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Abstract The 2011–2012 unrest of Santorini (Thera) volcano (Aegean Sea, Greece) was associated with
microseismicity confined to the Kameni Line (KL), a major tectonovolcanic lineament, and has been
regarded as a single magmatic episode, produced by a spherical source derived from inversion of GPS data.
However, such a source is a few kilometers away from the KL and cannot explain observed microseismicity.
For this reason, we divided the unrest episode into five periods based on the fluctuations of seismicity and
deformation rates and investigated the connection between seismicity and two spherical magmatic point
sources for each period. Based on a new inversion algorithm and consistent GPS data, we recognized during
the volcano unrest episode an unstable pattern of intrusions correlating with both the KL and Columbo Line
(CL), a second major tectonovolcanic lineament. Intrusions correlating with CL appear relatively persistent,
aseismic, small, and shallow, which is consistent with marine geophysical evidence for arrested shallow dykes
and geodetic evidence from a previous inflation episode. During the two periods of intense seismicity,
sources close to the KL, explaining seismicity, were obtained. This unstable pattern of intrusions explains both
the well-observed location and timing of seismicity as well as ground deformation and is consistent with
results of an Okada-type inversion for a sill and a dyke. The stress interactions between the two sources agree
with Coulomb failure stress models. Santorini appears to be affected by concurrent offset magma pulses, and
only recent activity from a magma pulse below the KL produced microseismic swarms.

1. Introduction

After the large Minoan eruption about 3650 years ago, Santorini (Thera) caldera in the Aegean Sea has been
marked by frequent smaller eruptions, the last of which occurred between 1928 and 1950 [Bond and Sparks,
1976; Druitt and Francaviglia, 1992; McCoy and Heiken, 2000]. Following 1950, the caldera remained relatively
calm until 2010 [Dimitriadis et al., 2005, 2009; Bohnhoff et al., 2006]. The only observed exception was a small-
scale, slow and aseismic inflation of the northern part of the caldera between 1994 and 2000 [Stiros et al., 2010;
Saltogianni and Stiros, 2012a].

During 2011 and 2012 the Santorini caldera showed signs of unrest with swarms ofmicro-earthquakes (Figure 1)
and crustal deformation regarded as the first step toward a potential future eruption [Blundy and Rust, 2012;
Newman et al., 2012; Parks et al., 2012]. This was primarily because seismicity was confined to a subvertical
surface approximately 6 km long and 10km deep [Newman et al., 2012; Konstantinou et al., 2013], correlating
with the Kameni Line, hereafter KL (Figure 1). The latter is the main tectonovolcanic lineament in the Santorini
caldera, an extensional fracture in which all the eruptive events after the Minoan eruption have occurred
[Druitt et al., 1989; Pyle, 1990; Pyle and Elliott, 2006].

Concurrently, with the seismic data, permanent and survey GPS data, as well as interferometric synthetic
aperture radar data, have shown an approximately radial deformation pattern with cumulative concentric
displacement of about 10 cm. This deformation is centered in themiddle of the north part of the caldera, located
between the KL and the Columbo Line, hereafter CL [Newman et al., 2012; Parks et al., 2012; Lagios et al., 2013],
another major tectonovolcanic lineament extending beyond the caldera edifice [Druitt et al., 1989]. Analytic
modeling was used to assign the observed deformation to a point source spherical intrusion, called a Mogi
source [Mogi, 1958] within the northern part of the caldera, about 2 km from the KL (Figure 1) and about 4 km
depth [Newman et al., 2012; Parks et al., 2012; Foumelis et al., 2013; Lagios et al., 2013; Papoutsis et al., 2013].

This intrusion has been regarded by most of the above authors as the driving mechanism of the seismicity
along the KL during the 2011–2012 unrest [see also Konstantinou et al., 2013]. Newman et al. [2012], however,
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identified difficulties in confining all
deformation to a single spherical source
and tested alternative models, including
a distributed sill, to explain both surface
deformation and seismicity (see Figure S4
in Newman et al. [2012]) and a two-
source Mogi model (Figure 2). The
implication of these latter models is that
a shallow source at the northern part of
the caldera may mask the deformation
produced by a second, deeper source
responsible for the seismicity observed.

The particular aims of this study are to
show the following:

1. Any spherical source within the
northern part of the caldera is located
in a position unfavorable to produce
stresses that would explain the
observed seismicity along the KL.

2. Between January 2011 and September
2012, variations in seismicity and in
the rates of ground deformation are
correlated and define five distinct
deformation periods (events or
phases in the volcanic deformation
[see also Newman et al., 2012;
Konstantinou et al., 2013]), each of
which is modeled independently.

3. The hypothesis of short-duration
(up to a few months) complex

magma intrusions, modeled by two spherical sources, may well explain variations in the deformation
pattern and the seismicity in Santorini [cf. Sturkell et al., 2008; Galgana et al., 2014].

4. The inferred instability in the intrusion pattern is consistent with ideas for magma pulses from depth
[Sigmundsson et al., 2010; Parks et al., 2012; Druitt et al., 2012; Galgana et al., 2014] and testifies to a
combination of brittle and plastic behavior of the rocks in the Santorini caldera and to a potential of
plastically deforming rocks to arrest dikes at shallow depths [Gudmundsson, 2006; Sakellariou et al., 2012]
(see below section 8).

The overall modeling analysis of single and dual magma sources is primarily based on the recently introduced
Topological Inversion (TOPINV) algorithm that has been tested against synthetic data corresponding to
the deformation of Santorini volcano [Saltogianni and Stiros, 2013b].

2. Structural Constraints to the 2011–2012 Seismicity

The close correlation between deformation and seismicity [Newman et al., 2012] indicates that the 2011–2012
intracaldera seismicity in Santorini was associated with magma intrusions. However, the preliminary
hypothesis that this seismicity along the KL is controlled by a magma source at some distance from the
middle of this line (Figure 3a) [see also Konstantinou et al., 2013] is unlikely for the following reasons.

