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Abstract: The increasing global interest in CO2 mineralization in basaltic rocks has led to studies within Large Igneous 
Provinces (LIPs), particularly focusing on their carbon storage potential. In South America, the Serra Geral Group (SGG), 
part of the Paraná-Etendeka Province, has been the subject of investigations due to its compositional diversity and 
extensive volcanic sequences. This study assesses the applicability of the Reactivity Index (RI) as a predictive tool for 
geochemical reactivity in six SGG volcanic rock samples, compared with two Icelandic basalt samples and one of Columbia 
River Basalt (CRB). Results reveal RI values for SGG samples ranging from -11.1 to -6.7 log mol/s, aligning well with the 
observations from batch reactor experiments. Higher RI values were associated with increased reactivity, supporting the 
use of the index as a reliable proxy, especially in preliminary evaluations, although it does not account for textural 
characteristics or surface area variations. The SGG, Icelandic and CRB samples showed similar RI values. When integrated 
with petrography, surface area, and chemical data, the RI provides a promising tool for evaluating the reactivity of volcanic 
rocks in carbon storage strategies. 

Keywords:  Serra Geral Group; CO2 mineralization; Reactivity Index; Volcanic rocks reactivity 

 

 

 

. 

 

 

 

 

 

 

 

 

mailto:stephanie.silva@pucrs.br
mailto:joao.zielinski@pucrs.br
mailto:erico.santos@pucrs.br
mailto:william.fucks@pucrs.br
mailto:rosales.antonio@pucrs.br
mailto:pedro.costabile@gmail.com
mailto:rodrigo.iglesias@pucrs.br
mailto:victor.santos@pucrs.br
mailto:felipe.vecchia@pucrs.br
mailto:breno@cfh.ufsc.br
mailto:cassiane.ferreira@repsolsinopec.com
mailto:leonildes.soares@repsolsinopec.com


 
Volume 83, nº2 (2025) 01-10 

 
 

2 
 

1. INTRODUCTION 

With the growing global interest in CO2 
mineralization in basaltic rocks, numerous 
studies have been conducted in Large Igneous 
Provinces (LIPs) to explore their potential for 
carbon storage (e.g. Oelkers et al., 2023). In 
South America, research efforts have focused 
on the volcanic rocks of the Serra Geral Group 
(SGG), which is part of the Paraná-Etendeka 
Large Igneous Province, one of the world’s 
largest LIPs (ca. 135-132 Ma) (Gomes & 
Vasconcelos, 2021). The SGG covers an area of 
~787,000 km2 (Fig. 1), and its volcanic rocks 
comprise a variety of lithologies characterized 
as basaltic and basaltic andesite rubbly 
pāhoehoe and pāhoehoe lava flows, with less 
predominant dacitic and rhyolitic domes, lava 
lobes and tabular lava flows (Horn et al., 2022). 
In addition to chemical and mineral 
composition variability, the heterogeneity also 
includes porosity and permeability, 

characteristics which may impact CO2-fluid-
rock interactions. 

Despite the advances in studies emphasizing 
the CO2 mineralization potential (Ferreira et al., 
2024; Rossetti et al., 2025), research on the 
geochemical reactivity of these volcanic rocks 
remains limited, with substantial knowledge 
gaps. Although porosity and permeability are 
important, variations in mineralogical 
composition also play a key role in reactivity 
(Rasool & Ahmad, 2023). This study aims to 
evaluate the applicability of the Reactivity Index 
(RI), recently proposed by Lu et al. (2024), as a 
tool for assessing the geochemical reactivity of 
volcanic rocks from the SGG. To this end, RI 
values obtained for SGG samples were 
compared with results from batch reactor 
experiments using the same materials (Zielinski 
et al., 2024), as well as with RI values estimated 
in this study for samples from Icelandic basalts 
and Columbia River Basalt (CRB). 
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Figure 1 - a) (top) Location of the Serra Geral Group (SGG) within the Paraná Basin. b) (bottom) Sample locations. Based on data from 

Horn et al. (2022). 

 

2. MATERIALS AND METHODS 

To evaluate the RI, a total of six samples from 
SGG were selected (Fig. 1b). These samples 
were previously used in batch reactor 
experiments (Zielinski et al., 2024), and 
represent distinct compositions and lava flow 
morphologies, including massive flow core, 
amygdaloidal/brecciated, and vesicular flow 
top (Fig. 2). To provide a comparative 
framework, RI values were also estimated for 
two Icelandic basalt samples and one from CRB, 
using compositional data from the literature 
(Delerce et al., 2023; Adeoye et al., 2017). 
These rocks are known for their reactivity 
potential and are important references for 
comparing with the SGG results. 

2.1. Reactivity Index (RI) 

The Reactivity Index (RI) was proposed by Lu et 
al. (2024) and is expressed in Eq (1). 

