≥ 2% [2]. Higher 
values of TOC likely correspond to higher values of porosity 
[3]-[6]. Similarly, high values of Ф are synonymous to high 
values of K [7], [8]. RQI and FZI expressions are dependent 
on permeability. RQI may be used to describe the distribution 
of pores, grains and pore-throats, FZI describes the grain sizes, 
grain sorting, textures and structures of grains/pores [9]. Core 
samples with a suite of wireline logs consisting of gamma-ray, 
neutron density, bulk density and/or sonic, from boreholes of 
interest are expected to be analyzed in the second phase of this 
project. Herein, the relatedness of TOC to Ф and K will be 
used to examine the flow units of the formation under study in 
order to predict the CO2 storage potentials of the shale and the 
carbonate rock reservoirs in the Irati Formation.  

II. METHODS 

The Irati Formation consists of stratified rocks, such as 
carbonates (limestone/dolomite) and shale in alternation. 
These rocks are bituminous. Herein, both rocks are evaluated 
with a view of predicting the CO2 storage potential of the 
reservoirs. This work is tended towards evaluating and 
comparing the potentials CO2 storage in the shale and 
carbonates reservoirs in the Parana Basin. The primary interest 
was in the shale reservoirs. Herein, the interdependency 
among TOC, porosity and permeability will be used to predict 
CO2 storage potentials in both rocks (carbonates and shales). 
A review of the use of cementation exponent (m) and the 
factor of tortuosity (a) in these rocks shows that “a” ranges 
from 0.6 to 1.0, “m” could be up to 2 in carbonates [10], [11]. 
Similarly, in rocks that are consisting of clay minerals/shale, 
“a” can be up to 1.65, while “m” can be above 2.5 depending 
on the type of clay minerals [12]-[14]. Porosity and RQI/FZI 
relationship is a good tool for checking the flow units of 
reservoirs [15]. Hence, the expressions for RQI and FZI by 
Tiab and Donaldson are redefined herein, based on the 
expression for permeability (K) [16], to enable the generation 
of permeability/flow units plots. The correlation between TOC 
and RQI/FZI considering the shale and the carbonates rocks 
was done. Thereafter, the comparison and prediction of the 
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CO2 storage capacity of the shale and carbonate rocks in the 
study location were carried out. 

Consequently, if a = 1 and m = 2 in carbonate rocks, the 
expression for irreducible water saturation (Swiir), (1) becomes 
(2); 

 

 ሺ𝑆௪௜௥௥ሻଶ ൌ  
௔

ଶ଴଴଴Ф೘           (1) 

 

 𝑆௪௜௥௥ ൌ  
ଵ

ସସ.଻ଶФ
             (2) 

 
Similarly, if a = 1.65 and m = 2.2 in shales, (1) becomes 

(3); where, 2000 = formation constant and Ф = porosity. 
 

 𝑆௪௜௥௥ ൌ  ଵ.଺ହబ.ఱ

ሺଶ଴଴଴Фమ.మሻబ.ఱ           (3) 

 
Hence, the expression for permeability [15] (4) becomes (5) 

in carbonates. 
 

 𝐾଴.ହ ൌ 100 Фమ.మఱ

௦ೢ೔ೝೝ
           (4) 

 
  𝐾଴.ହ ൌ (4472Фଷ.ଶହሻ         (5)  

 
such that;  

K = ሺ4472Фଷ.ଶହሻଶ           (6) 
 

Similarly, in shales;  
 

𝐾 ൌ  
൫ଶ଴଴଴଴଴଴଴Фల.ళ൯

ଵ.଺ହ
          (7) 

 
Such that;  

𝐾 ൌ  
൫ଶൈଵ଴ళФల.ళ൯

ଵ.଺ହ
            (8) 

 
In the same vein, RQI and FZI expressions [9] (9) and (10) 

are redefined herein: 
 