First, the inferred single-source intrusion models with a source in the northern part of the caldera (any of the
stars in Figure 1) can only produce compressional, not extensional, faulting along the KL (Figure 3b). Still, the
focal mechanisms of the major events of this seismicity correspond to normal faulting, or normal/strike slip
faulting with an extension axis approximately normal to the Kammeni Line [Papazachos et al., 2012],
schematically shown in Figure 3c, in agreement with the existing tectonovolcanic evidence [Parks et al., 2012].

Figure 1. Swarm of small earthquakes (local magnitude ≤3.2) during the
2011–2012 period of unrest (red dots scaled by magnitude, redrafted
after Newman et al. [2012]). Dot size indicates events with magnitude
M ≥ 3.0, 3<M< 2, 2<M< 1M< 1. Green lines indicate the Columbo
(CL) and Kameni lines (KL), and stars indicate the single spherical magma
sources by Newman et al. [2012] (blue) and Parks et al. [2012] (yellow)
which are offset from the KL. Two yellow circles indicate the location of
the two sources (double source model of Figure 2), corresponding to the
cumulative deformation between August 2011 and July 2013. The
boundaries of the grid containing the possible locations of magma sources
examined in our analysis are marked by a rectangle (see section 6.2).
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Second, stress σ produced by a magma source with volume V at a distance r is defined by the relationship

σ ∝ Vr�3 (1)

[Gudmundsson et al., 1999; Gudmundsson, 2006], indicating a rapid attenuation of stresses away from the
source. Based on this relationship, the sources marked by stars in Figure 1 could have only been directly
associated with seismicity in their vicinity, and any association with seismicity along KL is rather unlikely.
This point is further analyzed on the basis of Coulomb stress changes in section 8.2.

Possible scenarios to explain the observed seismicity are schematically summarized in Figure 4 and cover
all possibilities for failure along a fault/seismicity due to changes in principal and shear stresses
[Toda et al., 2002; Seebeck and Nicol, 2009]. Obviously, none of these scenarios are compatible with only
one single spherical intrusion source at the northern part of the caldera proposed before (Figure 3a),
but it could be consistent with a model of two sources of Figure 2 in which one of the magma sources
would correlate with the KL (Figure 4). This justifies a further refinement of the intrusion model during
the 2011–2012 unrest.

Figure 3. Magma intrusion and seismicity along KL in 2011–2012, a schematic approach in plan view. (a) Location of the
magma source relative to KL. (b) Expected stress pattern in KL because of magma pressure (arrows indicating pressure).
(c) Inferred stress pattern in KL.

Figure 2. Model of the cumulative deformation of Santorini for the period August 2011 and July 2013 by two Mogi sources solving for eight parameters (x,y,z,dV)
simultaneously using an 8-D-nested grid search and constrained by 1000 bootstrap runs (grey circles) taking random subsets of the GPS data. (left) Horizontal
displacements, (middle) vertical displacements, and (right) depth versus annual rate of volumetric source expansion. Black and red arrows indicate observations and
model predictions, respectively. Magma sources are indicated by red circles.
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3. Methodology

Figure 2 can explain the correlation between seismicity and magma intrusion; however, fluctuations in rates
of deformation and of seismicity [Newman et al., 2012; Konstantinou et al., 2013] require refined time-
dependent modeling. For this reason, our methodology was the following: First, we analyzed the available
seismological data of the period 2011–2012 (epicenters and magnitudes) in combination with GPS-derived
displacements in order to identify periods of high and low deformation. Second, for each of the periods
identified, we tried tomodel one or two simultaneously active spherical point sources using the available GPS
data and the TOPINV software. Third, we analyzed the obtained results in order to understand why and which
of the models can explain high and low rates in seismicity and deformation during the specific periods.

Modeling of the intrusion using GPS data was based on the assumption of spherical magma sources
(Mogi models), which are described by well-known equations [Mogi, 1958] and are valid under certain
conditions [McTigue, 1987; Pascal et al., 2013]. The overall analysis was based on the TOPINV (Topological
Inversion) algorithm, first validated for the adjustment of common geodetic networks and explicitly analyzed
in Saltogianni and Stiros [2012b, 2013a, 2013b] and in Stiros and Saltogianni [2014]. This algorithm permits
simultaneous inversion of all n unknown variables in a redundant system of highly nonlinear equations
for modeling single and double Mogi sources on the basis of a quasi-deterministic approach (“scanning” a
n-dimensional grid of all possible values of the unknown variable allowing an error margin) without any need
to a priori constrain certain of its components. The algorithm does not lead to point solutions (maxima etc.)
but to a set of discrete n-dimensional grid points defining a closed space satisfying the system of equations,
and from this space, a stochastic and optimal solution is obtained.

In the Mogi model, any inflation source can be defined by four variables (easting, northing, depth, and
volume change) which correspond to a vector (or matrix) x in the R4 space [McTigue, 1987]. The Mogi
equations symbolized by f permit to relate this source with the dislocation at a certain surface point; in the
case of GPS observations this can be described by a 3-D displacement vector ℓ. Each of the three scalar
components of this vector corresponds to an equation that defines the geophysical model [see Mogi, 1958;
McTigue, 1987; Saltogianni and Stiros, 2013b].

The equations of the system defining the geophysical model are of the form

f j xð Þ � ℓj ¼ υj (2)

where υj is an unknown error to account for imperfections in the geophysical model fj and a measurement
error of ℓj for equation j. Because equations fj are highly nonlinear, this system cannot be solved (inverted)
with conventional methods. The strategy of the TOPINV algorithm is to solve the system of equations on
the basis of a priori constraints for the unknowns and of an optimization factor.