 
𝑅𝐼 =𝑙𝑜𝑔 𝑙𝑜𝑔 (∑𝑖=1

𝑛  𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑖 ∗ 𝑓𝑖)   
(Equation 1) 

 

Where i represents each mineral component in 
the sample. The RI provides a quantitative 
parameter of the rock’s theoretical reactivity 
based on the logarithmic sum of the reactivity 
of each mineral component (ri), weighted by its 
abundance (fi). Higher RI values indicate 
greater reactivity. The ri were either extracted 
from published databases (Heřmanská et al., 
2022; Heřmanská et al., 2023; Oelkers & 
Addassi, 2025) or, when not available, were 
calculated with Eq (2) (Lu et al., 2024) using 
mineral dissolution rate parameters from 
Palandri and Kharaka (2004), considering acidic 
conditions (pH 4.0-4.5) and temperature of 
25°C (298 K). 

 

𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑘 𝑒𝑥𝑝 [−
𝐸𝑎

𝑅
(

1

𝑇
−

1

298.15
)] 𝑎𝐻+

𝑖   (Equation 

2) 

 

Where k is the rate constant, Ea is the activation 
energy, R is the gas constant, T corresponds to 
the temperature (K) at which the reaction rate 
is to be calculated, and aH+ is the activity of the 
hydrogen ion, directly related to the pH value.
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Figure 2 - SGG samples used for RI calculations, representing different lava flow morphologies. 

 

2.2. Sample Characterization 

For the SGG samples, petrographic and XRD 
analysis were conducted to determine the 
mineralogical composition and phase 
proportions. All analyses were carried out at 
the Rock Characterization Laboratory (LCR) of 
the Institute of Petroleum and Natural 
Resources (IPR) at PUCRS. Mineralogical data 
for the two Icelandic basalt samples and the 
CRB sample were obtained from published 
works by Delerce et al. (2023) and Adeoye et al. 
(2017). 

Petrographic analyses were performed using 
optical microscopy, combining qualitative 
description and quantitative modal analysis by 
point counting in polished thin sections, using a 
Leica DM750 microscope. XRD analyses were 
performed using a BrukerD8 Advance 
diffractometer (at 40 kV and 30 mA), over an 

angular range (2θ) of 3° - 50°, step size of 0.01, 
and time of 3 s/step. The data was interpreted 
using DIFFRAC.EVA 5.0 software for 
quantitative analyses. 

 
3. RESULTS 

3.1. Mineralogical composition 

The brecciated flow top samples (SC06XAN_2 
and RS15ATS) are fine-grained and plagioclase-
phyric, with hypohyaline to aphanitic 
groundmass. The primary mineral assemblage 
comprises plagioclase (labradorite), augite, and 
volcanic glass (>50%), along with variable 
amounts of opaque minerals. Amygdales (~ 2 to 
3 mm) are filled with secondary phases such as 
zeolite, smectite, celadonite, and calcite. 
Additionally, RS15ATS contains quartz and 
olivine (altered to iddingsite).  
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Amygdaloidal rocks (RS39FW and RS50LAJ) are 
fine-grained, exhibiting sub-ophitic, intersertal, 
and hiatal textures, with hypocrystalline 
aphanitic (RS50LAJ) or hypohyaline (RS39FW) 
groundmass. The mineral assemblage is 
predominantly composed of plagioclase 
(labradorite), augite, volcanic glass, and 
opaques. Secondary minerals, such as zeolite, 
celadonite, smectite, chalcedony, and calcite 
fill amygdales (~ 1 to 7 mm). Olivine, extensively 
altered and replaced by serpertine minerals 
(antigorite, chrysotile, lizardite), is also present 
in sample RS50LAJ. 

Among the analysed samples, the massive flow 
core rocks exhibit distinct textural and 
mineralogical characteristics compared to the 

vesicular varieties. Massive flow core rocks 
(RS01SCS and RS12TH) are fine-grained and 
plagioclase-phyric, characterized by sub-ophitic 
and intersertal textures, with a hypocrystalline 
aphanitic groundmass. Their mineralogical 
composition consists of plagioclase 
(labradorite), augite (intensely altered in 
sample RS23TH), quartz, volcanic glass and 
opaque minerals. Sample RS01SCS also 
contains zeolite and chalcedony-filled 
amygdales (~ 0.5 mm). Quartz and feldspar 
intergrowths were observed in RS12TH, as a 
result of devitrification.  

Mineralogical compositions and phase 
proportions for all samples (including those 
from the literature) are presented in Table 1.

 
Table 1 - Sample mineralogy, including phase proportions and mineral reactivity. 

