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The combination of acidizing 
and hydraulic fracturing for 
the stimulation of a tight gas 
reservoir in Minas Gerais
Abstract

The combination of acidizing and hydraulic fracturing, or proppant-acid fractur-
ing, seems to be a very logical approach to achieve the maximum stimulated volume 
in tight gas reservoirs, since the acid solution can stimulate the deep microfracture net-
work far beyond the main propped fracture. However, this hybrid stimulation method 
sparks concerns that acidizing can increase proppant embedment and decrease the 
propped fracture conductivity. To understand how acidizing may be responsible for 
reducing conductivity, this article initially delves into the analysis of microscopic im-
ages of carbonate and siltstone specimens associated with a low permeability or tight 
gas reservoir in the São Francisco basin, in Minas Gerais, a kind of reservoir which is 
becoming considerably more important in recent years due to energy transition initia-
tives. The microscopic analysis revealed that thin, well-defined layers emerged on the 
acidized surface of some of the studied specimens. Then additional nanoindentation 
and proppant embedment tests showed that these new layers are weaker compared 
to the original rock matrix and are ultimately responsible for fracture conductivity 
decline. The findings in this study serve as an important piece of information for res-
ervoir stimulation professionals that may consider the combination of acid stimulation 
and hydraulic fracturing in tight gas formations.

Keywords: proppant-acid fracturing, proppant embedment, tight gas, fracture conductivity, 
energy transition.
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The idea of proppant-acid fractur-
ing was patented in the last century by 
Cardwell et al. (1957), but the first of this 
hybrid stimulation technique has only 
been published in the last decade (Azevedo 
et al., 2010; Smith et al., 2018; Che et al., 
2018). Likewise,  only recently, laboratory 
studies on proppant-acid fracturing have 
begun to appear in the scientific literature, 
highlighting here Zhang et al. (2018), Guo 
et al. (2019) and Chen et al. (2023).

The new laboratory study presented 
here is based on the comparison of me-
chanical properties between acidized and 
non-acidized specimens of carbonate and 

siltstone rocks. The rocks used in this 
study are associated with a low perme-
ability reservoir containing dry natural 
gas from the Bambuí Group in the São 
Francisco Basin, in Minas Gerais. In the 
Bambuí Group (Figure 1), the siltstone 
from Lagoa do Jacaré formation and the 
carbonates from Sete Lagoas formation 
are considered the gas-generating rocks; 
the carbonates from the upper part of 
the Sete Lagoas Formation, represented 
by the biogenic carbonates known as 
stromatolites (Vieira et al., 2007), are 
the reservoir rocks of the Bambuí Group 
(Avila et al., 2020).

In the first phase of the study, mi-
croscopic analysis of the acidized surfaces 
revealed thin, well-defined layers resulting 
from acid attack. The stromatolite, the 
only rock in this study with a biogenic 
origin, did not produce new layers due to 
acid etching and the probable reasons are 
discussed later herein.

In the second phase of the study, the 
nanoindentation tests allowed to compare 
the rock mechanical properties of acidized 
and non-acidized specimens, followed by 
proppant embedment tests that allowed to 
evaluate the fracture conductivity decline 
in the acidized specimens.

Proppant embedment represents 
the main cause of fracture conductivity 
loss (Gao et al., 2013) and the factors 
that have the greatest influence on prop-
pant embedment are related to the char-
acteristics of the formation (clay content, 
organic carbon content, porosity of for-
mation, carbonate and quartz content) 
and the characteristic of the proppant 
(proppant type, size, and concentration) 

(Bandara et al., 2019).
All the tests reported here were 

performed under ambient pressure and 
temperature conditions. It is assumed, 
however, that the results of this work, 
which are based on the reaction rate of 
hydrochloric acid (HCl) and calcium car-
bonate (CaCO3), would still be valid for 
reservoir conditions where pressures and 
temperatures are generally higher. The 

reason for this assumption is the fact that 
temperature and pressure have opposite 
effects on the reaction rate of HCl and 
CaCO3. While the effect of increasing 
temperature is to increase the reaction 
rate (Alkattan et al., 1998), the effect of 
increasing pressure is to decrease it, even 
when gas bubbles resulting from the reac-
tion between HCl and CaCO3 are kept in 
solution (Mumallah, 1991).

Fracture conductivity depends on 
the permeability of the proppant filling 

the interior of the fracture, and the width 
of the fracture according to Equation (1):

where d
p
 is the median proppant diameter and φ is the porosity of the prop- pant package.

in the equation above, F
c
 is the 

fracture conductivity, k
f
 is fracture 

permeability, or the proppant perme-
ability, and w

f
 is the fracture width.