Excluding outliers, wemay assume that the absolute value of υj is smaller than a limit εj>0, and we can express
εj as a product of σj with an (unknown) optimization factor k. Hence, from (2) the following inequality is formed

f j � ℓj
�
�

�
� < εj or f j � ℓj

�
�

�
� < kσj (3)

In the system of equation (3), the unknown errors υj in measurements have been replaced by k and their
standard errors, functioning also as weights. This reduces significantly the number of unknowns. The second

Figure 4. A summary of possible scenarios for the extensional/strike-slip seismicity in the Santorini caldera in 2011–2012 unrest,
schematic representation. (a, b) Intrusion inside or just beneath KL (vertical cross section, inspired from Seebeck and Nicol [2009]).
(c, d) Lateral spreading and shear failure by an intrusion just next to KL (plan view, inspired after Toda et al. [2002]).

Journal of Geophysical Research: Solid Earth 10.1002/2014JB011409

SALTOGIANNI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4



step is to define the possible range of each component of the unknown vector (or matrix) x in the R4 space
on the basis of independent constraints (geological, geophysical, etc.) and transform this (continuous) R4 space
to a set of discrete points represented by a four-dimensional grid G, adopting also a spacing between points
for each variable (component). The third step is to “scan” all grid points of grid G and identify those which satisfy
equation (3) using forward computations and a Boolean logic test (yes/no). At first, a value of k=1 is adopted,
and it is tested whether for this value of k it can be defined a set S of grid points, corresponding to a closed
space, subset of G. In the case that more than one independent solution exist in G,more than one set of S can be
identified. Solution S is then empirically optimized for values of k until the minimum number of grid points for
each cluster satisfying the system of equation (3) is obtained; the optimal value of k= k* corresponds to the
optimal set (or sets) S* of grid points. The fourth step is to compute the center of gravity of set (or sets) S* which
leads to minimum variance solutions of the unknown vector x; such solutions depend only on the initial
conditions imposed by grid G and the adopted errors weights of observations. From the calculated center of
gravity in the R4 space (or in the general case in the Rn space for n unknown variables), the full variance
covariance matrix of the solution (variances and covariances) is obtained. A mean misfit error can also be
quasi-independently obtained from the system of observation equations and the computed solutions.

The overall strategy is not to minimize a certain function but to identify the optimal n-dimensional spaces
(clusters of grid points) in which solutions are located. For this reason, the algorithm can identify more than
one solution and is not trapped in local minima. The software used is fully efficient for common computers for
grids G with a number of grid points of the order of 108. In the case of larger grids, either more powerful
computers are required or solutions in steps: a larger, coarser grid is first selected and then nested, smaller
and finer grids around coarsely identified solutions [Saltogianni and Stiros, 2013b].

TOPINV can also be adopted for modeling of the deformation produced by two magma sources [Saltogianni
and Stiros, 2013b]. In this case, x and grid G are combined in R8 space whose four-dimensions correspond
to each of the two Mogi sources.

4. Periods of Intracaldera Seismicity and Deformation

The Santorini caldera was aseismic for at least the last 10–20 years [Dimitriadis et al., 2005, 2009; Bohnhoff et al.,
2006], but between January 2011 and September 2012 about 1000 micro-earthquakes with a maximum
magnitude 3.3 occurred along the KL (catalogue of the Seismological Lab of the Thessaloniki University, Greece)

Figure 5. (a) Monthly and cumulative rates of seismicity in Santorini for the unrest period January 2011 to September 2012
(ML ≥ 1.0). (b) Monthly and cumulative rates of the vertical movement of GPS station NOMI (see Figure 6) for each of the
five periods. The high seismicity and deformation rates of P1 and P3 are highlighted.
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and are summarized in Figures 1 and 5. Figure 5a in particular provides evidence of twomajor seismicity periods,
January–June 2011 and October 2011 to January 2012.

Fluctuations in seismicity were compared with the GPS displacements, for a wider period than that examined
in Newman et al. [2012]. For simplicity and because the records of station NOMI (see section 5) was the most
complete and there exists a strong correlation between vertical and horizontal displacements in Figure 6,
mean monthly vertical deformation of NOMI was regarded as representative of the overall deformation
and was plotted in Figure 5b.

The concurrent behavior of seismicity and mean displacement rates permits the identification of five periods
(P1–P5), each 3 to 6months long, summarized in Table 1. The length of these periods is compatible with the

Figure 6. Displacement vectors used in this study for each period of deformation. Permanent stations are indicated
with red characters and survey stations with black; 1σ error ellipses and intervals are shown. Nearly radial displacements
characterize the whole period, but displacements during P1 and P3 are 2 times larger than in P2 and P4, while those of P5
are insignificant. (a) Horizontal displacements for P1 to P4. In P1 open green circles indicate GPS stations used in the
sensitivity analysis. (b) Vertical displacements for P1 to P4. (c) Horizontal and vertical displacements for P5. Mark that the
displacement scale has been doubled.

Journal of Geophysical Research: Solid Earth 10.1002/2014JB011409

SALTOGIANNI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 6



Figure 6. (continued)
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typical length of deformation phases in other volcanoes [Galgana et al., 2014] and is corroborated by the
analysis of micro-earthquakes by Konstantinou et al. [2013]. Still, our division in five periods is finer due to its
basis on ground displacements. The adopted division was also corroborated by the fact that micro-earthquakes
with magnitude >3 were confined to P1 and P3.

After P5, the intracaldera seismicity and continued deformation were nearly null, with the exception
of a small swarm in May 2013 (about 10 micro-earthquakes at the NE edge of the KL), possibly
correlating with a transient vertical displacement of the order of 5mm noticed in several GPS stations
(http://geophysics.eas.gatech.edu/anewman/research/Santorini/; http://geophysics.geo.auth.gr/ss/;
www.gein.noa.gr). This indicates that no significant deflation succeeded the 2011–2012 caldera
inflation period.

