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ABSTRACT

Masaya volcano, Nicaragua, is a persistently active volcano characterized by continuous passive degassing for
more than 150 years through the open vent of Santiago crater. This study applies self-potential, soil CO; and
ground temperature measurements to highlight the existence of uprising fluids associated to diffuse degas-
sing structures throughout the volcano. The diffuse degassing areas are organized in a semi-circular pattern
and coincide with several visible and inferred surface volcanic structures (cones, fissure vents) and likely
consist of a network of buried faults and dykes that respectively channel uprising flow and act as barrier to
gravitational groundwater flow. Water depths have been estimated by multi-scale wavelet tomography of
the self-potential data using wavelets from the Poisson kernel family. Compared to previous water flow
models, our water depth estimates are shallower and mimic the topography, typically less than 150 m
below the surface. Between 2006 and 2010, the depths of rising fluids along the survey profiles remained sta-
ble suggesting that hydrothermal activity is in a steady state. This stable activity correlates well with the con-
sistency of the volcanic activity expressed at the surface by the continuously passive degassing.

When compared to previous structural models of the caldera floor, it appears that the diffuse degassing struc-
tures have an important effect on the path that shallow groundwater follows to reach the Laguna de Masaya
in the eastern part of the caldera. The hydrogeological system is therefore more complex than previously
published models and our new structural model implies that the flow of shallow groundwater must bypass
the intrusions to reach the Laguna de Masaya. Furthermore, these diffuse degassing structures show clear ev-
idence of activity and must be connected to a shallow magmatic or hydrothermal reservoir beneath the cal-
dera. As such, the heat budget for Masaya must be significantly larger than previously estimated.
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1. Introduction

Masaya volcano, Nicaragua (11.984°N, 86.161°W, 635 m), is a ba-
saltic shield system consisting of a summit caldera (~11.5x6 km)
hosting numerous cinder cones, pit craters and fissure vents
(McBirney, 1956; Williams, 1983b; Rymer et al, 1998; Acocella,
2007; Harris, 2009) (Fig. 1). The summit caldera is the result of sever-
al collapse events (McBirney, 1956; Crenshaw et al., 1982), which are
now covered by numerous lava flows that partially fill the caldera
(Williams, 1983a; Walker et al., 1993). Since the pioneering work of
McBirney (1956), several studies have supported the hypothesis of
structural limits controlling the volcanic vent distribution (cinder
cones and fissure vents) within the caldera (Williams, 1983a;
Maciejewski, 1998), however, different models have been suggested
to explain this distribution. Based on field observations, it appears
that three of the fissure vents (e.g., the 1772 fissure vent; Fig. 1)

* Corresponding author at: Centre for Hydrogeology and Geothermics-CHYN, Uni-
versité de Neuchatel, Neuchatel, Switzerland.
E-mail address: guillaume.mauri@unine.ch (G. Mauri).

have a similar orientation to the main regional Cofradrias fault
(N5°E) (Williams, 1983a). Other volcanic structures are oriented dif-
ferently, such as Masaya cone (N70°E), Nindiri cone (N54°E) and San
Pedro fault (N48°E), which suggests a more complex structural influ-
ence on the shallow magmatic system (Fig. 1). Field observations sug-
gest that the San Pedro fault (Fig. 2b) is in fact a fissure vent cutting
through the west flank of Nindiri cone, starting at the top of San
Pedro crater and stopping near Cerro Montozo cone (Fig. 1). On a
smaller scale, Masaya and Nindiri cones show signs of collapse with
the formation of pit craters (Santiago, San Pedro and San Fernando
craters) and subsidence of Nindiri lava lake. Signs of normal faulting
are present on the crater walls of Santiago, San Pedro and San
Fernando craters (Rymer et al, 1998; Roche et al., 2001; Harris,
2009). Thus, at least in the south part of the caldera, fissure vents and
pit craters may be connected at depth by both dykes and faults to a shal-
low magma chamber. In addition, a normal fault plane (NE-SW strike)
associated with fumarolic activity, has been characterized by a previous
geophysical study (magnetism and self-potential) across Comalito cone
and the fissure vent on the north side of Masaya cone (Pearson, 2010).
Earlier geophysical studies (Bouguer gravity mapping), aimed at
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Fig. 1. Masaya caldera, Nicaragua with the post-caldera volcanic cones in blue. The crater names and ground structures are in red. The dark green dashed lines represent the fissure
vent structures. Solid red lines are the inferred structure (Crenshaw et al., 1982; Harris, 2009) while the red dashed lines represent hypothetical structures (Crenshaw et al., 1982).
The black dashed line is the inferred limit of the caldera. The grey dashed line represents the margins of the 1772 lava flow. Approximate location of previously published soil gas
anomalies are represented in light blue (Crenshaw et al., 1982), light green (St-Amand, 1999), pink (Lewicki et al., 2003) and purple (Pearson, 2010). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

determining the sources controlling these volcanic structures, were in-
conclusive due to small density contrasts between the rock formations
and insufficient survey stations (Connor and Williams, 1990; Metaxian,
1994). One model suggests that the distribution of both fissure vents
and cinder cones is controlled by the regional tensional stress associated
to regional faults (Williams, 1983a), while another model suggests that

the volcanic structures are associated to cone-sheets or ring-dykes that
cut through the caldera (McBirney, 1956; Crenshaw et al, 1982;
Maciejewski, 1998). While it is likely that regional faults influence the
shallow magmatic system, it is also likely that more local effects, such
as depth and shape of a magma chamber, play significant roles in the dis-
tribution of the volcanic vents.
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Recent significant volcanic activity (small vent-clearing explosions
and continuous degassing) originates solely from Santiago crater within
the Nindiri cone. The presence and frequent renewal of significant
amounts of fresh magma near the surface is physically expressed
through continuous degassing (SO flux>500 td~') and variable in-
candescence in the crater vent (e.g., Stoiber et al, 1986; Williams-
Jones et al.,, 2003; Nadeau and Williams-Jones, 2009). Unlike other per-
sistently active basaltic shield volcanoes which are characterized by fre-
quent effusive eruptions ( e.g., Kilauea in Hawaii, Piton de la Fournaise in
La Réunion), since the 1800s, Masaya volcano has had only infrequent
and volumetrically negligible emissions of juvenile material. The most
recent lava flow was erupted in 1772 (McBirney, 1956; Rymer et al,,
1998) and covered a significant part of the north sector of the caldera.