𝑅𝑄𝐼 ൌ 0.0314 ቀ௄

Ф
ቁ

଴.ହ
         (9) 

 

𝐹𝑍𝐼 ൌ  ோொூ

Фೝ
             (10) 

 
Hence, for carbonates, RQI is redefined as (11); 
 

𝑅𝑄𝐼 ൌ  ଵସ଴.ସФయ.మఱ

Фబ.ఱ            (11) 
 

and in shales, it is redefined as (12):  
 

𝑅𝑄𝐼 ൌ  
଴.଴ଷଵସ∗൫ଶൈଵ଴ళФల.ళ൯

బ.ఱ

ଵ.଺ହФబ.ఱ         (12) 

 
Similarly, FZI is modified as (13) in carbonates and as (14) 

in shales in this evaluation. 
 

𝐹𝑍𝐼 ൌ  ଵସ଴.ସФయ.మఱ

Фబ.ఱ∗Фೝ
           (13) 

 

𝐹𝑍𝐼 ൌ  
଴.଴ଷଵସ∗൫ଶൈଵ଴ళФల.ళ൯

బ.ఱ

ଵ.଺ହФబ.ఱ∗Фೝ
       (14) 

 
where, Ф௥ is the ratio of the derived porosity and the 
difference between the maximum derivable value (100%) of 
porosity and the derived porosity, it is expressed by Equation 
(15) [9]. 
 

Ф௥ ൌ  Ф

ଵିФ
             (15) 

III. RESULTS AND DISCUSSION 

Previous studies [3], [5] have shown values of TOC with 
corresponding porosity (Ф) and indicated that in most cases 
increase in the values of TOC corresponds to the increase in 
the porosity values. The results of this evaluation clearly show 
that for the same value of Ф (with the equations), permeability 
(K) is higher in carbonates than in shales. In shales, porosity 
maybe high (even higher than sandstones and carbonates), but 
they often consist of very tiny grain sizes that diminish the 
path of fluid flow. High Ф values in shales may not totally 
correspond to high K. In sandstones and fractured carbonates, 
high Ф with good rates of interconnected pores and fluid paths 
connotes high K. K can be as low 0.01mD in carbonates 
(limestone/dolomite) and 0.0001mD in clay/clayey rocks [8] 
and the results (Figs. 1 and 2) of this evaluation (aided by the 
redefined equations) are in tune with these values. Hence, 
these equations are quite supportive of the general 
characteristics of the kind of rocks they represent individually 
and they are recommendable.  

In a related evaluation [5], a range of values of 0.1% to 
8.01% of TOC with the corresponding Ф values of a range of 
0.7% to 5.7% for shale was showcased. Within the Irati 
Formation, a related study [17] presented 0.8% to 14.4% for 
TOC in shales and 1.1% for limestone. Similarly, a range of 
values of 0.20% to 5.31% for TOC was also presented in a 
formation [18] consisting of carbonate rock units. 
Consequently, it is observed that shales could show high TOC 
compared with carbonates. Hence, shale Ф may be higher than 
carbonates Ф. With the K expressions herein, an increase in Ф 
brings about an increase in K, Nonetheless, with the same 
value of Ф, K is higher in carbonates than in shales. This 
implies that at lower values of TOC in carbonates, Ф will be 
low; yet, K will be significantly high when compared with 
shale. In the same vein, at higher values of TOC in shales, Ф 
will be high; yet, K will be low when compared with 
carbonates. Therefore, the RQI and FZI will be significant in 
carbonates compared to shales. Significant values of RQI and 
FZI suggest that flow (hydraulic) units are good and the 
reservoirs will support significant rates of fluid flow within the 
reservoir rock. Furthermore, even at the same Ф values in both 
rocks, the hydraulic unit factors (K, RQI and FZI) in carbonate 
reservoirs (Figs. 3 and 4) are also better and are likely to 
support fluids’ movement and storage more than the shale 
reservoirs. 
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IV. CONCLUSION 