5. GPS Data

GPS data analyzed primarily come from permanent stations, mostly operated by the Georgia Tech and Patras
University, and are freely accessed through the University NAVSTAR Consortium, Boulder, Colorado (UNAVCO)
webpage. Data used are summarized in Figure 6.

During the wider monitoring period two moderate earthquake swarms occurred in the vicinity of Santorini
and produced relatively high accelerations and much concern among the population, the 26/06/2009
ML=5.0 earthquake [Krizova et al., 2010] and the 27.01.2012 MW= 5.3 earthquake [Kiratzi, 2013]. Both events
left no significant trace on the GPS records and seem not to be related to intracaldera effects. Hence, all
observed deformation seems to be related to local magmatic effects.

Our analysis is based on daily solutions using GPS Inferred Positioning System-OASIS software supplemented
with survey solutions. From daily solutions, mean displacements and their mean misfits (uncertainties), which
broadly correspond to white noise were computed. Using a semiempirical formula derived from GPS stations
in Greece (equation (6.11) in Hollenstein [2006]), the total noise, a combination of white and time-dependent
noise, was computed (Figure 6). These values of noise are consistent with more recent estimates of total
noise in GPS data in northern Greece [Mouslopoulou et al., 2014].

Approximate, flat values of 3mm for horizontal and 5mm for vertical displacements, covering both
permanent and survey stations were then adopted (1σ) in equation (3). It is evident that displacements
observed are statistically significant for periods P1 through P4 but not for P5.

6. Data Analysis

Our analysis was made for each of the five periods and by assuming both a single and a double source.

6.1. Data Sets Analyzed per Deformation Interval

In our study we used all the available GPS for each of the five periods, P1 to P5.

P1. Data from four permanent GPS stations (NOMI, KERA, PKMN, and SNTR) and in addition data from nine
stations from the 2010 and 2011 surveys (Figure 6), based on the assumption that no ground deformation
occurred before January 2011, as is corroborated by permanent GPS stations [see Newman et al., 2012].
In addition, for a sensitivity analysis, we repeated the modeling using five of the nine survey stations.

P2–P3. Data from the existing/available eight permanent GPS stations.
P4–P5. Data from the existing/available five permanent GPS stations.

Table 1. Monthly Mean Seismicity (ML ≥ 1.0) and Representative Displacement Rates Permitting to Document Five
Deformation-Seismicity Periods

Period Date
Duration
(Months)

Mean Earthquake Frequency
(Events/Month)

Displacement
(mm/Month)

P1 Jan–Jun 2011 6 64 6.1
P2 Jul–Sep 2011 3 27 2.4
P3 Oct 2011 to Jan 2012 4 126 7.5
P4 Feb–May 2012 4 17 5.7
P5 Jun–Sep 2012 3 3 �1.0
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6.2. Grid Selection

As noted in section 3, a requirement of the TOPINV algorithm is to a priori define an Rn grid of possible
solutions of the system of equations (grid G). In the grid adopted, magma sources can practically correspond
to any point of the caldera (Figure 1), while the source depth can range between 0.5 and 10 km and the
volume change between 1 and 10× 106m3. For P5, in order to account also for possible deflation affects, a
range of ΔV=�6× 106 to 6 × 106 m3 was assumed. The details of this grid are shown in Table 2.

The above a priori conditions used to construct grid G do not exclude any possible solution and do not
introduce any bias; hence, they can be assumed to lead to “objective” solutions.

As noted above and analyzed in Saltogianni and Stiros [2013b], we conclude to a “nested grid” solution by
making the inversion in steps for all variables by using a gradually smaller and finer grid. This was necessary in
the case of modeling a double source, where the unknown variables are 8 and the number of grid points
tends to become very large.

6.3. Weighting of Observations

Observations of horizontal and vertical displacement were weighted according to their standard deviations,
3mm and 5mm, respectively, and these values were introduced in equation (3).

7. Results
7.1. Single Spherical Source

The results of our modeling for the four first periods P1 to P4 are summarized in Table 3 and in Figure 7. The
latter shows the location of the modeled source, as well as the observed and predicted GPS displacements.
Standard errors of each variable are small while the quasi-independently computed misfit between modeled
and measured displacements is excellent (mean misfit 0.2–0.7 cm).

Table 2. Details of the Parameters of the Grid G Initially Used in the Modelinga

Min Max

Spacing

One Source Two Sources (Preliminary Grid)

φ (°) 36.3790 36.4613 0.0018 0.0090
λ (°) 25.3334 25.4208 0.0022 0.0111
d (km) 0.5 10.0 0.2 1.0
ΔV (106m3) 1.0 10.0 0.2 0.5

�6.0* 6.0*
Number of grid points ~4.2 × 106 ~290 × 106

aSmaller grids with finer analysis were adopted after the first search. An asterisk marks the parameters used in P5.

Table 3. Best Estimates and 1σ Uncertainties (Italic Font) of the Variables of the Modeled Single Mogi Sources (See Figure 7)
for Each Perioda

P1 P2 P3 P4

M1 (M1) M1 M1 M1

Latitude (°) 36.431 (36.432) 36.433 36.426 36.428
±0.02 (±0.02) ±0.02 ±0.02 ±0.01

Longitude (°) 25.385 (25.393) 25.388 25.390 25.390
±0.02 (±0.02) ±0.02 ±0.01 ±0.01

Depth (km) 4.8 (5.4) 3.2 2.8 3.4
±0.22 (±0.20) ±0.19 ±0.10 ±0.20

ΔV (106m3) 6.1 (7.5) 1.5 3.6 2.4
±0.46 (±0.43) ±0.14 ±0.10 ±0.18

Mean misfit (cm) 0.65 0.58 0.35 0.67 0.19
χ2v 2.87 2.75 1.16 4.29 0.40

aIn parentheses, the results of a sensitivity analysis using a smaller number of observations (see section 7.5).
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Our data revealed some persistence in the location of the source during P1 to P4, close to the location
defined by previous studies (see section 1); however, the depth/volume plot of Figure 9 may reveal a source
becoming shallower and smaller since P2.