Previous studies on gas concentrations and flux (SO,, CO,, etc.),
gravity, deformation and seismicity have highlighted the existence
of an extensive magmatic plumbing system at shallow depths open
to the atmosphere through Santiago crater (Crenshaw et al., 1982;
Williams, 1983; Walker and Williams, 1986; Stoiber et al., 1986;
Walker et al., 1993; Métaxian, 1994; Métaxian et al., 1997; Rymer et
al., 1998; Maciejewski, 1998; Roche et al., 2001; Duffell et al., 2003;
Williams-Jones et al., 2003), however, the exact depth, volume and
shape of this reservoir are still unknown. At Masaya volcano, the con-
tinuous presence of fresh magma within a shallow magmatic reser-
voir is an extraordinarily persistent source of heat and gas (i.e., H,0,
CO,, SO,) (Duffell et al., 2003; Martin et al., 2010). In the vicinity of
the magma reservoir, the heat will be mainly transferred to the coun-
try rock by conduction. While rocks are poor thermal conductors and
cannot efficiently transfer heat throughout the entire edifice, volcanic
gas and superheated aqueous fluids are excellent thermal conductors,
which will both draw the heat from the magma and control heat dis-
tribution within the volcanic edifice. Consequently, sustained gas, su-
perheated aqueous fluids and heat flux within the ground could
generate and support hydrothermal fluid circulation (Finizola et al.,
2002; Chiodini et al., 2005; Bruno et al., 2007; Hase et al., 2010 and
references therein). In the case of an open system such as at Masaya
volcano, where the magma is directly in contact with the atmosphere,
magmatic gases are easily evacuated through the open conduit and
thus only a small percentage of the total gas flux may escape diffusely
through the surrounding edifice. At Masaya, numerous studies have
investigated the low temperature hydrothermal system of Comalito
cone (Lewicki et al., 2003; Shaw et al., 2003; Pearson et al., 2008;
Pearson, 2010), which has been described as a diffuse degassing
structure (DDS) (Chiodini et al., 2005). However, at the caldera
scale only a few published studies have looked at the subsurface
water flow or distribution of soil gas emissions (Crenshaw et al.,
1982; St-Amand, 1999; MacNeil et al., 2007).

Santiago crater, North Masaya fissure vent and Comalito cone are
the only active degassing structures known in Masaya caldera, but
the volcano has other faults, fracture zones, and cones. Are there
other active degassing structures in the caldera? The aim of this
study is to investigate the extent of the hydrothermal system
throughout the caldera in order to better understand both groundwa-
ter flow and the shallow volcanic structures and their effect on the
current and future volcanic activity. Five geophysical surveys were
thus performed between February 2006 and March 2010 to col-
lect~81 km of self-potential electrical profiles, ~ 7.5 km of soil CO,
concentration and~6.5 km of ground temperature measurements
(Fig. 3). Profiles of these measurements were then used to study the
spatial and temporal variations of groundwater flow while multi-
scale wavelet tomography applied to the self-potential data enabled
characterization of water depths (Mauri et al., 2010, 2011).

2. Groundwater flow in active calderas

layers, which may be connected through vertical water flow along
faults and geological discontinuities (e.g., Zlotnicki et al., 1998;
Finizola et al., 2002; Pribnow et al., 2003; Bruno et al., 2007). Very
often within the hydrogeological structure, one or several hydrother-
mal systems may be present and supported by the volcanic heat/gas
flow rising through the edifice (Finizola et al., 2002; Pribnow et al.,
2003). When not associated with active crater vents, these hydro-
thermal systems can represent diffuse degassing structures (DDS) in
which ground permeability is higher due to faults or fractures
(Chiodini et al., 2001, 2005). The DDS can act as preferential channels
between the deep aquifer and the surface while in other parts of the
volcanic edifice, the groundwater may consist solely of cold water
flow. There are numerous examples of these hydrogeological systems
such as on Usu and Aso volcanoes (Japan), Long Valley caldera and
the Hawaiian Islands (USA) (Peterson, 1972; Sorey et al., 1991;
Hase et al., 2005; Hase et al., 2010). As calderas are usually character-
ized by a topographic depression, it is common to find groundwater
flow within the volcanic rocks as well as sizeable bodies of water on
their surface (e.g., Farrar et al., 2003; Pribnow et al, 2003; Join et
al., 2005; Pagli et al., 2006; Zlotnicki et al., 2009; Todesco et al., 2010).

