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Chemical stimulation using environment-friendly chelating agents (e.g., readily biodegradable GLDA) was
recently shown to rapidly and substantially enhance the permeability of fractured granite, without creating
mineral precipitation. This study examined the effectiveness of such stimulation in volcanic rocks through
flooding experiments conducted with a pH 4 GLDA solution on fractured dacitic, andesitic, and basaltic rocks
from geothermal fields in El Salvador at 200 °C under confining pressure. Results showed substantial perme-
ability enhancement of up to 4.3-fold in 2 h, where the magnitude of enhancement depended mainly on the

initial proportion of Fe-rich phenocrysts, which dissolved to form voids.

1. Introduction

In recent years, enhanced geothermal systems (EGSs) have been
developed to enable or increase power generation from geothermal
reservoirs with high temperatures but low initial permeabilities (Breede
et al.,, 2013; Massachusetts Institute of Technology, 2006). Creating
EGSs involves increasing the permeability of such geothermal reservoirs
through hydraulic, thermal, and/or chemical stimulation (Cladouhos
etal., 2016; Farquharson et al., 2020; Lucas et al., 2020; Luo et al., 2018;
McClure and Horne, 2014; Park et al., 2017; Portier et al., 2009; Sir-
atovich et al., 2011). Hydraulic stimulation, a procedure in which
high-pressure fluid leads to shear dilation of pre-existing fractures
and/or the creation of new ones, is the most widely used and studied
among these methods. However, the potential for hydraulic stimulation
to trigger seismic activity is concerning (Deichmann and Giardini, 2009;
Grigoli et al., 2018; Kim et al., 2018b,a; Zang et al., 2014). This method
must be used carefully in conjunction with injection flow rates and
pressures of moderate intensities (Kim et al., 2018b; Kwiatek et al.,
2019). Reduction of intensity will lead to an insufficient enhancement of
permeability. If the permeability is not sufficiently improved, subse-
quent longer injections at higher pressures and/or longer injection times
can be used to induce larger slips in initially large or coalesced fractures
(Watanabe et al., 2008; Nemoto et al., 2009; Watanabe et al., 2009;
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Ishibashi et al., 2015, 2016), but such additional injections can increase
the risk of induced seismicity. Therefore, chemical stimulation may be
necessary to balance the competing concerns of inadequate permeability
enhancement and induced seismicity from hydraulic stimulation.

Chemical stimulation entails the injection of acid into a reservoir to
dissolve hydrothermal minerals precipitated in fractures near the well-
bore, or to create larger-aperture fractures via mineral dissolution rather
than shear dilation (Farquharson et al., 2020; Lucas et al., 2020; Luo
et al., 2018; Portier et al., 2009). However, conventional chemical
stimulation uses hydrochloric and hydrofluoric acids and is known to be
less efficient in dissolving minerals over long distances. Additionally,
because such strong mineral acids are highly reactive and because fluid
chemistry is highly variable in space and time, it is extremely difficult to
predict all possible dissolution and precipitation reactions and their
impacts on permeability.

To overcome these disadvantages of conventional strong mineral
acids, a recent study (Watanabe et al., 2021) proposed the use of
chelating agents to selectively dissolve rock-forming minerals in
geothermal environments and to enhance rock fracture permeability.
Among the various types of chelating agents, environmentally friendly
compounds, such as N-(2-hydroxyethyl)ethylenediamine-N, N’, N’-tri-
acetic acid (HEDTA) and readily biodegradable N, N-bis(carbox-
ymethyl)-L-glutamic acid (GLDA), were found to be suitable for use in
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natural environments (Mahmoud et al., 2017; Pinto et al., 2014; Wang
et al., 2021, 2022). Even in weakly acidic aqueous solutions, minerals
have high dissolution rates due to the combined effects of the chelating
agent and hydrogen ions (Fredd and Fogler, 1998). Mineral dissolution
is accelerated through chelating agents, and metal ions are stabilized
through chelation over longer distances. Moreover, the degree to which
the dissolution rate is enhanced varies with the type of mineral.
Consequently, the selective dissolution of rock-forming minerals can be
achieved, creating voids, within a framework of less soluble minerals,
that remain open under confining stress at depth.