7.2. Double Source Modeling

The results of our modeling for the first four periods are summarized in Table 4 and in Figure 8. Their precision is
very good as can be derived from standard and mean misfit errors and better than for the single source
modeling (see Tables 3 and 4). At a first view, our results indicate some persistence in the location of a first
sourceM1 at the north part of the caldera, but smaller and shallower thanwhat was previously determined, and
also a second, deeper source M2, with variable characteristics (Figure 9). For P2, M2 is located in the northern
part of the caldera, while during P1, P3, and P4, it correlates with the KL.

Figure 7. Modeling of a single spherical magma source. Observed displacements (black vectors), modeled sources (red circles), and the correspondingmodeled hor-
izontal and vertical displacements (red vectors) for P1 to P4.

Table 4. Estimation and 1σ Uncertainties (Italic Font) of the Variables of the Modeled Double Mogi Sources (See Figure 8) for Each Perioda

P1 P2 P3 P4

M1 M2 (M1) (M2) M1 M2 M1 M2 M1 M2

Latitude (°) 36.440 36.401 (36.437) (36.405) 36.429 36.444 36.432 36.398 36.429 36.392
±0.02 ±0.03 (±0.02) (±0.03) ±0.03 ±0.03 ±0.01 ±0.02 ±0.01 ±0.05

Longitude (°) 25.387 25.388 (25.392) (25.399) 25.378 25.410 25.388 25.383 25.393 25.369
±0.01 ±0.04 (±0.01) (±0.04) ±0.01 ±0.05 ±0.01 ±0.01 ±0.01 ±0.07

Depth (km) 3.3 6.4 (3.3) (7.3) 1.5 7.2 0.6 8.0 2.5 7.6
±0.20 ±0.32 (±0.12) (±0.24) ±0.00 ±0.87 ±0.10 ±0.27 ±0.14 ±0.76

ΔV (106m3) 2.7 3.5 (2.9) (4.0) 0.75 1.6 1.8 5.7 1.5 2.0
±0.24 ±0.33 (±0.12) (±0.26) ±0.01 ±0.29 ±0.08 ±0.27 ±0.07 ±0.39

Mean misfit (cm) 0.56 0.51 0.31 0.39 0.15
χ2v 2.81 2.88 1.46 1.83 0.33

aIn parentheses, the results of a sensitivity analysis (see section 7.5).
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7.3. The Problem of Period 5

While modeling for both one and two sources was successful for periods 1 to 4, no reliable source models
were obtained for P5. This indicates that the underlyingmagmatic process cannot be explained by expansion
and/or contraction of one or of two-point spherical sources, and the algorithm adopted can identify cases not
leading to a solution and hence tends to avoid “false alarms” [cf. Saltogianni and Stiros, 2013b].

Figure 8. The same as Figure 7 but for the modeling of two Mogi sources (M1 and M2).

Figure 9. Plot of the estimates of depth (km) and volumetric change ΔV for (a) the single and (b) the double-modeled
sources for each of the four examined periods, marked by numbers 1 to 4. Error bars indicate 1σ uncertainties. Sources
corresponding to high deformation/seismicity intervals are shown in red.
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A possibility is that P5 reflects partial viscoelastic relaxation, a problem that is beyond the scope of this work,
or that displacements during this period were too small, equal to, or even below the level of uncertainty of
geodetic measurements to permit a safe modeling.

7.4. Limitations in the Mogi Modeling

Modeled spherical sources are small (Tables 3 and 4) and satisfy the conditions for application of the Mogi
model [Mogi, 1958; McTigue, 1987]; in addition, their separation is large enough (several kilometers) for
sources with a radius mostly smaller than 100m (Figure 12) to satisfy the requirements for elasticity due to
their interaction [Pascal et al., 2013].

Furthermore, the topography in Santorini is essentially smooth and does not a priori exclude elastic modeling
[Cayol and Cornet, 1998; Williams and Wadge, 1998; Lundgren et al., 2003; Masterlark, 2007], an effect already
confirmed by the use of synthetic data [Saltogianni and Stiros, 2013b].

7.5. Significance and Stability of Results

Modeling of the deformation during the five periods was not based on entirely uniform data, with P1
characterized by fewer permanent stations but more stations in total than in the subsequent periods
(Figure 6). For this reason, in order to exclude the possibility the obtained results to reflect only differences in
data used, a sensitivity analysis was made for P1 by using a smaller database (five survey stations). Results,
however, were essentially similar (Tables 3 and 4 and Figure 10), indicating a stability of the solution for the
specific period and compatible/uniform quality results for all the periods.

8. Modeled Intrusions and Seismicity

Modeling of periods 1 to 4 by a single Mogi source permitted statistically significant solutions (Table 3) and
indicates a somewhat stable pattern (Figures 7 and 9) that cannot provide any explanation for seismicity
along KL (Figure 3) or for the observed fluctuations in the seismicity rates (Figure 5). On the contrary,
modeling each period with two sources revealed an intrusion pattern changing in space and in time
(Figures 8 and 9) that, as will be shown below, can well explain seismicity.