Hydrodynamic and chemical features of groundwater depend on
the physical and chemical properties of the host rock (i.e., porosity,
permeability, chemical composition, temperature, Seaber, 1988; Al-
Aswad and Al-Bassam, 1997), however, without well information, it
is often difficult to determine these properties. For this study, no
well data are available, thus it is not possible to describe groundwater
flow through its physical parameters (porosity, permeability). How-
ever, the groundwater flow direction can be characterized through
the self-potential elevation gradient (see Section 4.1) (Lénat, 2007).
Therefore, as in other studies (e.g., Zlotnicki et al., 1998; Lénat,
2007; Finizola et al., 2009 and references therein) and independent
of its chemical composition, groundwater flow will be separated
into two groups based on the flow direction:

The first group, called gravitational flow (GF), includes any
groundwater flow having its flow direction characterized mainly by
a horizontal component. The second group, the uprising flow (UF)
comprises any groundwater flow characterized by a major vertical
component of the flow direction. When the fluid pressure becomes
stronger than gravitational forces, groundwater rises along the struc-
tural limit (e.g. fault plane, rock discontinuities) having the highest
hydraulic conductivity. The uprising flow is also called artesian flow
when it reaches the surface (Banton and Bangoy, 1997) and is always
the consequence of increased fluid pressure. This can be due to two
processes. First, when the uprising flow originates from a confined
or semi-confined aquifer, the fluid pressure builds up within the con-
fined zone due to limited space (Banton and Bangoy, 1997; Drever,
1997). Second, when the uprising flow originates from a geothermal
reservoir hot enough that the fluid may exist in two phases (liquid
and gas), gas dilatation will increase fluid pressure within the reser-
voir causing the fluid to rise toward the surface (Johnston et al.,
2001; Zlotnicki and Nishida, 2003; Legaz et al., 2009).

In order to distinguish rising hydrothermal fluid (unconfined or
confined) from cold fluids (unconfined or confined), it is important
to determine the three key characteristics that represent an uprising
hydrothermal flow, notably flow direction, soil gas concentration
and anomalous ground temperature (Finizola et al, 2002, 2009 and
references therein).

3. Methods
3.1. Self-potential

Self-potential (SP) is a passive electrical method which measures
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Fig. 3. Map of the profile measurements made between 2006 and 2010 in Masaya caldera, Nicaragua. a) Self-potential profiles overlain on the tectonic setting presented in Fig. 1.
b) Soil CO; gas profiles measured in 2008 on Masaya caldera. ¢) Ground temperature measurements collected between 2007 and 2010. Note the different scales. See text for de-
scription of the representation method. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

et al., 2002; Zlotnicki and Nishida, 2003; Lénat, 2007; Jouniaux et al.,
2009 and references therein). A natural electrical current is generated
by a number of different processes which include several physical and
chemical phenomena. The most important sources of electrical gener-
ation are the electrokinetic, rapid fluid disruption and thermoelectric
processes.
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al, 2008; Jouniaux et al., 2009). EK is affected by several key parame-
ters including the chemical composition of the water and the zeta po-
tential, which is the electrical expression of the interaction between
ions along the Helmholtz double layer (Hase et al., 2003; Aizawa et
al, 2008). With an increase in flow pressure, the quantity of ions re-
moved from the surface of minerals constituting the rock will in-
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mineral (Avena and DePauli, 1996; Guichet and Zuddas, 2003; Hase et
al., 2003). Rapid fluid disruption (RFD) is an ephemeral phenomenon
which characterizes water phase changes from liquid to vapor and
will be expressed by an increase of the rising water flux (Johnston
et al, 2001). The thermoelectric process occurs when heat flux (e.g.,
due to magmatic intrusions) is applied to a rock generating a thermal
gradient by conduction (Corwin and Hoover, 1979). All of these pro-
cesses are always related in some way to a differential displacement
of ions in the ground.

For both the electrokinetic process and RFD, the ions are moved
via fluid flow (liquid or gas), while for the thermoelectric process,
the ions move through heat transfer by conduction in the rock. An-
other significant phenomenon is the effect of heterogeneous ground
resistivity on the electrical potential (Sailhac and Marquis, 2001;
Saracco et al, 2004). Previous studies (e.g., Minsley et al., 2007)
have shown that resistivity contrasts, when not spatially associated
with water flow (ie., electrokinetic effect), may in some instances
be of significant importance. In this study, however, and based on
previous work, the main resistivity contrasts are considered to be as-
sociated with the pathway of the main ground water flow (MacNeil et
al, 2007; Mauri et al, 2010). A more detailed description of self-
potential electrical generation can be found in the literature (Ewing,
1939; Poldini, 1939; Corwin and Hoover, 1979; Avena and DePauli,
1996; Johnston et al., 2001; Guichet and Zuddas, 2003; Hase et al.,
2003; Zlotnicki and Nishida, 2003; Lénat, 2007; Aizawa et al., 2008;
Finizola et al., 2009; Jouniaux et al., 2009).

On Masaya volcano, RFD is considered to be the main electrical
source generation process in the hydrothermal environment, such
as in the Comalito solfatara (Lewicki et al., 2003; Pearson et al,
2008). Otherwise, the electrokinetic process is the main source of
electrical generation due to gravitational ground water flow
(Lewicki et al., 2003). Thus, both the electrokinetic effect and RFD
are considered as the source of electrical generation on Masaya
volcano.

In this study, self-potential surveys were made using two copper
electrodes, consisting of a copper rod in a saturated copper-sulphate
solution, connected to a 350 m long insulated copper wire cable and
a high impedance (100 MOhm) multimeter. A sampling step of
20m was used and the profiles were organized in interconnected
loops to control the SP drift, which was never more than 40 mV. Elec-
trode polarization was controlled at least twice a day and never
exceeded more than 2 mV and generally was close to 0 mV. A total
of ~81 km of profiles were completed between 2006 and 2010
(Fig. 3a).