The permeability of the prop-
pant can be measured experimen-
tally, or it can be calculated from the 
empirical Carman-Kozeny equation, 

Equation(2), widely used to predict 
the permeability of random sphere 
packages (Sanematsu et al., 2015).

F
c
 = k

f
 × w

f

Figure 1 - Section of the stratigraphic column of the Bambuí.
Group in the São Francisco basin. Carbonates from the upper part of the Sete Lagoas Formation, 

represented by the biogenic carbonates known as stromatolites, make up the main gas reservoir in the Bambuí Group (Ávila et al., 2020). 

1. Introduction

2. Theory

2.1 Fracture conductivity

(1)

(2)k
f = 

180 (1 - ∅)3 

d
p 
∅32
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The theoretical basis of nanoinden-
tation was stablished by Oliver and Pharr 
(1992), and generally this process can 
be carried out either on a constant load-
ing rate (CLR) mode or on a constant 
strain rate (CSR) mode. The majority 

of nanoindentation studies in rocks are 
performed using the CLR mode, where 
the maximum load needs to be pre-de-
termined and deeper indentation depths 
indicate inferior mechanical properties 
(Shi et al., 2020).

Figure 2 illustrates the nanoinden-
tation process where the indentation 
depth (ℎ

max
) in Equation (3) corresponds 

to the vertical surface deflection at the 
perimeter of contact (ℎ

s
) plus the contact 

depth (ℎc).

The loading stage is a combination 
of elastic and plastic deformation, while 
the unloading stage consists of elastic 
(recovered) deformation.

The holding stage, also called creep 
displacement (Li et al., 2019), is used to 
study creep behavior. According to Liu et al. 
(2018), as the creep time increases, Young’s 

modulus and hardness decreases indicating 
that the sample ś surface becomes softer.

The unloading stage is used to 
calculate hardness (H) in Equation (4):

ℎ
c
 is the contact depth defined by Equation (6):

F
max

 is the peak load and A
c
 is the projected contact area of the indenter computed by Equation (5):

A
C
 = 24.5 h

c
2

Figure 3 illustrates the load vs. displacement curve which consists of three stages: loading, holding, and unloading.

Figure 2 - Schematic cross-section of a nanoindentation process. Modified from Oliver and Pharr (1992).

Figure 3 - Nanoindentation curve (Load vs. displacement). Modified from Shi et al. (2020).

(3)

(4)

(5)

(6)

2.2 Nanoindentation

h
max

 = h
s
 + h

c

H = 
A

C

F
max

/ h
max

S

F
max

h
c
 = h

max
 - 0.75
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3. Methods and materials

3.1 X-ray fluorescence, x-ray diffraction and carbon phase analysis

3.2 Preparation of samples for optical microscopy, scanning electron microscopy (SEM), and nanoindentation analysis

X-ray fluorescence (XRF) was used 
for semi-quantitative chemical analysis 
while X-ray diffraction (XRD) was used 

for mineralogical composition analysis 
of the rock types in Figure 1. Carbon 
phases, i.e., organic, elemental carbon, 

and carbonate carbon, were determined 
by infrared absorption using a LECO 
carbon analyzer.

Sections for microscopy and nano 
indentation analysis were prepared from 
56 mm diameter core samples containing 
a 6 mm diameter central hole.

During the acidizing procedure, 
the core samples were positioned verti-
cally and 15% (w/w) HCl was injected 
in the central hole from the bottom, at 
a 15 mL/min rate, atmospheric pressure, 
and laboratory temperature (22o C), for 
1 hour. In this dynamic test, the CO2 

bubbles continuously moved away 
from the walls in the central hole, not 
preventing the contact of the acid with 
the rock surface. 

The cross-sections shown in 
Figure 4 were cut at a distance of 10 
mm from the acid entry point. They 
show the results of acid dissolution in 
the central hole for the three different 
types of rocks. The reaction of carbon-
ates (limestone & stromatolite) with 

HCl (CaCO3 + HCl → CaCl2 + CO2 + H2O)  
showed the highest dissolution rates, 
especially in the stromatolite with a rock 
matrix rich in micropores (Figure 7), 
effectively exposing more of the rock 
surface to the acid. The siltstone on the 
other hand, rich in silicates that do not 
react with HCl (Figure 8), showed only 
a bleached layer around the central hole, 
without any visible enlargement of the 
original diameter.