Figure 10. Results of the sensitivity analysis for P1. “Model 1” indicates the solution with all stations in Figure 6, “Model 2”
using only five stations (see Figure 6); 1σ uncertainties are shown. The estimates of the four variables defining magma
sources are statistically similar at the 95% confidence level.
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Sources at the north part of the caldera seemmuch smaller (Figure 8) at such a distance from the seismicity of
the KL. During P2, two sources were obtained at the north part of the caldera, and this probably indicates
either the presence of two different sources, one shallow (1500m) and one deep (7300m), or perhaps source
complexities which cannot be fully resolved by the adopted Mogi model. Interestingly, these sources
correlate with the CL and with the modeled magma sources of the aseismic inflation period of 1994–1999
[Stiros et al., 2010] if the latter is assumed to be composed by three distinct events (Table 5 and Figure 11) and
not as single event as proposed by Saltogianni and Stiros [2012a].

8.1. Correlations Between Magma Sources and Seismicity

Summarizing results in Figure 12 (assuming for simplicity only one source during P2), it seems that sources M1
along CL produced no micro-earthquakes (as was also the case of the aseismic inflation interval of 1994–1999;
see above), and sources M2 correlating with KL produced seismicity during P1 and P3. This may indicate a
genetic relationship betweenmagma sources and seismicity, schematically summarized in Figures 13a and 13b.
The apparent problem is source M2 during P4. The explanation is that source M2 in P4 is smaller than in P1

and P3 (Table 4) and during P4 is
located at the extension of the KL, and
as equation (1) predicts, the stresses
by this smaller source at a longer
distance are too small to generate
seismicity. This situation is schematically
explained in Figure 13c.

8.2. Coulomb Failure
Stress Modeling

This qualitative explanation for the
generation of seismicity was tested
through the calculation of Coulomb
failure stresses (CFSs) changes. Using
the modeled source locations and
volume changes (Tables 3 and 4),
CFSs were computed for the four
periods in which we were able to
determine spherical pressure sources.
CFSs were computed both for
individually and dual sources using the
COULOMB 3.3 software [Toda et al.,
2005]. The models all estimate the
CFSs of a right-lateral receiver fault
striking N74°E and dipping 88°N, with
coefficient of friction of 0.4, a
standard value for continental faulting
as suggested by Toda et al. [2005].

Figure 11. Mogi sources for the aseismic inflation period of 1994–1999
(open circles marked A1, A2, and A3), based on the data of Table 5. The
2011–2012 sources during P2 are also shown with filled circles along with
symbol “2”. Mark the correlation of these sources with the CL. Stars indicate
major shallow intrusions derived from marine surveys (see Figure 15).

Table 5. Estimates and Uncertainties (Italic Font) of the Parameters of the Mogi Sources for the Aseismic Inflation
Period of 1994–1999

June–November 1994 November 1994 to June 1995 March 1996 to June 1999

Latitude (°) 36.419 36.430 36.440
±0.002 ±0.000 ±0.003

Longitude (°) 25.358 25.369 25.392
±0.002 ±0.002 ±0.004

Depth (km) 0.50 1.30 1.90
±0.07 ±0.40 ±0.80

ΔV (106m3) 0.10 0.30 0.72
±0.01 ±0.03 ±0.14
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Figure 12. Summary and conceptual model for the relationship between intrusions (spherical sources, M1, M2) and seismicity
(red ellipses) during the unrest period of January 2011 to May 2012 and the four critical subperiods. Earthquakes are confined
to periods P1 and P2 and are correlating with intrusions along the KL, most probably the first time since the last eruptions
of 1950. Magma intrusions along or close to the CL, on the contrary, aremore frequent and reach to shallow levels and dominate
the surface deformation pattern but are arrested by plastically deforming strata and are not associated with seismicity. Next
to each source (green circles), numbers indicate depth (kilometers, numerator) and the corresponding radius of the intrusion
(meters, denominator). P2 is shown with one single source for simplicity.

Figure 13. Schematic explanation for the contrast in seismicity in periods P1, P3, and P4 (plan view). (a, b) In P1 and P3
the magma source is inside or too close to the KL, and the level of deviatoric stresses (equation (1)) is high enough to
produce rupture and earthquakes. (c) Stresses are highly attenuated, and stresses generated at KL are below the threshold of
fracturing; this explains the absence of seismicity during P4.

Journal of Geophysical Research: Solid Earth 10.1002/2014JB011409

SALTOGIANNI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 14



Figure 14
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The receiver fault, which represents the KL, was determined as a single plane that best describes the
intracaldera seismicity using singular value decomposition (SVD). Figure 14 shows the results of these models
in plan view and cross section near the midpoint of seismicity (3.4 km depth) along the SVD determination of
the KL.

In agreement with qualitative estimations, CFSs produced by any source in the vicinity of the CL (M1 sources)
is not at a level to produce shear rupture along the KL. This is also the case with the M2 source at the
extension of the KL during P4, and this explains the drop of seismicity during this period.

Source M2 correlates well with the KL for P1 and P3 and seems to explain the two swarms of seismicity in
terms of direct or of lateral spreading, as is schematically shown in Figures 12 and 13. In contrast, source M2 in
P2 and P4 cannot generate the necessary stresses (CFSs) and seismicity along KL (Figure 14).

8.3. Shallow and Aseismic Intrusions

Ourmodeling of twomagma sources for P2 and P3 revealed very shallow sources at the northern basin of the
Santorini caldera, 1.5 and 0.6 km, respectively, corresponding to rather small-scale intrusions (0.8 and
1.8 × 106m3, respectively), slightly stronger than those inferred for the 1994–1999 period (Table 5). Such very
shallow intrusions may appear questionable, i.e., artifacts of modeling.

However, the sensitivity analysis of Saltogianni and Stiros [2013b] indicates that the inversion algorithm
and the pattern of data used can identify such shallow sources, while marine geophysical surveys in
the critical area provide evidence of shallow major, eventually post-Minoan intrusions (Figure 15)
[Sakellariou et al., 2012].