In a previous study (Watanabe et al., 2021), chelating agent flooding
experiments were conducted on fractured granite under confining stress
at 200 °C, using 20 wt% aqueous solutions of sodium salts of HEDTA and
GLDA at pH 4. These resulted in a rapid and substantial enhancement in
permeability, accompanied by void formation due to the selective
dissolution of biotite (i.e., Fe-rich mineral). However, such permeability
enhancement due to selective mineral dissolution has neither been
demonstrated nor investigated in fractured, non-crystalline volcanic
rocks, which comprise the bulk of currently or potentially exploitable
geothermal resources around the world. This new method of chemical
stimulation is expected to be effective even in volcanic rocks containing
phenocrysts of Fe-rich minerals, such as biotite, hornblende, pyroxenes,
and olivine.

Therefore, in the present study, we examined the effectiveness of
chelating-agent-based chemical stimulation on fractured volcanic rocks,
by conducting chelating agent flooding experiments on core samples of
different volcanic rocks obtained from geothermal fields in El Salvador.
The experiments were conducted under confining stress at 200 °C using
a 20 wt% aqueous solution of sodium salt of GLDA at a pH of 4.

2. Materials and methods
2.1. Fractured volcanic rock samples and chelating agent

Three cylindrical samples (diameter: 25 mm, length: 25 mm) were
prepared from dacitic, andesitic, and basaltic rocks (Samples A, B, and C,
respectively) obtained from the Ahuachapan and Berlin geothermal
fields, El Salvador (Fig. 1). Each sample contained a tensile fracture
parallel to the sample axis (i.e., macroscopic flow direction in the
flooding experiment), which was induced by the Brazilian test.

Quantitative elemental analysis using an electron probe micro-
analyzer (EPMA; JEOL JXA-8200) was conducted on thin sections from
the three types of volcanic rocks to determine their chemical composi-
tions and mineral distributions. The Total Alkali-Silica (TAS) classifi-
cation system was used to classify the samples, based on their major
element compositions (Table 1). The rocks used to prepare Samples A, B,
and C were identified as dacitic, andesitic, and basaltic rocks, respec-
tively, as stated above. Among the elements listed in Table 1, elution of
Ti, Al, Fe, Mg, Ca, and Mn from the rock into water could be accelerated
by the presence of a chelating agent.

Samples A and B contained plagioclase, orthopyroxene,

Basaltic rock
Sample C

Andesitic rock
Sample B

Dacitic rock
Sample A

Fig. 1. Three types of volcanic rocks used in the chelating agent flooding ex-
periments: Sample A, Sample B, and Sample C were prepared from dacitic,
andesitic, and basaltic rocks, respectively.
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Table 1
Representative element concentrations (wt%; EPMA analyses) for each rock
sample.

Sample A Sample B Sample C
SiO, 63.7 57.0 50.8
TiO, 0.6 0.8 1.2
Al;03 15.9 17.5 16.7
FeO 4.6 7.3 11.3
MgO 1.2 2.4 3.4
CaO 3.4 6.6 7.9
Na,O 4.9 3.7 3.6
K0 2.7 1.5 1.2
P,05 0.2 0.1 0.4
MnO 0.1 0.1 0.2
Total 97.3 97.1 96.8

clinopyroxene, and hematite as phenocrysts (grain size: > 0.1 mm)
within a silica-rich groundmass, while Sample C contained plagioclase,
clinopyroxene, hematite, and olivine as phenocrysts within a similarly
silica-rich groundmass (Table 2). The areal percentage and average size
of the phenocrysts contained in the thin-section of each sample are
summarized in Table 3. Among the phenocrysts, Fe-rich minerals (i.e.,
all those mentioned except for plagioclase) were expected to dissolve in
the flooding experiments, as selective dissolution of Fe-rich biotite was
observed in the previous flooding experiments conducted on fractured
granite (Watanabe et al., 2021). The total areal percentage of the Fe-rich
phenocrysts was 2.1% for Sample A, 19.7% for Sample B, and 0.6% for
Sample C, and the average size of such phenocrysts was similar
(approximately 0.2 mm) for all samples. Consequently, the degree of
permeability enhancement was expected to be larger for Sample B,
followed by those for Sample A and Sample C.

Aqueous solutions containing GLDA were prepared from approxi-
mately 40 wt% aqueous solution of GLDA-Nas (C9HgNNa4Og), pur-
chased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). These
solutions contained GLDA-Na4 at approximately 20 wt% and were
adjusted to pH values of 4 with nitric acid (HNOs, 60-61%, Kanto
Chemical, Japan).