High TOC in shales and carbonates contributes to the 
increase in porosity (Ф) and permeability (K) in both rocks. 
The fact that the carbonates in the Irati Formation consist of 
portions with fractures is not negligible in this evaluation. 
Considering this fact with the deductions made based on the 

relationship between TOC and the hydraulic units, the 
carbonate rocks portray better potentials as reservoirs for the 
storage of CO2. In addition, artificial fracturing may not be 
necessary if the carbonates rocks are considered. Meanwhile, 
the shales in some parts of the location are exfoliating (or 
exfoliated) and this may be another good reason they are not 
recommendable for the purpose of CO2 storage. 

 

Fig. 1 Flow Unit and Permeability Correlation Plots in Carbonate Rocks 
 

Fig. 2 Flow Unit and Permeability Correlation Plots in Shales 
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Fig. 3 Comparison between carbonate and shale RQI 
 

 

Fig 4 Comparison between carbonate and shale FZI
 

ACKNOWLEDGMENT  

Shell/Research Center for Gas Innovation (RCGI) and 
Institute of Energy and Environment, University of Sao Paulo 
(IEE-USP), Brazil.  

REFERENCES 
[1] Caineng Zou, 2012. Unconventional Petroleum Geology in Elsevier, 1st 

Edition 384 pages. 
[2] Schlumberger Oilfield Glossary, Retrieved May 2019 

https://www.glossary.oilfield.slb.com/ Terms/t/toc.aspx. 
[3] Yang Y., Kunyu W., Tingshan Z., and Mei X., 2015. Characterization 

of the Pore System in an Over-Mature Marine Shale Reservoir: A case 
study of a successful shale gas well in Southern Sichuan Basin, China 
Petroleum, 1. pp 173 – 186. 

[4] Tian D., Nicholas B. H., Korhan A., Cory E. T., and Bren R. N., 2019. 
The Impact of Composition on Pore Throat Size and Permeability in 
High Maturity Shales: Middle and Upper Devonian Horn River Group, 
northeastern British Columbia, Canada. Marine and Petroleum Geology. 
Vol. 81, pp 220–236. 

[5] Feng Y., Zhengfu N., Qing W., Rui Z. and Bernhard M., 2016. Pore 
structure Characteristics of Lower Silurian Shales in the Southern 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

5

5,5

6

0 0,05 0,1 0,15 0,2 0,25 0,3

R
es

er
vo

ir
 Q

u
al

it
y 

In
d

ex
 (

R
Q

I)

Porosity (Ф)

RQI in Carbonate RQI in Shale

0

1

2

3

4

5

6

7

8

9

10

11

12

0 0,05 0,1 0,15 0,2 0,25 0,3

F
lo

w
 Z

on
e 

In
d

ic
at

or
 (

F
Z

I)

Porosity (Ф)

FZI in Carbonates FZI in Shales



International Journal of Earth, Energy and Environmental Sciences

ISSN: 2517-942X

Vol:13, No:10, 2019

612

 
 
 

 

Sichuan Basin, China: Insights to pore development and gas storage 
mechanism. International Journal of Coal Geology 156; pp 12–24. 

[6] Xue H., Zhou S., Jiang Y., Zhang F, Dong Z., and Guo  W., 2018. 
Effects of Hydration on the Microstructure and Physical Properties of 
Shale. Petroleum Exploration and Development, 45(6): pp 1146–1153 

[7] Richardson M. A and Taioli F., 2018. Hydrocarbon Viability Prediction 
of Some Selected Reservoirs in Osland Oil and Gas Field, Offshore 
Niger Delta, Nigeria. Journal of Marine and Petroleum Geology in 
Elsevier. Vol. 100, pp 195-203. 