3.2. Soil CO; concentration

The first magmatic gas to exsolve from the magma, CO,, rises pref-
erentially through magma and country rock along the main structural
faults (e.g., Finizola et al, 2004; Chiodini et al., 2005; Bruno et al,
2007). While atmospheric CO, concentrations range from ~350 to
500 ppm, magmatic gas can generate CO, concentrations from <1%
to >95% within the soil pore spaces (e.g., Williams-Jones et al,
2000; Federico et al., 2010). However, biogenic activity may also re-
lease CO, through the root systems and generate up to a few
1000 ppm CO; (e.g, Widén and Majdi, 2001). There are likely multi-
ple sources for the diffuse CO, and accurate discrimination of these
sources requires carbon isotope analyses (e.g., Chiodini et al.,, 2008)
that were beyond the scope of this study. Therefore, for this study,
CO, ground concentrations between 400 and 1000 ppm are only con-
sidered to be potentially of magmatic origin if the surrounding vege-
tation is null or sparse. Measurements of soil CO, gas concentrations
were made by inserting a probe 60 cm into the ground and pumping
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measurements were made with a sampling step of 20m in the
same location as the self-potential measurements. In order to detect
and control any drift of the device calibration, atmospheric CO, con-
centration was measured at least each 100 m, but generally every
20 m. Soil CO, concentration profiles were measured in 2008 and
cover a distance of 7.5 km (Fig. 3b).

3.3. Ground temperature

Hot/boiling gas and hydrothermal fluids lose their heat by conduc-
tion to the surrounding ground and by condensation of the gas. Over a
short period of time (1 day or less), the ground temperature at more
than 30 cm depth, is relatively well protected from diurnal tempera-
ture variation due to the poor thermal conduction of soil. Over longer
time periods (weeks, months), atmospheric temperature variation
can affect ground temperature to 1 m below the surface (Pearson et
al., 2008). On Masaya volcano, diurnal temperature variations are
less than 5°C in amplitude, rain events can generate variations of
5°C and volcanic events can cause a temperature variation up to
10 °C over a short period of time (less than 1 day) (Pearson et al.,
2008). When no magmatic heat source is present, the temperature
of the ground is commonly below the atmospheric temperature
(> 20 °C). When the ground is heated by hot rising gas or hot/boiling
hydrothermal fluids, the ground temperature can reach 75°C on
Masaya volcano (Lewicki et al, 2003; Pearson et al., 2008; Pearson,
2010). On other volcanoes, ground temperature can reach more than
300 °C and is usually linked with CO, gas anomalies and thus allows
for detection of the main fracture pathways (e.g, Finizola et al., 2004;
Chiodini et al., 2005; Bruno et al., 2007 and references there in).

Ground temperature measurements were made with a tempera-
ture probe (K-type chrome-aluminum probe) having an accuracy of
~0.2 °C. Measurements were carried out at a depth greater than
30 cm with a sampling step of 20 m in the same location as both
the self-potential and soil CO, measurements. In order to avoid arti-
facts due to the influence of the atmosphere, atmospheric tempera-
ture was measured at least once every 100 m (Fig. 3c); as no
volcanic events (e.g., vent explosion), nor rainfall occurred during
the measurements, the diurnal variation is considered to be less
than 5 °C. Thus any ground temperature anomaly higher than 10°C
above atmospheric temperature can be considered to be due to hy-
drothermal activity only.

4. Analysis
4.1. SP/elevation gradient

The self-potential method generally allows for the differentiation
of gravitational groundwater flow (GF) from uprising hydrothermal
fluids (UF) by evaluation of the SP/elevation gradient (e.g., Finizola
et al., 2004; Lénat, 2007; Finizola et al., 2009). However, it is not al-
ways unambiguous and more information from soil CO, concentra-
tion and ground temperature is required to differentiate sources of
SP anomalies. For greatest accuracy, the SP/elevation gradient must
be calculated on an SP profile made along the main slope direction,
which is assumed to match that of the water flow. When an SP profile
crosses a slope perpendicular to the main slope, it is not always pos-
sible to accurately characterize the type of groundwater flow. In this
case, if no other SP profiles or other data (e.g, CO, concentration,
ground temperature) are available, the SP anomaly is uncertain and
may be attributed to gravitational groundwater flow until further in-
formation becomes available.

In this study, a hydrothermal system is considered to be the source
of an SP anomaly when the SP/elevation gradient is symmetrically
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and ground temperature) are present, it can be interpreted with
confidence that a hydrothermal system is present (Zlotnicki et
al., 1998; Finizola et al., 2002, 2009). However, it is not always
possible to acquire data from all three methods, thus when the
SP/elevation gradient clearly shows a hydrothermal signature
such as described in the literature (e.g., Lénat, 2007), this study
considers it to be relevant.

4.2. Multi-scale wavelet tomography

Multi-scale wavelet tomography (MWT) is a signal processing
method based on continuous wavelet transform (CWT) (eg.,
Grossmann and Morlet, 1984; Saracco, 1994). When multi-scale
wavelet tomography is used with the Poisson kernel family and ap-
plied to potential field data, it allows for depth determination of the
object generating the measured potential field anomaly (Moreau
et al., 1997, 1999; Fedi and Quarta, 1998; Sailhac et al., 2000; Gibert
and Pessel, 2001; Sailhac and Marquis, 2001; Saracco et al., 2004;
Fedi et al., 2005; Cooper, 2006; Fedi, 2007; Saracco et al., 2007;
Mauri et al., 2010). MWT on self-potential data allows us to estimate
the depth of the electrical source, which in the case of groundwater
flow is the main flow pathway (Sailhac and Marquis, 2001; Saracco
et al,, 2004, Mauri et al., 2010). As shown by previous studies, the ef-
fect of a strongly heterogeneous resistivity medium (contrast of 3 or-
ders of magnitude) on CWT depth accuracy can be efficiently

mitigated by making multiple analyses (Mauri et al., 2010). Based
on the Poisson kernel family, this study uses the following four real
wavelets: second (n=2) and third (n=3) vertical derivative (V2
and V3, respectively) and second and third horizontal derivative
(H2 and H3, respectively). These wavelets allow for location of dipole
(in1D,a¢=-2and in 2D,  =-3) and monopole (in 1D, «= —1 and in
2D, a= —2) sources, which correspond to the electrical anomalies
generated by water flow through bedrock (Sailhac and Marquis,
2001; Zlotnicki and Nishida, 2003; Saracco et al., 2004; Lénat, 2007).
In order to obtain reliable source depths, each 1D self-potential pro-
file was analyzed using the MWTmat code (Mauri et al,, 2011) with
500 dilations on a range of dilation from 1 to 15 for each of the four
analyzing wavelets. Only depths found with at least three of the
four wavelet analyses are considered significant. A more detailed de-
scription of MWT can be found in the works of Saracco et al. (2007)
and Mauri et al. (2010, 2011) and references therein.