2.2. Experimental system, procedures, and conditions

The experimental system and procedures described in this section are
the same as those in our previous study (Watanabe et al., 2021). The
chelating agent flooding experiments were conducted using the exper-
imental system shown in Fig. 2. In each trial, a Viton-sleeved sample
with end-plugs attached to both inlet and outlet faces was placed hori-
zontally in a pressure vessel maintained at 200 °C using a mantle heater.
Silicone oil was pumped into the vessel at a constant pressure to subject
the sample to a confining pressure of 15 MPa, representing the confining
stress in geothermal environments. The initial permeability of the
sample was determined based on Darcy’s law, by first pumping pure
water into the sample at a constant flow rate of either 0.25 or 1.00 mL
min~!, depending on the initial flow resistance of the sample. More
specifically, a flow rate of 0.25 mL min~! was maintained for Sample A,
while a flow rate of 1.00 mL min~! was used for the other two samples.
The permeability (k) was then calculated according to Darcy’s law as
follows:

K ouL
ar2AP

@

where Q is the flow rate; y is the viscosity of the injected fluid; AP is the
differential pressure of the fluid between the inlet and outlet faces of the
sample; and r and L are the radius and length of the sample, respectively.
During this process, the water flowed out of the sample through a
backpressure regulator adjusted to 5 MPa. After determining the initial
permeability, the aqueous chelating agent solution was injected into the
sample at the same flow rate for 2 h. Effluent samples were collected at
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Table 2
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Element concentrations (wt%; EPMA analyses) of phenocrysts and groundmass in each sample, where P1, Cpx, Opx, Hem, Ol, and Gnd, respectively, denote plagioclase,

clinopyroxene, orthopyroxene, hematite, olivine, and groundmass.

Phenocryst/Groundmass Sample A Sample B Sample C

Pl Cpx Opx Hem Gnd Pl Cpx Opx Hem Gnd Pl Cpx Opx Hem Gnd
SiO, 50.2 52.3 52.1 0.2 77.6 55.7 51.5 52.4 0.2 80.4 47.6 50.6 36.8 0.1 74.5
TiO, 0.1 0.4 0.2 14.7 0.4 0.0 0.3 0.2 5.9 0.4 0.0 0.8 0.0 11.0 0.3
Al,03 28.9 1.3 1.6 2.0 11.4 26.2 1.5 0.8 2.8 9.1 30.3 2.0 0.1 3.8 9.5
FeO 0.5 10.4 20.1 76.0 2.2 0.5 10.6 21.0 83.0 1.7 0.8 15.5 28.6 76.0 2.9
MgO 0.1 14.4 18.6 1.6 0.3 0.0 11.7 18.7 0.5 0.5 0.0 12.6 27.8 1.9 1.4
CaO 15.5 20.4 1.5 0.0 0.3 10.8 22.0 1.6 0.0 0.9 16.7 17.4 0.2 0.0 3.8
NayO 3.2 0.3 0.1 0.3 2.6 6.2 0.4 0.0 0.0 2.0 2.7 0.3 0.0 0.0 2.1
K0 0.1 0.0 0.0 0.0 4.0 0.3 0.0 0.0 0.0 3.2 0.1 0.1 0.0 0.0 3.7
MnO 0.1 0.5 0.8 0.6 0.1 0.0 0.6 0.8 0.1 0.0 0.0 0.5 0.6 0.3 0.1
Total 98.6 100.0 95.1 95.5 98.9 99.8 98.6 95.3 92.5 98.1 98.2 99.8 94.1 93.1 98.3

Table 3

Areal percentage and average size of phenocrysts in each sample, where Pl, Cpx, Opx, Hem, Ol, and Gnd, respectively, denote plagioclase, clinopyroxene, ortho-

pyroxene, hematite, olivine, and groundmass.

Pl Cpx Opx

Hem Ol

Areal pct. (%) Avg. size (mm) Areal pct. (%) Avg. size (mm) Areal pct. (%) Avg. size (mm) Areal pct. (%) Avg. size (mm) Areal pct. (%) Avg. size (mm)

Sample A 12.2 0.195 0.8 0.173 0.8
Sample B 29.5 0.235 6.9 0.225 10.9
Sample C 15.4 0.147 0.4 0.265 -

0.173 0.5 0.186 - -
0.256 1.9 0.198 - -
- 0.2 0.143 0.9 0.23

Solution Inlet and outlet Dat

thermocouple pressure gauges |O§ggr
Mantle heater

Pump for Pressure vessel

solufion Silicon ol Back pressure

injection confrol valve

L O] ‘
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]

End plug

Fractured sample
o . Viton® sleeve
Silicon oil control system

Fig. 2. Experimental system for chelating agent flooding experiments.

constant intervals of either 10 min (at 1.00 mL min~') or 20 min (at
0.25 mL min}) throughout each experiment. These aliquots were
analyzed to determine the concentrations of Al, Ca, Fe, K, Mg, Si, and Ti
using inductively coupled plasma optical emission spectrometry (ICP-
OES, Agilent 5100).