After acid etching, the samples in 
Figure 4 were impregnated with a low-
viscosity epoxy resin introduced while 

the samples were under a vacuum. After 
the vacuum impregnation, pressure via an 
inert gas was applied to force the epoxy into 

small pores. Blue is usually the color chosen 
to stain the resin, to facilitate the observa-
tion of pores under the optical microscope.

Figure 4 - Cross-sections of core samples after injection of 15% hydrochloric acid (HCl) into the 6 mm diameter 
central hole.  Note the difference in reaction rate between the carbonate samples (limestone and stromatolite) and the siltstone.

ℎ
max

 is the maximum indentation 
depth and S is the contact stiffness shown in 

Equation (7), calculated by the slope of the 
linear portion of the unloading curve (ℎ

max
):

where F is the load. 
The reduced Young’s modulus (E

r
) 

can be calculated from Equation (8):

β is a constant dependent on the 
geometry of the indenter (1.034 for a 

Berkovich indenter).
The Young ś modulus (E) can be 

calculated from Equation (9):

S =  
dh

dF
/ h

max
(7)

(8)

(9)

E
r
 =  

πS

2β   A
c

 =   -  
E

r
E

i
E

1 1 - v2 1 - v
i
2

E
i
 is the Young’s modulus and v

i
 

is the Poisson’s ratio of the diamond 
indenter (for a Berkovith indenter,  
E

i
 = 1141 GPa and v

i
 = 0.07), and v is the 

Poisson’s ratio of the sample, usually 
taken from literature.
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3.3 Sample preparation for proppant embedment tests

4. Results and discussion

4.1. XRF, XRD and carbon phase analysis

The specimens for the proppant 
embedment tests were prepared from 
larger core samples with 98 mm in 

diameter and 40 mm in height. Part of 
the specimens had one of the surfaces 
acidized by immersion in 300 ml of 

15% HCl solution for a period of 1 
hour (Figure 5).

The chemical, mineralogical and 
carbon phase analysis for the rocks as-
sociated with the tight gas reservoir are 
presented in Tables 1, 2 and 3 respectively.

Among the minerals in Table 2, 
only calcite has a strong reaction with 
HCl. Between the clay minerals, mus-

covite and chamosite, the chamosite is 
more soluble in HCl and it can effec-
tively be dissolved in HCl solutions with 
a concentration > 1N (3.64 % HCl) 
(Hu et al., 2022). The quartz and albite 
(feldspar) are essentially insoluble in HCl. 

In Table 3, it can be seen that the 

stromatolite has a higher content of 
elemental carbon compared to the lime-
stone. Even though these concentrations 
apparently are very small, they could 
theoretically influence the deposition of 
a calcite layer as further explained in 
section 4.3.

Rock Organic Carbon (%) Elemental Carbon (%) Carbonatic Carbon (%)

Siltstone <0.05 0.06 <0.05

Stromatolite <0.05 0.17 10.97

Limestone <0.05 0.12 11.47

Rock

X-Ray Diffraction (%)

Calcite (CaCO3) Quartz (SiO2)
Muscovite              

(KAl2(Si3AlO10)(OH)2)
Albite Chamosite

(NaAlSi3O8) ((Fe2+;Mg;Fe 3+)5Al(Si3Al)O10(OH; O)8)

Siltstone 4.5 41.1 17.6 26.2 10.6

Stromatolite 91.5 8.5 - - -

Limestone 99.3 0.7 - - -

Rock LOI Total CaCO3 Direct Combustion Total Sulfur (%)
X-Ray Fluorescence (%)

Al2O3 CaO Cr2O3 Fe2O3 K2O 

Siltstone 2.96 0.04 12.37 1.4 <0.01 5.13 2.66

Stromatolite 40.44 0.01 0.34 49.91 <0.01 0.12 0.14

Limestone 43.20 0.03 <0.1 55.68 <0.01 0.1 0.01

 Rock
X-Ray Fluorescence (%)

MgO MnO Na2O P2O5 SiO2 TiO2 -

Siltstone 2.08 0.08 2.88 0.21 69.26 0.84 -

Stromatolite 0.38 0.01 <0.1 0.04 8.51 0.01 -

Limestone 0.12 0.01 <0.1 0.12 0.66 0.01 -

Figure 5 - Acidized core samples prepared for proppant embedment tests. Note the different 
textures between the stromatolite with the highest dissolution rate, and the siltstone with the lowest dissolution rate.

Table 1 - Chemical analysis (XRF).

Table 2 - Mineralogical analysis (XRD).