5. Results and discussion

In order to spatially represent, without interpolation errors, the
self-potential, soil CO, concentration and ground temperature data
across the caldera, each data point was presented by a colored dot
(Fig. 3); the color scales were chosen to best represent the structure
shown in the profiles (Figs. 4 to 8). Water flow directions and type
are based on the profile analyses summarized in Table 1.
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5.1. Self-potential data

In order to best organize the different electrical anomalies present
on the different self-potential profiles, the self-potential/elevation
gradient was chosen as the discriminant parameter to characterize
each structure. Each electrical anomaly is numbered and grouped by
geographical position. Although the presented self-potential profiles
have been smoothed (5 point moving average, Figs. 4 to 8), the ana-
lyses of each profile by SP-elevation gradient were made with
unsmoothed profiles.

Based on their strong negative self-potential/elevation gradi-
ent (and often associated with strong negative SP values), several
electrical anomalies are interpreted as gravitational downward
water flow (Table 1, anomaly #1, #8, #9, #16) and represented
in Fig. 3a by the blue colors (dark and light patterns). These grav-
itational flows are found on the south-east part of San Fernando
crater on Masaya cone and throughout the caldera floor zone lo-
cated within an area encircled by the main volcanic cones
(Fig. 3a). This study finds no evidence for distinct individual
gravitational flow systems, which is consistent with the MacNeil
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gravitational flows (Table 1, anomaly #1, #8, #9, #16) are con-
sidered to represent different areas of the same groundwater
system.

On the eastern part of Masaya caldera, along the Laguna road
from Comalito cone to Laguna de Masaya, several electrical anom-
alies are present (Fig. 3a), however, this self-potential profile is
the only section that is not closed in a loop and thus cannot be
corrected for SP drift. As such, these anomalies cannot be properly
defined by the self-potential/elevation gradient. However, as they
were found both in 2007 and 2008, these electrical anomalies are
likely not due to noise and could be actual anomalies showing
local irregularities in the water table, subsurface resistivity or in
hydrothermal circulation.

In the western part of Masaya caldera, as all SP profiles are in a
loop and thus properly corrected for any SP drift, it was possible
to characterize fifteen electrical anomalies. These SP anomalies
show both positive and negative SP/elevation gradients (Table 1,
anomalies # 2 to #6, #10 to #15, #17 to #19), which indicate up-
rising water flow at depth. Furthermore, these anomalies are pre-
sent on each of the cinder cones (Nindiri cone in Fig. 4, Masaya
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Fig. 7). Based on the self-potential mapping, the different uprising
flows do not, at least on the surface, appear to be spatially con-
nected to each other; each is thus named after its geographic po-
sition (Table 1).

5.2. Ground temperature

Ground temperature anomalies have only been found in the
Comalito solfatara (mean of 43 *C+8 °C with a peak of 74°C in
2007) and on the fissure vent cutting through the north slope of
Masaya cone (Fig. 6). From year to year, the ground temperatures
in these two areas show similar amplitudes. Ground temperature
anomalies correlate each time with self-potential anomalies and
asymmetric self-potential/elevation gradients, which represent
uprising fluids (Fig. 6, Table 1). These ground temperature anom-
alies also correlate with measured soil CO; concentrations (Fig. 6,
Table 1). Our results support the previous observations for this
area and show a similar extent to other studies (Lewicki et al.,
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temperature variations are always correlated with measured atmo-
spheric variations.

5.3. Soil gas concentrations

Previous isotopic studies of the CO, gas measured on Comalito
cone have shown that the CO» was the result of a mixture of mantle
and deep carbonate sources (Lewicki et al., 2003) and that passive
CO, degassing in the caldera was associated to diffuse degassing
structures (DDS) (Chiodini et al., 2005). Other studies have shown
anomalous soil CO; concentrations on Arenoso cone and on the
upper north rim of Masaya cone (St-Amand, 1999; Pearson, 2010).
In the early 1980s, a radon and mercury gas study also suggested
the presence of faults on the caldera floor (Fig. 1), which correspond
to the Cofradrias fault as well as to a hypothetical buried circular
structure along the main volcanic features (e.g., Nindiri cone, Masaya
cone, Comalito, Arenoso and the western fissure vents) (Crenshaw et
al, 1982).
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only 7.5 km of profile, it is clear that the stronger degassing area
found by this study is located in the fissure vent cutting through the
north slope of Masaya. This large anomaly (400 m in length) has a
mean concentration of 9,363 ppm with a maximum of ~20,000 ppm
and has good spatial co-variations with both ground temperature
and self-potential anomalies (#11, Fig. 6). Another area showing
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significant amounts of soil CO; is the solfatara of Comalito (Table 1,
#15, Fig. 3), also detected in other studies (Lewicki et al., 2003;
Chiodini et al,, 2005; Pearson, 2010). As shown in the work of
Crenshaw et al. (1982), a north-south fault cuts through San
Fernando crater on Masaya cone and appears to coincide with both
a diffuse CO; and SP anomaly measured in this study (#3, Fig. 5).
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Fig. 8. Self-potential profile of the survey across Cerro Montoso cone measured in 2010. All the self-potential profiles have been corrected for drift and level has been shifted to



Table 1

10

Desaription of the different anomalies based on the self-potential amplitude, SP/elevation gradient, ground temperature and soil gas measurements between 2008 and 2010. North, South,
East, West and Center are the local direction in comparison to the center of each of the anomalies. Nan: no data exist for the associated SP anomaly. Und: SP vs. elevation data is undefined

because it shows no significant trend and could not be t into an SP/elevation

GF: gravitational flow. H.S.: hydrothermal system. * from the work of Crenshaw et al.