Sample Mineral ri (mol/m2/s) fi (0-1) 

RS50LAJ 

Labradorite 10-10.20 0.2029 

Albite 10-11.50 0.1062 

Basaltic glass 10-10.60 0.2099 

Augite 10-11.60 0.2175 

Scolecite 10-8.20 0.0320 

Clinoptilolite-Ca 10-10.80 0.0710 

Smectite 10-14.12 0.0839 

Serpentine 10-11.30 0.0764 

TOTAL - 0.99 

RS39FW 

Labradorite 10-10.20 0.2552 

Albite 10-11.50 0.0658 

Basaltic glass 10-10.60 0.2804 

Augite 10-11.60 0.1655 

Magnetite 10-13.08 0.0304 

Hematite 10-14.89 0.0541 

Celadonite 10-15.48 0.1351 

Calcite 10-4.84 0.0135 

TOTAL - 1.00 

SC06XAN_2 Labradorite 10-10.20 0.0913 
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Sample Mineral ri (mol/m2/s) fi (0-1) 

Albite 10-11.50 0.0726 

Basaltic glass 10-10.60 0.6807 

Augite 10-11.60 0.0798 

Magnetite 10-13.08 0.0336 

Heulandite-Na 10-10.80 0.0420 

TOTAL - 1.00 

RS12TH 

Labradorite 10-10.20 0.1016 

Albite 10-11.50 0.0963 

Orthoclase 10-12.60 0.1176 

Sanidine 10-11.60 0.0616 

Rhyolitic glass 10-11.50 0.1601 

Augite 10-11.60 0.0356 

Magnetite 10-13.08 0.0320 

Quartz 10-12.70 0.3487 

Ilmenite 10-13.85 0.0462 

TOTAL - 0.99 

RS01SCS 

Labradorite 10-10.20 0.1607 

Albite 10-11.50 0.0768 

Basaltic glass 10-10.60 0.4682 

Augite 10-11.60 0.1505 

Ilmenite 10-13.85 0.0735 

Ilite 10-14.00 0.0689 

TOTAL - 0.99 

RS15ATS 

Labradorite 10-10.20 0.0991 

Albite 10-11.50 0.0474 

Basaltic glass 10-10.60 0.5400 

Augite 10-11.60 0.0100 

Magnetite 10-13.08 0.0148 

Hematite 10-14.89 0.0365 

Iddingsite (forsterite) 10-9.08 0.0256 

Clinoptilolite-Ca 10-10.80 0.1758 
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Sample Mineral ri (mol/m2/s) fi (0-1) 

Smectite 10-14.12 0.0476 

TOTAL - 1.00 

HE-65 W Iceland (Delerce 
et al., 2023) 

Basaltic glass 10-10.60 0.1290 

Plagioclase 10-10.20 0.3500 

Quartz 10-12.70 0.0720 

Augite 10-11.60 0.3430 

Amphibole 10-10.70 0.0170 

Chlorite 10-11.80 0.0730 

Magnetite 10-13.08 0.0170 

TOTAL - 1.00 

GOB_14 E Iceland (Delerce 
et al., 2023) 

Basaltic glass 10-10.60 0.2020 

Labradorite 10-10.20 0.3300 

Diopside 10-10.30 0.2850 

Pigeonite 10-11.60 0.0750 

Chlorite 10-11.80 0.0050 

Chabazite 10-10.80 0.0040 

Analcime 10-8.24 0.0430 

Thomsonite 10-8.20 0.0350 

Levyne 10-10.80 0.0080 

Ilmenite 10-13.85 0.0130 

TOTAL - 1.00 

UB Columbia River (Adeoye 
et al., 2017) 

Diopside 10-10.30 0.2000 

Forsterite 10-9.08 0.1300 

Fayalite 10-9.70 0.1900 

Antigorite 10-11.10 0.0200 

Albite 10-11.50 0.0400 

Anorthite 10-10.20 0.0500 

K-feldspar 10-10.70 0.3500 

TOTAL - 0.98 
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3.2. Estimated Reactivity Index (RI) 

The calculated RI values for SGG samples 
ranged from -11.12 to -6.71 log mol/s, with an 
average of -9.80 log mol/s. Sample RS39FW 
revealed the highest RI with -6.71 log mol/s and 
sample RS12TH showed the lowest RI, with a 
value of -11.12 log mol/s. Samples RS50LAJ, 
RS15ATS, SC06XAN_2, RS01SCS revealed RI 
values of -9.65, -10.36, -10.62 and -10.64 log 
mol/s, respectively. For the Iceland basalt 
samples, the RI values were -9.29 and -10.57 
log mol/s, whereas the CRB sample revealed -
9.77 log mol/s. 