[8] Electric logs (2019); Porosity and Permeability. Retrieved March 21, 
2019, from “Oil on my Shoes ”.http://www.geomore.com/porosity-and-
permeability-2/ 

[9] Tiab D. and Donaldson E. C (2012): Petrophysics: Theory and Practice 
of Measuring Reservoir Rock and Fluid Transport Properties. Gulf 
Professional Publishing, Houston Texas. 950 pages. 

[10] Schlumberger, 1989. Permeability and Productivity: Log Interpretation 
Principles and Application, Houston, Schlumberger Education Services. 
Pp 10-1 to 10-14. 

[11] Asquith G. and Krygowski D. (2004): Basic Well Log Analysis. 
American Association of Petroleum Geologists, Methods in Exploration 
Series: American Association of Petroleum Geologists, Tulsa, 
Oklahoma, No 16. pp. 12-135. 

[12] Carothers J. E., 1968. A Statistical Study of the Formation Factor in 
Relation to Porosity. The Log Analyst, Vol. 9. pp 38-52. 

[13] Asquith, G.B. and Gibson, C.R., 1982. Basic Well Log Analysis for 
Geologists. American Association of Petroleum Geologists, Tulsa, 
Oklahoma vol. 66, pp.1-140. 

[14] Hilmi S. S. and George V. C., 1999. The Cementation Factor of Archie’s 
Equation for Shaly Sandstone Reservoirs. Journal of Petroleum Science 
and Engineering Vol. 23. pp 83–93. 

[15] Richardson A-A. M. and Taioli F., 2017. Maximising Porosity for Flow 
Units Evaluation in Sandstone Hydrocarbon Reservoirs (A Case Study 
of Ritchie’s Block, Offshore Niger Delta) IOSR Journal of Applied 
Geology and Geophysics (IOSR-JAGG) 5:3 pp 06-16.  

[16] Timur, A., 1968. An Investigation of Permeability, Porosity and 
Residual Water Saturation Relationships for Sandstone Reservoirs. The 
Log Analyst, Vol. 9 pp 38-52. 

[17] Holanda, W., Bergamaschi, S., Santos, A.C., René Rodrigues, R., 
Bertolino, L.C., 2018. Characterization of the Assistência Member, Irati 
Formation, Paraná Basin, Brazil: Organic matter and Mineralogy. 
Journal of Sedimentary Environments,3 (1): pp36-45. 

[18] Liu P., Wang X., Horita J., Fang X., Zheng J., Li X. and Meng Q. 2019. 
Evaluation of Total Organic Carbon Contents in Carbonate Source 
Rocks by Modified Acid Treatment Method and the Geological 
Significance of Acid-Soluble Organic Matters. Energy Exploration & 
Exploitation.Vol. 37(1), pp 219–229. 

 
 
Richardson M Abraham-A (PhD) is an Exploration Geophysicist currently 
working with Carbon Capture and Storage (CCS). His focus is on reservoir 
delineation for the storage of captured carbon dioxide in the capacity of a 
Postdoctoral Fellow at the University of Sao Paulo (USP), Brazil. He has 
published papers in reputed journals. He has also presented some of his works 
in reputed conferences. Apart from the postdoc, he is working on two other 
projects with significant progress with the publication of the results. His area 
of interest also includes petroleum geology/geophysics with the bias for 
petrophysics and seismic methods for hydrocarbon exploration. 
 
Colombo Celso Gaeta Tassinari is a Full Professor of Isotope Geology 
Applied to Oil and Gas Exploration and Metallogenesis at the Institute of 
Geosciences and Institute of Energy and Environment, University of São 
Paulo (USP). MSc in Geochronology and Tectonic (USP-1981), PhD in 
Isotope Geology (USP-1988), Livre-docente in Isotope Geology and Crustal 
Evolution (USP-1996). The first degree is in Geology from the Institute of 
Geosciences of USP. He had training in isotope geology at the University of 
Oxford (UK) in 1983 and Blaise Pascal University, Clermont-Ferrand 
(France) in 1988. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 