(1982); ® from the work of Lewicki etal. (2003 );  from the work of St-Amand (1999);  from the work of Pearson (2010). Rank represents the certainty on the determination of the anom-
aly and is organized in three levels of certainty. Rank A, the anomaly is characterized by all SP, soil gas and ground temperature data. Rank B, the anomaly is characterized by SP and ground
temperature data. Rank C, the anomaly is characterized by both gas data from the literature and SP data. Rank D, the anomaly is characterized by SP data only.

SP Flow structure name Profile length  SPampl. SP/elevation gradient Ground CO, soil Previous soil Rank
anomaly (m) (mV) (mVm~') temp. gas conc. gas studies
(c) (ppm) (presence)
N S E w C Mean o Mean o Rn Hg (€)Y

1 GF 1000 200 —03 Nan —-16 =07 Nan 26 2 368 54 No No Nan A
2 Nindiri HS 1500 200 -37 =02 +14 Und Nan 28 2 521 509 Yes® Yes® Nan A
3 Masaya-Nindiri Junction HS 500 150 —43 -13  +45 —05 Nan 30 2 1934 4318 Nan Nan Nan A
4 NE Masaya HS 300 100 —23  Nan +114 Nan Nan 27 3 549 260 Yes® Yes® Nan A
56 SE Masaya HS 500 100 Nan -73  +6 Nan Nan 27 2 584 233  Nan Nan Nan A
7 San Juan HS 260 180 Nan Nan +14 —-99 Nan 28 3 532 115 Nan Nan Nan A
8 GF 300 80 Nan —15 Nan —19 Nan 26 2 427 131 Nan Nan Nan A
9 GF 1500 150 3 1 126 58.8 Nan 29 3 Nan Nan Nan Nan Nan B
10, 11 Masaya N. slope HS 600 300 +11.5 =93 Nan Nan 04 41 11 9363 6601 Nan Nan Yes® A
12 Masaya N. slope HS 200 150 +22 +49 Nan Nan Nan 32 5 2233 1952 Nan Nan Yes! A
13 Comalito HS 150 100 +49 —27 Nan Nan Nan 29 4 801 458  Yes® Yes' Yes™™ A
14,15 Comalito HS 200 200 -72 -569 +38 +20.7 -105 43 8 4202 5354 Yes® Yes' Yes"™ A
16 GF 300 120 Nan Nan —173 —467 Nan Nan Nan Nan Nan No No Nan D
17 1772 lava flow HS 650 100 +20 —46 Nan Nan Nan  Nan Nan Nan Nan  No No Nan D
18 Arenoso HS 500 100 +35 +203 Und Nan Nan 40 5 Nan  Nan Yes® Yes® Yes® B
19 Cerro Montoso HS 700 300 Und +26 Nan +22 Nan Nan Nan Nan Nan Nan Nan Nan D
20 Vent fissure HS 1300 160 6.54 —0.69 Nan Nan Nan  Nan Nan Nan Nan  Yes® Yes® Nan C

5.4. Groundwater depth

Multi-scale wavelet tomography of the 5 years of SP profiles
resulted in more than 500 depth values that represent the depths of
the main electrical generation sources, interpreted as main ground-
water pathways. The MWT analyses have been done on smoothed
profiles (5 point moving average) to remove high frequency noise.
To avoid artifact depths, only estimated depths found with at least 3
of the 4 analyzing wavelets are considered significant (Appendix 1).
By comparing the horizontal position of each anomaly associated to
each depth, it was possible to characterize 31 time-series data sets,
which represent 99 individual depths well localized in space (GPS,
depth) and time (from 2006 to 2010) (Table 2, Appendix 1).

While the spatial distribution of the water depths are limited to
the self-potential coverage of the caldera, the estimated water depths
relative to the topographic surface are quite constant across the cal-
dera following the topographic variation (Table 2). 47% of the water
depths are between 50 and 100 m below the topographic surface
and 83% of the depths are less than 150 m below the topographic sur-
face. A similar distribution is found if the depths are discriminated be-
tween uprising water and gravitational water flow (Table 2). In
addition, each depth value has an error bar (one standard deviation,
oz) which represents the scattering of all the raw estimated depths
associated to this value; 0z is less than 50 m for 79% of the estimated
depths and the mean of the error for the 99 estimated depths is 36 m
(min. value of 11 m and max. of 68 m, Table 3). Similar values were

Table 2
Scattering of the depth values (0z) and significance of water depth interpretation. The
scattering of the individual data can be found in Appendix 1.

All system Gravitational Uprising flow

types flow

Depth % Depth % Depth %
Total 99 100 33 100 66 100
Shallower than 50 m 13 13 7 21 6 9
Between 50 and 100 m 47 47 14 42 33 50

P P . . - .

found on a north-south profile across Nindiri (Mauri et al., 2010)
and have been included in this study (diamonds and squares on
Fig. 9b,d). Further north, within both Cerro Montoso and Arenoso
cones, the water depth is between 50 to 120 m below the surface
(Table 1, Appendix 1). Even within the fissure on the north slope of
Masaya and on the Comalito solfatara, where the uprising flows are
associated with the strongest hydrothermal activity, the water
depth is between 30 to 120 m below the surface (Fig. 11). Finally,
away from the volcanic structures on the caldera floor, where the
water flow is associated with gravitational flow, the water depths
show similar patterns between 30 and 110 m below the surface
(Fig. 12).