Table 3 - Carbon phase analysis.
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4.2 Optical Microscopy

4.3 SEM images

4.4 SEM-energy dispersive X-Ray spectroscopy (EDS)

Figure 6 shows optical micropho-
tographs of thin sections (0.03 mm)  
extracted from the surface of the cross-
sections in Figure 4. The blue resin 
that was applied to protect the internal 

walls of the acidized holes is clearly 
visible at the bottom of the pictures. 
The original rock matrix is labeled A, 
while the new layers resulting from 
acid etching are labeled B and C. Note 

the absence of neo layers in the stro-
matolite, and the blue resin penetrating 
the voids created by the acid reaction 
with calcite in the acid invasion zone 
in the siltstone.

Figure 7 shows SEM images 
from the surface of the cross-sections 
in Figure 4. The blue resin applied in the 
central holes appears dark on the left side 
of each picture. SEMs achieve higher 

resolution revealing finer details when 
compared to optical microscopes, because 
they rely on a focused beam of electrons 
that interacts with the sample and have a 
much shorter wavelength than visible light. 

With SEM it is possible to clearly 
see the crystals forming neo layer C, 
in the limestone and in the siltstone, 
and the micropores in the matrix of 
the stromatolite.

The energy dispersive spectrum 
(EDS) detector of the SEM provided a 
chemical mapping of the cross-sections 
in Figure 7. It is possible to observe 
in Figure 8 that calcite, indicated by 
the chemical element Ca, is the only 
mineral present in neo layer C in the 
limestone; but in the siltstone, in neo 
layer C, calcite is together with musco-
vite (K), albite (Na), chamosite (Fe) and 

quartz (Si). It seems that the fine grains 
of muscovite, albite, chamosite, and 
quartz, that were held together by cal-
cite in the matrix of the siltstone, got 
lose during the solubilization of calcite 
in the acid invasion zone B and were 
cemented together in zone C during the 
recrystallization process of calcite, at 
the end of the acidizing procedure. In 
summary, these observations indicate 

that the outer neo layer C is the result 
of the recrystallization of calcite, both 
in the limestone and in the siltstone.

In Zone B, the acid invasion 
zone in the siltstone, calcite (Ca) was 
completely removed, while the other 
minerals from the matrix A remained 
intact; there is no observable transition 
for the chemical elements Si, Al, Na, 
K, Fe and Mg, from zone B to A, indi-

Figure 7 - SEM images from the surfaces of the cross-sections in Figure 4. 
Notice the micropores in the stromatolite and the crystals from neo layer C in the siltstone.

Figure 6 - Petrographic thin sections showing the original rock matrix (A) and the neo layers resulting from acid etching (B and C).
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Nanoindentation tests were car-
ried out using a Berkovich indenter at a 
constant loading rate of 70 μN/s and a 
maximum load of 700 μN maintained 
at peak load for 10 s. The indentation 
points were located at the vertices of a 

50 x 50 μm square grid. 
The nanoindentation was performed 

on the petrographic thin sections from Fig. 6, 
and the neo layers (B and C) were tested 
separately from the original matrix (A). 
The neo layers presented deeper indenta-

tion depths compared to the original rock 
matrices, confirming weaker mechanical 
properties, as is observable in Figure 9 and 
Figure 10. The stromatolite was the only 
rock that did not present neo layers result-
ing from the acidizing process (Figure 11).

The siltstone was the type of rock most 
affected by the acid attack. The indentation 
curves for neo layers B and C (Figure 9) 

reached depths up to 500 nm and showed 
large creep displacements (plateaus). As the 
plateaus on top of the indentation curves 

increase, the Young ś (elasticity) modulus 
and hardness decreases indicating that the 
samples become softer (Liu et al., 2018).

The reason for the absence of a 
recrystallization neo layer (C) in the 
stromatolite, whose presence would 
be expected based on a mineralogical 
composition similar to the limestone, 
is probably twofold. Primarily the 
high dissolution rate observed in the 
stromatolite creates a turbulent solid-
liquid interface, disturbing the fixation 

of recrystallized calcite at the top of the 
matrix A. Then, along with the turbu-
lent interface, comes the higher elemen-
tal carbon content of the stromatolite 
(Table 3). Carbon nano particles are 
efficient calcium carbonate scale inhibi-
tors at concentrations as low as 10 mg/L 
in aqueous solutions. They change the 
crystal form of the precipitated calcite, 

making its adherence to surfaces a dif-
ficult task. However, any concentration 
values below the 10 mg/L threshold 
sharply reduce the efficiency of carbon 
as calcite scale inhibitors. (Wan et al., 
2019). Therefore, small variations in the 
low carbon concentration range could 
have a significant influence on the pres-
ence of a calcite deposition neo layer. 