X-ray computed tomography (CT) was conducted on each sample
before and after the chelating agent flooding experiment, with a tube
voltage of 120 kV, a tube current of 150 pA, and a voxel size of 20 pm x
20 pm x 20 pm. The Molcer Plus 3D image visualization and processing
software (White Rabbit Corp., Tokyo, Japan) (Tanaka et al., 2013) was
used to compute a distribution of significantly large pores and fracture
apertures (i.e., voids) with sizes similar to or larger than the voxel size.
Blender 3D (Blender Online Community, 2018) was used for visualiza-
tion of 3D distribution of the voids.

3. Results and discussion
3.1. Evolution of rock permeability and fluid chemistry

Fig. 3 shows the changes in differential pressure between the inlet
and outlet of the sample as a function of time. The differential pressure is

a proxy of the hydraulic resistance based on Darcy’s law, represented by
Eq. (1). Therefore, permeability enhancement during injection of the
GLDA solution corresponds to a decrease in the differential pressure. In
all experiments, the differential pressure was almost constant during the
water injection (time < 0 min in the figure) because of the insignificant
water-rock reaction. In contrast, after injection of the GLDA solution had
begun, the differential pressure first increased (because the GLDA so-
lution is more viscous than water) and then decreased (due to enhanced
permeability of the sample). The factor of permeability enhancement
was defined as the ratio between the peak and final differential pressure
values, as indicated by the red arrows in the figure. It should be noted
that the sudden drop in differential pressure prior to injection of the
GLDA solution was due to the pump being stopped when the fluid was
switched from water to the chelating agent solution, because the same
pump was used for both fluids (Fig. 2).

In all experiments, the differential pressure decreased (i.e., perme-
ability increased) more rapidly during the early stage of the GLDA so-
lution injection. Similar changes in the differential pressure were
reported for the GLDA flooding experiments on fractured granite
(Watanabe et al., 2021), in which voids were formed due to the selective
dissolution of biotite (i.e., Fe-rich mineral with a low volumetric pro-
portion of <10%). Therefore, the permeability enhancement in the
present experiments was likely triggered by void formation due to se-
lective dissolution of phenocrysts, rather than of fine-grained Fe-rich
minerals (pyroxenes, hematite, and/or olivine) in the groundmass. The
factor of permeability enhancement was 1.5-fold for Sample A, 4.3-fold
for Sample B, and 1.2-fold for Sample C, where the initial permeability
was 7.97 x 10718 m? for Sample A, 1.46 x 10~® m? for Sample B, and
1.38 x 107'% m? for Sample C. These improvements occurred rapidly
(within 2 h) and are significant because they are comparable to im-
provements in injectivity index obtained by conventional chemical
stimulation in geothermal fields (Portier et al., 2009) as well as the
permeability enhancement factors observed for the fractured granite in
the GLDA flooding experiments (Watanabe et al., 2021). This demon-
strates the effectiveness of chelating-agent-based chemical stimulation
on fractured volcanic rocks. Additionally, as expected, a larger perme-
ability enhancement was observed in the sample with a larger areal
percentage of Fe-rich mineral phenocrysts. Notably, the decrease in
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Flow rate: 0.25 mL min™!
6.0 4 Initial permeability: 7.97 x 108 m?
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Flow rate: 1.00 mL min™'
1.5 4 Initial permeability: 1.46 x 10¢ m?
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0.3 {Initial permeability: 1.38 x 10'®* m?

1.2-fold permeability
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Differential pressure (MPa)
o
N
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Time during GLDA solution injection (min)

Fig. 3. Changes in differential pressure in the experiments on Samples A, B, and
C. The factor of permeability enhancement is defined as the ratio between the
peak and final differential pressure values, indicated by red arrows. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

differential pressure was less smooth in Sample C, implying competing
processes of both permeability enhancement and reduction, as discussed
in Section 3.2.