We therefore conclude that at the northern part of the caldera, uppermost crustal layers are likely to
deform plastically and to have enough strength to arrest even very shallow (0.5–4 km) intrusions
[cf. Gudmundsson, 2006] without seismicity, even if stress changes predicted by CFSs are sufficient along
CL (Figure 14). Interestingly, a low-velocity area for seismic waves has been identified in the wider
area [Dimitriadis et al., 2010].

On the contrary, intrusions along the KL, the area for which all post-Minoan eruptions have been confined
[Pyle, 1990; Pyle and Elliott, 2006; Druitt et al., 2012], are deeper (6.5–8 km) and tend to be associated with
seismicity. These intrusions may also testify to a different feeding system [Fabbro et al., 2013] and perhaps
different magma characteristics.

Figure 15. Seismic stratigraphy at the north part of the Santorini basin, based on an air gun 10ci single channel seismic
profile. Location map in the inset. D1 and D2 indicate intrusions, and layer 1 is post-Minoan; 100msec correspond to
approximately 120m [after Sakellariou et al., 2012]. D1 and D2 are marked in Figure 11.

Figure 14. Coulomb failure stresses (CFSs) for the periods 1–4 corresponding to each of the two sources modeled (sources M1
along CL and M2 along KL) and to their combination using a uniform color scale. Only M2 sources in P1 and P3 can produce
stresses at a level necessary to generate microseismicity along KL. In each interval, CFSs are shown in plan view near the mid-
depth ofmicroseismicity (3.4 km) and to the right in profile (marked by the dashed line AA′ in plan view). The SVD-determined KL
is shown by the dark solid line in both plan view and profile images (see section 8.2).
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9. Alternative Models

An a priori assumption of this study is that the deformation was due to magmatic effects, and hence,
hydrothermal or better hybrid effects [Gottsmann et al., 2006] were ignored. The reasons for that are (i) the
difficulties and uncertainties in modeling deformation produced by hydrothermal fluids [Fournier and Chardot,
2012], (ii) the observed short-term fluctuations in seismicity and deformation rates (Table 1) which are consistent
with the hypothesis of pulses of magma discussed below, (iii) the absence of significant surface deformation for
2 years after the unrest, and (iv) during the critical period there were no reports for significant changes in the
outflow of surface hydrothermal vents, which are abundant in various parts of the caldera [Sigurdsson et al.,
2006]. Of course, these arguments cannot exclude the hypothesis of hybrid (magmatic/hydrothermal) effects,
mainly because geodetic data alone do not constrain the source material responsible for pressure change. Still,
wherever the origin of deformation is in the north part of the caldera, stresses generated there cannot explain
the clusters of microseismicity along the KL (Figure 14).

The overall analysis is based on the assumption of an elastic, homogeneous medium as required by the
analytic Mogi model. In order to assess results presented, we investigated whether analysis of the same data
using an alternative modeling scenario may lead to results supporting the double Mogi modeling. In
particular, the possibility of describing the caldera deformation of each period in terms of sills and dykes was
investigated using the conditions and equations of Okada [1985]. In this case a rectangular opening filled
by magma is defined by eight variables (parameters), easting and northing of the center of the rectangles, depth
of the upper tip, strike and dip, length and width of the rectangular and the amount of opening [Okada, 1985].

In agreement with the results of Newman et al. [2012] for a shorter time interval, it was found that no
successful sill or dyke modeling can be obtained for each of the five periods examined here. For this reason,
we testedmodeling of a combination of a rectangular vertical dyke (dip = 90°) and of a rectangular horizontal
sill (dip = 0°), of uniform opening, separately for each period. Results are reported here for P3, the most
energetic one, and representative of all periods and of the significance of this modeling.

The Okada equations for the two concurrent sources lead to a system of 14 unknowns with 24 observations
for P3. The TOPINV algorithm was used for a grid covering all possible reasonable values of the variables in order
to obtain an objective, as possible, solution with the following assumptions: the location of the sill was allowed
to be anywhere at the north part of the caldera (cf. Figure S4 in Newman et al. [2012]) while the location of
the dyke in the vicinity of the Kameni islets and the KL; for both the sill and dyke, all possible orientations were
allowed, while the depth of their upper tip was allowed to be in the range of 0–6km and their dimensions
between 1 and 7 km. The only subjective constraint was the opening of the dyke or sill, allowed to be between
0 and 1.0m, the approximate limits commonly observed in various volcanoes [e.g., Annen et al., 2001].

Optimal model solutions are summarized in Table 6 and Figure 16. The misfit between observations and
predicted displacements is good (0.73 cm; see Table 6 and Figures 16b and 16c), but estimations of
most variables are noisy (Table 6), while the strike of the dyke deviates from that of the KL and the direction
of earthquake epicenters and the volume of intrusions is much larger than in the spherical models. Still,
the main output of this modeling is that it tends to associate the deformation with two distinct magma
sources, a dyke correlating with the KL and a sill farther north. If alternatively a dyke with a larger opening is
allowed (opening up to 10m [see Annen et al., 2001]), the algorithm identifies a second, independent

Table 6. Parameters and Uncertainties (Italic Font) of Modeled Sill and Dyke During P3 (See Figure 16)a

Sill Dyke

Depth (km) 2.5 ±0.28 1.3 ±0.30
Strike (°) 5.0 ±4.10 84.0 ±4.00
Length (km) 3.8 ±0.50 4.0 ±0.25
Width (km) 3.0 ±0.25 2.5 ±0.25
Opening (cm) 60.0 ±30 30.0 ±10
Mean misfit (cm) 0.73 (0.39)
χ2v 10.70 (1.83)
ΔV (106m3) 6.90 (1.80) 3.00 (5.70)
Total ΔV (106m3) 9.90 (7.50)

aIn parentheses, the corresponding values for double Mogi sources.
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solution (i.e., another pair of a dyke and of a sill) with a dyke with much smaller dimensions (less than 1 km)
but with an opening of approximately 9.5m. This second solution can be discarded.