Based on the RI values, the samples were 
grouped according to their relative reactivity 
(Fig. 3): i) those with RI > -8.00 were considered 
highly reactive; ii) those with -9.90 < RI ≤ -9.00 
were considered to have intermediate 

reactivity; iii) those with -10.90 < RI ≤ -10.00 
were regarded as having low-to-intermediate 
reactivity; and iv) those with RI ≤ -10.90 were 
considered to have very low reactivity. The RI 
value of sample RS39FW (-6.71 log mol/s) was 
approximately four orders of magnitude higher 
than that of the least reactive sample. Samples 
GOB_14 (-9.29 log mol/s) from Iceland, 
RS50LAJ (-9.65 log mol/s) and UB from CRB (-
9.78 log mol/s) revealed intermediate 
reactivity. Samples RS15ATS, SC06XAN_2, and 
RS01SCS showed moderate/intermediate 
reactivity. Among all samples, RS12TH (-11.12 
log mol/s) stood out as the least reactive, with 
an RI nearly one order of magnitude lower than 
the intermediate reactivity samples and slightly 
lower than the other low reactivity samples. 

 

 

 

Figure 3 - Sample reactivity groups based on the RI values. 
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4. DISCUSSIONS 

The range of RI values for SGG samples 
indicates substantial variation in their 
reactivity. The RI of sample RS39FW suggests it 
is the most reactive among the analysed 
basalts. This result aligns with the experimental 
findings reported in Zielinski et al. (2024), 
where RS39FW exhibited strong pH buffering 
capacity (initial average pH of 8.8 units, 
stabilizing at ~4.5), elevated electrical 
conductivity (EC > 1500 µS/cm) - consistent 
with ion release into solution, and total 
alkalinity (TA) values > 950 mg/L. According to 
the authors, this sample also reached more 
than 150 mg/L of Ca concentrations in solution 
during the experimental period (45 days), at 
least twice the amount observed in the other 
samples (15 to 75 mg/L). 

In contrast, sample SC06XAN_2 presented a 
low RI value (-10.62 log mol/s), positioning it 
among the least reactive samples, based on the 
RI. However, according to experimental 
observations, this sample was grouped with 
RS39FW, considering the similar pH 
stabilization, elevated EC and TA values, and Ca 
and Mg concentrations. This inconsistency 
between the RI and the observed reactivity may 
reflect limitations of the index. Potential 
causing factors include mineral crystallinity and 
surface properties (reactive surface area - RSA), 
or specific kinetic effects that are not fully 
captured by the RI approach. Although the 
volcanic glass phase was included in the RI 
calculation using specific ri from databases, the 
RI may not reflect differences between the 
glass present in the sample and in the database 
reference. Variations in glass composition and 
hydration, for example, can influence the 
dissolution behavior (Wolff-Boenisch et al., 
2004). Furthermore, the RI does not account 
for  differences in the reactive surface area 
(RSA). Textural factors such as grain size, 
particle roughness, porosity, and surface 
fracturing can increase RSA, accelerating 
reaction rates in ways not captured by the bulk 
mineralogical composition. These combined 
effects may help explain the experimental 

reactivity observed for SC06XAN_2, despite its 
low RI. 

On the other hand, sample RS50LAJ (-9.65 log 
mol/s), which showed an intermediate RI, 
exhibited moderate increases in EC (by a factor 
of ~2.2) and TA (by a factor of ~3.3), with a 
slightly higher Ca release, when compared to 
samples RS15ATS, RS01SCS, and RS12TH, 
according to the experimental results reported 
by Zielinski et al. (2024). Samples RS15ATS (-
10.36 log mol/s), RS01SCS (-10.64 log mol/s), 
and RS12TH (-11.12 log mol/s) were grouped as 
having lower reactivity, as evidenced by limited 
pH buffering (reaching values around 4.0) and 
smaller increases of EC, TA, and Ca 
concentrations during the first 3-7 days. The 
authors also reported some variability within 
this group, particularly related to Mg release, 
with Mg concentrations progressively 
increasing in samples RS15ATS and RS12TH 
over time. These observations are consistent 
with their classification as lower reactivity 
samples, according to the RI-based grouping. 

Despite initial theoretical and experimental 
discrepancies, the results from this RI-based 
approach suggest that SGG volcanic rocks have 
a reactivity potential similar to Icelandic and 
CRB basalts, supporting their feasibility for CO2 
mineralization. 

 
5. CONCLUSIONS 

The RI values of the SGG samples were 
consistent with some experimental 
observations, indicating a favorable correlation 
and supporting the use of the RI for assessing 
reactivity. The overall consistency between RI 
values and experimental data reinforces the 
potential applicability of the RI as a reliable 
metric for reactivity assessment. Although RI 
values are based on mineralogical composition 
and established kinetic factors, without 
accounting factors like surface texture or 
reactive surface area (RSA), its use should be 
seen as a screening tool. When the RI is applied 
in an integrated approach - including other 
methods such as petrographic analysis, 
chemical data, reactive surface area studies - its 
effectiveness can be enhanced and it can 
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provide useful insights for evaluating the 
potential reactivity of rocks. 
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