Fig. 4 shows the changes in the elemental concentrations and pH of
the effluents as a function of time, wherein the concentration and pH at
0 min were obtained for the effluent before the GLDA solution was
injected. The concentrations of all elements in the effluent increased
significantly after the injection of the GLDA solution, reflecting
enhanced dissolution of phenocrysts and/or groundmass in the sample.
However, the rapid and remarkable increase in the concentration of Fe
indicates void formation due to the selective dissolution of Fe-rich
mineral phenocrysts (pyroxenes, hematite, and/or olivine). This inter-
pretation is based on the void formation observed in a previous study,
which occurred due to the selective dissolution of biotite in granite
(Watanabe et al., 2021) and was accompanied by a similar change in Fe
concentration. Although the GLDA solution may have accelerated the
dissolution of all phenocrysts and groundmass, permeability enhance-
ment seemed to be triggered by void formation due to the selective
dissolution of phenocrysts of Fe-rich minerals, because the changes in
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Fig. 4. Changes in elemental concentrations and pH during injection of the
GLDA solution into Samples A, B, and C.

differential pressure were similar to the changes in Fe concentration.

3.2. Void formation by selective dissolution of Fe-rich minerals

Fig. 5 compares the selected X-ray CT slice images for each sample
before and after the experiment to confirm void formation by selective
dissolution of Fe-rich phenocrysts (pyroxenes, hematite, and/or
olivine). It should be noted that these images were selected to compare
very similar slices, although they may not precisely present the same
slices. In all the images, plagioclase and groundmass appear as similar
grey areas, and fractures and pores appear as darker grey or black areas.
In Fig. 5, orthopyroxene and clinopyroxene are indicated by light blue
(Samples A and B), clinopyroxene and olivine are indicated by green
(Sample C), and hematite is indicated by red (all samples). It should be
noted that the large pores (voids) initially contained in Sample B had
limited connectivity and thus did not contribute significantly to
permeability.

The X-ray CT slice images of Samples A and B clearly demonstrate the
formation of voids through selective dissolution of pyroxene and he-
matite phenocrysts along the fracture plane. In contrast, the images of
Sample C revealed a widened fracture aperture due to selective disso-
lution along the fracture plane. Clinopyroxene and/or olivine (likely
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Sample A

Frac

Hem

Opx/Cpx 1

Frac

Void

Sample B

Before

OI/CpX Frac

Void 1

Fig. 5. X-ray CT slice images of the samples before and after the experiments, where Cpx, Opx, Hem, Ol, and Frac, respectively, denote clinopyroxene, orthopyr-

oxene, hematite, olivine, and fracture.

clinopyroxene) were dissolved from the groundmass, while selective
dissolution of phenocrysts of these minerals also led to void formation. It
should be noted that selective dissolution of hematite was also observed
in Sample C although it was less obvious due to the small amount and
size of the mineral.

Fig. 6 compares the 3D distribution of voids in each sample, before
and after the experiment, to confirm that sufficient void formation
occurred in each sample to cause the substantial permeability
enhancement. In the figure, continuous lines indicate the outline of the
sample, while the dotted line approximates the fracture plane. Voids are
colored according to their volumes. For Sample B, only voids within 5
mm of the fracture plane are shown, because this sample initially con-
tained many voids throughout the entire body, which obscured the
fracture plane.

All samples exhibited a substantial increase in the number of voids
along the fracture plane, extending from the inlet to outlet of the sample.
In Samples A and B, the distribution of voids is less continuous although

relatively small-volume voids are distributed over the entire fracture
plane, reflecting the discrete distribution of Fe-rich phenocrysts (py-
roxenes and hematite) in the samples. In contrast, Sample C exhibited a
relatively continuous distribution of voids, resulting in a void with the
largest volume of > 0.1 mm?, shown in purple. This purple void in-
dicates the widening of the fracture aperture due to dissolution of fine-
grained Fe-rich minerals (probably, clinopyroxene) in the groundmass.
However, unlike the discrete distribution of smaller-volume voids, such
large voids did not develop throughout the fracture plane. This may be
because the confining pressure closed the larger voids that formed
through uniform groundmass (fracture plane) dissolution. Indeed, the
irregular decrease in differential pressure exhibited by Sample C (Fig. 3)
indicates competing processes, i.e., both enhancing and reducing
permeability.