The MWT on self-potential data can only detect the shallowest
water structure, any other structure below it will have its electrical
signal overprinted by the shallowest one and as such, the deeper
structures cannot be characterized. A model by MacNeil et al.
(2007) proposed a groundwater structure consisting of a series of
overlying groundwater flow; the deeper layer is strongly affected by
water vaporization near the active vent of Santiago crater while the
shallowest groundwater layer mimics the topography flowing from
the cones towards the Laguna de Masaya. The water depth calculation

Table 3

Number of depths for both aquifer and hydrothermal systems based on the results of
Appendix 1. Statistics of the estimated depths are from the multi-scale wavelet tomog-
raphy on self-potential data.

Scattering of the vertical depth values (0z in m) between 2006 and 2010

s 11 0z max 68 0z mean 36

Range of All depths Uprising flow Gravitational
flow

oz Nbr % Nbr % Nbr %

Aloz 9 100 66 100 33 100

less than <10 0 0 0 0 0 ]

0z<20 14 14 8 12 6 18

0z<30 36 36 21 32 15 45

0z<40 63 64 42 64 21 64

w N -0 - 2 on e -
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by MWT on SP data clearly shows the shallow water layer, although
the depth is ~100 m shallower than previously modeled by MacNeil
et al. (2007).

This discrepancy in depth is likely due to differences in the sensitiv-
ity of each method. While the TEM method will characterize the large
resistivity contrast associated to transition between the more conduc-
tive saturated zone and the less conductive unsaturated zone, the
MWT method characterizes the main groundwater flow responsible
for electrical generation. On one hand, TEM may not be sufficiently sen-
sitive to detect a thin saturated zone in a complex heterogeneous volca-
nic subsurface with variable resistivity layers. On the other hand, self-
potential records the electrical field generated by fluid flow inside the
shallowest saturated zone, allowing MWT on SP data to detect it inde-
pendent of the thickness of the saturated zone. It is also possible that
the presence of a high resistivity contrast (not associated to an aquifer)
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Lacking any direct well data, it is difficult to determine which model
best represents the true water depth.

Another possibility regarding the relatively shallow estimated
depths is that there is locally significant water flowing within the un-
saturated zone. However, such water circulation in the unsaturated
zone is unlikely because field measurements were made during the
dry season. Regarding the depth of the uprising flow associated to
the DDS, due to their limited surface extent, it is possible that they
were not detected by the transient electromagnetic method (TEM)
used in the work of MacNeil et al. (2007). Previous numerical models
(Pearson, 2010) of the Comalito and North Masaya fissure support the
idea of a water table at ~250 m below the surface from which a local-
ized escape path along fault allows the hot fluids to rise to the topo-
graphic surface. From a self-potential generation perspective, the
hot uprising fluids, which generate a RFD electrical anomaly, would
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Over the period from 2006 to 2010, there was no significant
change in the persistent volcanic activity of Masaya volcano (Martin
et al,, 2010). Over the same period of time, this study has shown
that within both Masaya and Nindiri cones, the depth of the ground-
water flow did not vary within the uncertainty of the depth value
(0z) (Figs. 9, 10). In addition, similar depth stability is found in both
the Comalito cone solfatara and Masaya north fissure (Fig. 11). Conse-
quently, while the uncertainty on the depth value (0z) makes it diffi-
cult to characterize any significant depth variation over time, the
relative depth stability of groundwater flow may be due to the persis-
tence of Masaya volcanic activity.

5.5. Diffuse degassing structures

As previously reported (e.g., McBirney, 1956; Crenshaw et al.,
1982; Williams, 1983b), a number of structures related to previous
collapse events and faults crosscut the caldera (solid lines and dashed
red lines on Fig. 13a). Fault displacements, if any, have been covered
by recent lava flows making it impossible to characterize them over
time and the only expression left of the inner structural limits are cin-
der cones and fissure vents (Fig. 13a).
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ground temperature. The self-potential results presented here and
in previous studies (Lewicki et al., 2003; Pearson, 2010) show that
the Comalito DDS is also characterized by uprising groundwater
flow (Table 1, anomalies #13, 14, 15). On active volcanoes, uprising
groundwater flow is typically associated with uprising hydrothermal
flow based on the self-potential-elevation gradient (Lénat, 2007). In
the case of Masaya volcano, we may thus extend the definition of
DDS to be any area where both passive degassing and uprising
groundwater flows are present and associated with ground tempera-
ture anomalies. On each of the five cinder cones within the caldera,
uprising flows have been detected from SP-elevation gradients and
each is associated with soil gas anomalies (Table 1, anomalies # 2 to
#6, #10 to #15, #17 to #19) suggesting that Arenoso, Nindiri, Masaya
cones and the north Masaya fissure vent are also diffuse degassing
structures. While no soil CO, concentration or ground temperature
data are available for Cerro Montoso cone, uprising flow was detected
by the positive SP-elevation gradient (Table 1, #19) suggesting that
Cerro Montoso cone is also a diffuse degassing structure.