Figure 8 - Left - EDS mapping for Ca (calcite), Si (quartz), and C (blue resin). 
Right – EDS mapping for K (muscovite), Na (albite), Fe & Mg (chamosite), and Al (muscovite, albite, chamosite) in the siltstone.

Figure 9 - Load-depth curves for the limestone and its respective acidized surface (neo layer C). 

Figure 10 - Load-depth curves for the siltstone and its respective acidized surface (neo layers B and C). 

4.5 Nanoindentation tests

cating that quartz, muscovite, albite 
and even chamosite were not removed 

from the original rock matrix. In sum-
mary, zone B is a residual neo layer 

resulting from the solubilization of 
calcite alone. 
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A box and whisker plot for hardness, 
indentation depths, and Young ś modulus 

resulting from the nanoindentation curves 
is presented in Figure 12.

The proppant embedment tests used 
SinterBall Bauxite (HSP) 20/40 (425-850 mm), 
at 10.00 Kg/m2 (2.0 lb/ft2) proppant concen-
tration, for 8 hours under a pressure of 40 
MPa (5800 psi). The proppant was provided 

free of charge by Mineração Curimbaba.
Proppant embedment values were 

determined by measuring the total axial 
compression of pairs of non-acidized and 
acidized rock waffles (Figure 5), compressing 

the proppant package between them, and 
comparing to the total axial compression of 
non-acidized pairs without proppant. 

In Figure 13, it is possible to observe 
that the acidized siltstone presented the high-

Figure 11 - Load-depth curves for the stromatolite (Zone A in Figure 6). 
Unlike the previous two cases, the stromatolite did not present neo layers resulting from the acid etching.

4.6 Proppant Embedment and fracture conductivity decline

Figure 12 - Box and whisker plot for hardness, indentation depths, and 
Younǵ s (elasticity) modulus analysis from the nanoindentation curves from Figure 9 to Figure 11.



9/11

Humberto Oliveira et al.

REM, Int. Eng. J., Ouro Preto, 78(4), e240010, oct. dec. | 2025

Rock

Proppant Data from Curimbaba: 
Permeability: 4,368 x 106 md (2% KCl ) at 40 MPa, 2.0 lb/ft2. Proppant package width: 13.99 x 10-3 ft

Total Embdement 
(ft)

Total Embedment 
w/ Acid (ft)

Conductivity 
(md-ft)

Conductivity 
w/ Acid. (md-ft)

Frac. Conductivity 
Decline (%)

Siltstone 0.070 x 10-3 0.996 x 10-3 6081 5676 - 6.65

Stromatolite 0.339 x 10-3 0.452 x 10-3 5964 5914 - 0.83

 Limestone 0.246 x 10-3 0.590 x 10-3 6004 5854 - 2.50

The decline in fracture conductiv-
ity for the acidized siltstone, limestone 
and stromatolite is presented in Table 
4. It was calculated with Equation 1 
using the proppant embedment results 
in Figure 13 (at 8h) together with the 

proppant permeability information 
from the proppant manufacturer’s 
website (www.curimbaba.com.br). The 
Siltstone presented the highest value 
of fracture conductivity decline and 
the stromatolite presented a mini-

mum value of less than 1%. The small 
decline in the stromatolite was not 
caused by the presence of neo layers, 
but rather by the crushing of the rough 
surface texture resulting from its high 
dissolution rate.

The combination of acidizing and 
hydraulic fracturing can increase the 
stimulated reservoir volume in oil and 
gas reservoirs, since the acid solution can 
reach and stimulate the microfracture 
network far beyond the main propped 
fracture, reaching distances within the 
reservoir horizon that the proppant is 
not able to do.

The microscopic and nanoindenta-

tion analysis of rocks associated with a 
tight gas reservoir in the Bambuí Group, 
of the São Francisco Basin, in Minas 
Gerais, revealed that the reservoir rock, 
the stromatolite, in contrast with the 
gas-generating rocks, does not produce 
weak neo layers resulting from the acid 
attack which are responsible for the in-
crease in proppant embedment and loss 
of fracture conductivity. Conveniently 

the gas-generating rocks, that bound 
the reservoir rock, would be ultimately 
unaffected by hybrid fracturing as they 
have lost its gas to the reservoir rock over 
millions of years. 

Therefore, proppant-acid fractur-
ing, a hybrid stimulation, is the technique 
of choice recommended for the tight gas 
reservoirs in the Bambuí Group and 
those analogue to it.
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