10. Discussion

In the past, Mogi models were usually based on a rather small number of 1-D data (leveling, tilting etc.
[Gottsmann et al., 2006; Poland et al., 2006]) and standard inversion algorithms. In the case of Santorini it was
possible to use high-quality 3-D data leading to redundant systems of observation equations and a new
topological algorithm that may identify with precision several alternative solutions. In addition, the
computed double Mogi sources for each period can explain the pattern and fluctuations of seismicity and are
broadly consistent with the modeling based on a very different model (Okada equations, Figure 16).

The simplemodel (Mogi model) defined by few variables (four variables for eachmagma source), by relatively
high redundancy, and by “objective” initial conditions (a reasonable possible range of each variable) led to
more precise, stable results (Table 4 and sensitivity analysis) with more clear physical significance than the
more elaborate Okada model which requires more variables (up to eight variables) but inevitably requires
some somewhat subjective initial conditions (a priori range estimates of certain variables) and is
characterized by smaller redundancy. In addition, the double Mogi model is much more precise than the
Okada Model (e.g., for P3 mean misfits 0.39 and 0.73 cm, respectively, and χ2v ; 1.83 and 10.7, respectively; see
Table 6). This may indicate that adaptation of a more realistic model to describe the deformation of Santorini
(i.e., of a model not based on the simplified hypothesis of an elastic and homogenous medium) without
additional information may not lead to differences in modeled intrusion models beyond the uncertainty of
the observations and of background model assumptions. This may explain also why all investigators of the
recent unrest of Santorini on the basis of deformation data were practically confined to Mogi sources
[Newman et al., 2012; Parks et al., 2012; Foumelis et al., 2013; Lagios et al., 2013; Papoutsis et al., 2013]. Of
course, the efficiency of the Mogi models may be due to the analysis of short duration periods corresponding
to small volumes of intrusions, producing effects perhaps better modeled by simple models, even if effects
such as pressure changes cannot be modeled independently using geodetic data only.

The modeling of deformation during short distinct periods of the unrest of 2011–2012 (Figure 5)
[cf. Konstantinou et al., 2013; Galgana et al., 2014] and on the basis of two different sources permitted
the observation of an unstable and complex pattern of intrusions with a selective relationship with the
intracaldera seismicity.

Magma sources at the northern part of the caldera, correlatingwith CL, seem aseismic (Figure 12), in agreement
with the results of modeling a previous longer episode of caldera inflation [Stiros et al., 2010; Saltogianni
and Stiros, 2012a] (Table 5 and Figure 11), but they overshadow the effects of other, deeper and stronger
sources along or close to the KL (sources M2). If the stresses generated by these last sources surpass a
certain threshold, depending on their distance from KL and their volume (see equation (1)), seismicity is
generated, as was observed during P1 and P3 and is predicted by CFSs (Figure 14).

Figure 16. (a) Modeling of the deformation during the most energetic period P3 as a combination of a horizontal sill
(rectangle) and of a vertical dyke (red line). KL and the location of the two Mogi sources (black stars) in the corresponding
period are shown in map view. (b and c) Observed and predicted horizontal and vertical displacements.
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If the abovemodel is correct, it indicates that the near-surface rocks around the CL may arrest rather frequent
intrusions either due to increased strength or substantial changes in the layered stress regime [Gudmundsson
et al., 1999; Gudmundsson, 2006]. This is probably the reason why the post-Minoan history of Santorini is
associated only with eruptions along the KL [Druitt et al., 1989; Pyle, 1990; Pyle and Elliott, 2006]. Whether this
difference in mechanical characteristics of the two intrusion systems reflects different petrological
characteristics is beyond the scope of this paper. The association of intrusions with the two main
tectonovolcanic zones in the caldera, CL and KL, is also interesting and may indicate that they play the role of
ring fractures formed during the Minoan, and possibly prior caldera blowout eruptions.

Another main conclusion from this analysis is that the Santorini caldera seems to be controlled by two
related feeding systems in the upper crust, controlling behavior along the KL and CL. Although a specific
pattern for intrusions was deduced, the latter seem instable in space and in time, probably related to short-
duration “pulses” of magma from depth, leading to composite events, like those of 1994–1999 and
especially of 2011–2012. The question is whether events like those along KL have occurred in the past.
Micro-earthquakes with magnitudes near or above 3 in the KL are an unsettling nuisance to the population
that has only recently been felt during the 2011–2012 episode. Because no similar activity have been
reported in the area since the mid-1950s, we suggest that the 2011–2012 unrest was the first (composite)
pulse of deformation to produce significant microseismicity and activity in the critical segment of the KL in
the last 50 years. These results are consistent with recent ideas for magma pulses in the Santorini caldera,
derived from petrological data [Parks et al., 2012; Druitt et al., 2012].

11. Conclusions

The division of the 2011–2012 unrest episode into several periods independently modeled for two
concurrent inflationary sources identifies deformation that enhances seismicity along the Kameni Line, and
strongly suggests that Santorini is controlled by a complex and connected feeding system leading to pulses
of magma injections in the upper crust. The system feeding the northern part of the caldera seems to
lead to frequent, shallow, and aseismic intrusions, and perhaps to a gradual builtup of a dome. On the
contrary, events along the KL, identified for the first time since the eruptions of the 1950s, seem certainly
deeper, stronger, and can generate microseismicity along KL, a tectonovolcanic lineament associated with all
post-Minoan eruptions.
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