Although the fissure vent between Arenoso and Cerro Montoso
cone is only partially covered by the SP survey, it appears to be asso-
ciated with a positive SP anomaly (Table 1, Fig. 7, #20) as well as with
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amplitude, low diffuse CO, concentration and radon and mercury gas
anomalies (Fig. 4; Crenshaw et al. (1982)). These two fissure vents
should therefore also be considered as diffuse degassing structures.
At the caldera scale, the DDS structures are spatially organized in a
semi-circular shape that define inner structural limits (Fig. 13a). On
the surface, these inner structural limits consist of volcanic cones
and fissure vents, while at depth, they likely consist of dykes and
faults cutting through the caldera floor, which act as preferential
pathways for the hot rising hydrothermal fluids of the DDS structures.
Importantly, this evidence for widespread hydrothermal activity
raises significant questions regarding quantification of the thermal
budget of the caldera complex and highlights the need for a more ex-
tensive caldera-wide degassing study (e.g., Chiodini et al., 2001).

5.6. Hydrogeological systems

With an understanding of the active caldera structures and
groundwater depths, it then becomes possible to develop a ground-
water flow model for Masaya (Fig. 13b, c). Near the active vent of
Santiago crater, groundwater is likely vaporized at depth leading to
depletion of the deep water reservoir detected by MacNeil et al.
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quantity of precipitation will infiltrate the caldera floor to recharge
the shallowest aquifer and possibly the deep aquifer. Away from the
caldera rim and associated with the diffuse degassing structures, the
inner structural limits likely consist of intruded dykes and faults cut-
ting through the caldera floor; these are expressed on the surface by
volcanic cones and fissure vents (Fig. 13a). Results from self-
potential, soil gas concentrations and ground temperatures suggest
that each hydrothermal zone present in the caldera is associated to
these inner structural limits, which allow fluids to move from the
deepest aquifer to the shallowest aquifer. The presence of hot rising
fluids (gas, water) indicates that these inner structural limits are
moving heat and gas from depth (red stars on Fig. 13b, c), the source
of which is likely the shallow magmatic system, but which cannot be
characterized from our results. These hydrothermal fluids will rise
due to increased fluid pressure through the more fractured part of
the caldera.

In contrast, the shallow gravitational water flow generally mimics
the topography of the caldera from the west to north and then east-
ward, until Laguna de Masaya. The top of the shallowest groundwater
layer, based on the MWT analyses, is generally at less than 150 m
below the topographic surface. In terms of elevation, the hydrothermal
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the lake whose surface represents the level of the deep aquifer
(Fig. 13b, ¢) (MacNeil et al, 2007). However, our updated model high-
lights the significant role of the inner structural limits, which act as bar-
riers in the north part of the caldera and force the water flow around
them (Fig. 13a). As the roots of the inner structural limits, dykes likely
connect the cones and fissure vents at the surface to the shallow mag-
matic reservoir at depth. Such sub-vertical to vertical dense intrusions
will act as hydraulic barriers forcing the flow northward. This is clearly
the case on the north side of the summit cones, where the shallow aqui-
fer mimics the topographic decrease toward the northern caldera rim;
near the north caldera rim, the flow direction then turns eastward to
the lake.

6. Conclusion

This study presents an updated groundwater flow model that
incorporates and highlights the existence of active volcanic struc-
tures cutting across the caldera floor. Multi-scale wavelet tomog-
raphy on 5 years of self-potential surveys across Masaya volcano
show that the shallowest groundwater flow mimics the topogra-
phy, usually less than 150 m below the surface. Furthermore, up-
rising fluids are present within each of the five cinder cones and
three volcanic fissures across the caldera; self-potential, ground
temperature and soil CO, surveys show that these fluids are hy-
drothermal in origin.

Fig. 13. Ground water flow model for Masaya volcano. a) Spatial localization of uprising fluids associated to hydrothermal activity (green diamonds) and gravitational water flow
(blue squares) within Masaya caldera for which depths have been determined (see Appendix 1 and text for description). The names of volcanic cones are in blue. The crater names
and ground structures are in dark red. The dark green dashed lines are the fissure vent structures. Solid red lines represent the inferred structures (faults, fissures) (Crenshaw et al.,
1982; Harris, 2009). The red dashed lines are the hypothetical structures (faults, fissures) (Crenshaw et al., 1982). The black dashed line is the inferred limit of the caldera. Depth
values can be found in Appendix 1. See text for description. b) Cross-section along profile A-D-B representing the water flow direction across the caldera. ¢) Cross-section along
profile C-D-B representing the water flow direction through the active Santiago crater and across the caldera. The dashed red lines represent underground structures where the
dip orientation is unknown and are based on the work of Williams (1983a,b) and Crenshaw et al. (1982). Solid arrows represent the flow direction inferred from the self-
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The presence of faults, fissures and dikes have two different effects
on the hydrogeological system of Masaya volcano. The inner semi-
circular structure will channel the uprising hydrothermal fluid,
while also acting as a barrier to lateral gravitational water flow. Fur-
thermore, the uprising water and hot magmatic gas escaping along
these interconnected structures indicate that these structures are ac-
tive pathways to both hydrothermal systems and the shallow mag-
matic reservoir. The shallow hydrothermal system is widespread
throughout the caldera and as such, the heat budget for the central
part of Masaya must be significantly larger than previously thought.

Diffuse degassing structures are clearly not limited to the Comalito
solfatara but are found throughout the caldera and as such, any signif-
icant change within the magmatic reservoir may affect the hot fluids
rising along the DDS. For example, the injection of new magma at
depth would likely increase both gas and heat flux in the DDS fluids
leading to stronger SP anomalies on the surface. Such changes in SP
have been detected on other volcanoes preceding eruptions (e.g.,
Finizola et al., 2009) and depth changes in the rising fluids can be
detected by MWT on SP data (e.g., Saracco et al., 2004). While Masaya
volcano was in a steady state from 2006 to 2010 with no significant
change in fluid depth detected, multi-scale wavelet tomography of
self-potential surveys has proved to be an effective method for delin-
eating active subsurface structures and monitoring fluctuations in hy-
drothermal systems that may precede changes in volcanic activity.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.jvolgeores.2012.02.003.
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