As Sample C exhibited the smallest increase in permeability, despite
forming the largest voids, we hypothesize that the dissolution of fine-
grained minerals in groundmass is a less effective method of creating
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Fig. 6. 3-D distribution of voids in the samples before and after the
experiments.

substantial permeability enhancement than the dissolution of pheno-
crysts. Therefore, the magnitude of permeability enhancement would be
largely related to the void volume created by phenocryst dissolution.
Moreover, the void volume would be largely determined by the areal
percentage of phenocrysts (i.e., total area of phenocrysts exposed to the
chelating agent solution).

3.3. Relationship between permeability enhancement and phenocryst
dissolution

To examine the first hypothesis, the permeability enhancement fac-
tor was plotted against the total increase in void volume due to the se-
lective dissolution of Fe-rich phenocrysts (pyroxenes, hematite and
olivine) as shown in Fig. 7a. The purple voids with volumes of > 0.1
mm?> (Fig. 6) were thus excluded when calculating the total increase in
void volume. Moreover, to examine the second hypothesis, the total
increase in void volume was plotted against the total areal percentage of
Fe-rich phenocrysts, as shown in Fig. 7b. As expected, these plots veri-
fied that there is a clear linear relationship between the permeability
enhancement factor and the total increase in void volume due to the
selective dissolution of Fe-rich phenocrysts; similarly, there is a clear
linear relationship between the total increase in void volume and the
total areal percentage of Fe-rich phenocrysts.

We have shown that permeability enhancement could be achieved
for three different types of volcanic rocks, through the selective
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Fig. 7. Relationships between (a) the permeability enhancement factor and
total increase in void volume due to dissolution of Fe-rich phenocrysts, and (b)
between the total increase in void volume and total areal percentage of Fe-rich
phenocrysts.

dissolution of Fe-rich phenocrysts leading to void formation. However,
the volcanic rocks used in this study contained less than 20% pheno-
crysts in the areal percentage. Additionally, such grains were generally
unevenly distributed within the rock samples. This implies that the
formation of voids is only part of the permeability enhancement process,
and the dissolution of non-Fe-rich phenocrysts and/or groundmass may
also be involved. Additionally, the dissolution rates of minerals in vol-
canic rocks and glasses have different pH dependencies in water (Gud-
brandsson et al., 2014; Rinder and von Hagke, 2021; Zhang et al., 2019),
and mineral dissolution can be enhanced by the combining the effects of
protons and chelating agents (Fredd and Fogler, 1998). Therefore,
permeability enhancement may depend on pH conditions, with better
permeability enhancement likely resulting from pH values other than 4.
Therefore, future studies should investigate a process and optimum pH
for enhancing permeability using chelating agents. Such research would
strengthen the applicability and effectiveness of the chelating-agent-
based chemical stimulation method and extend the use of EGSs
worldwide.

4. Conclusions

The recently proposed method of chemically stimulating geothermal
reservoirs using environment-friendly chelating agents to selectively
dissolve minerals is considered a promising method that is comple-
mentary to hydraulic stimulation and provides a reasonable balance
between the conflicting concerns of insufficient permeability enhance-
ment and induced seismicity resulting from hydraulic stimulation in
granitic reservoirs. To examine the applicability of chemical stimulation
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to different types of reservoirs, we conducted chelating agent flooding
experiments on fractured non-crystalline volcanic rock samples (i.e.,
dacitic, andesitic, and basaltic rocks) obtained from the Ahuachapan
and Berlin geothermal fields in El Salvador.

The stimulation experiments were conducted on the fractured sam-
ples at 200 °C under confining pressure, with a 20 wt% aqueous solution
of the readily biodegradable chelating agent, GLDA, at a pH of 4. The
results demonstrated that the permeability of fractured volcanic rocks
can be rapidly and substantially improved, by as much as four times
within two hours. The increase in permeability is achieved by the se-
lective dissolution of Fe-rich mineral phenocrysts (e.g., pyroxenes,
olivine, and hematite), which creates stress-resistant voids. Moreover,
the degree of permeability enhancement mainly depends on the amount
of void volume that is created, and thus on the initial amount of phe-
nocrysts that can be selectively dissolved.

This study extended the applicability of the chelating-agent-based
chemical stimulation method to geothermal reservoirs in volcanic
rocks. However, the process by which permeability is enhanced by void
formation due to the dissolution of discretely distributed phenocrysts is
not thoroughly understood yet, and different pH levels (other than 4)
could result in a larger permeability enhancement. Therefore, further
extensive studies on chelating-agent-based chemical stimulation are
required to improve the reliability and efficacy of this new stimulation
method and to achieve extensive use of EGSs in the future.
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