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Abstract

In this paper we present a Non-Extensive Statistical Physics (NESP) approach in
order to investigate the grain size distribution of pyroclastic deposits from the Kos
volcanic center that cover parts of the main Kos island as well as the surrounding
areas. The Kos Plateau Tuff (KPT) of 161 Ka represents the largest Quaternary
volcanic explosion of eastern Mediterranean. Pyroclastic deposits are formed by the
fragmentation of magma and rocks, the driving mechanism of explosive volcanic
activity. Rocks fragmentation can be considered in general as a non-linear process,
where long-range interactions and scaling are important. It is exactly these
processes that NESP was formed for to describe. The results of the analysis indicate
that NESP is an appropriate framework for the statistical physics interpretation of
volcanic rock fragmentation processes phenomena.
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Mepidnyn

2y gpyacio. oUTH  YpPHOLLOTOLODUE TNV YEVIKEDUEVY Bewpio. THG UN-EKTOTIKAG
OTOTIOTIKIG QUOIKAGS PLA TNV OLEPEDVOVON THG KOTOVOUNG TOU UEYEBOVS TWV KOKKWY
TV TUPOKAACTIKWDV am0BETe®V, TPOEPYOUEVWV OO TO NPALOTEIOKO KEVIPO THS VGO
K. O1 amobéoeis avtés kaldmrovy kupims tunuoto. t¢ vijoov K kot moapaxeiuevov
meproywv. O1 wopoklaotikés amobéoels oynuotiloviol amd 0V KOTOKEPUOTIOUO TOV
UAYUOTOS KOl TV TEPWUATOV KOTG TNV OIGPKEIQ. THG EKPNKTIKNG QAOHS THG
neoiotelaxns opootnpiotnrag. H diepyacio 100 KOTOKEPUATIONUOD TOV TETPOUATWOV
eivor un ypouyuury O100kaoioo Kol aVvHKeEL OKpIfis 08 OVTEG TIS OLOOIKAOIES TOV
ovapépetor 1 yevikevuévy Oswpia ™S un-eKTOTIKNG  oToTIoTIKNG  Quoikhg.  To
OTOTEAETUATO, THS OVAAVGNG OEiYVOVY OTL N UN-EKTOTIKY OTOTIOTIKY QUOIKN EIVOL £Vo,
Katalinlo epyoldeio yio v epunveio. S oaoikaoios Opouuotoroinons twv
NPOLOTELOKDV GYHUATIOUDV.

Aééerg wierowa: Evipormio Tsallis, npoioreiotyra votiov Aryaiov, HeouoTeloxd,
TETPOUATA.
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1. Introduction

Pyroclastic deposits are those formed by the fragmentation of magma melt and rocks, which is the
main mechanism regarding the explosive volcanic activity. Mechanical and granulometric analyses
are used extensively in volcanology and volcanic hazard assessment, as they can provide valuable
information for the eruption dynamics (Walker, 1971; Pyle, 1989). Moreover, the mass, internal
stratigraphy, textural and lithofacies characteristics and componentry of the pyroclastic deposits
are useful qualitative indicators of temporal variations in eruption intensity (Allen, 2001).

Since the Sparks's (1978) pivotal work, magmatic fragmentation has been regarded as a
consequence of magma vesiculation, i.e., with decreasing external pressure a gas-saturated magma
body evolves through a bubbly—foamy stage to erupting gas—pyroclast dispersion due to the
collapse of bubble walls. An alternative mechanism for magma fragmentation is by conduit shear
stress, as has been proposed for the pyroclastic deposits of Kos volcanic center (Palladino et al.,
2008).

Fragmentation process can be defined as the structural failure of the earth’s brittle material by the
propagation of multiple fractures at different length scales (Perfect, 1997). Recently, the statistical
properties of the fracturing process have attracted a wide interest in the scientific community
(Herrmann and Roux, 1990; Chakrabarti and Benguigui, 1997). In this context, fracture can be
seen as the outcome of the irreversible dynamics of a long-range interacting, disordered system
(Krajcinovic and Van Mier, 2000). Several experimental observations have revealed that fracture
is a complex phenomenon, described by scale invariant laws and fractality (Turcotte, 1986;
Sornette et al., 1990).

The main motivation of our work is to investigate the statistical physics properties of the fracturing
process that takes place during explosive volcanism. Non-extensivity represents one of the most
intriguing characteristics of systems that experience long-range spatial correlations or long-range
memory effects. Since disorder and fractality are two of the key components of the fracturing
process, we use a current generalization of Boltzmann-Gibbs (BG) statistical physics due to
Tsallis, referred as Non-Extensive Statistical Physics (NESP) (Tsallis, 1988; 2009), to explore the
grain size distribution of pyroclastic deposits from the Kos volcanic center. NESP is a suitable
framework for studying complex dynamic systems where fractality and long-range interactions are
important and has been successfully applied in geophysics (see Vallianatos and Telesca, 2012 and
references therein).

The applicability of this approach in earth sciences has been demonstrated in a series of recent
publications on seismicity (Abe and Suzuki, 2003; 2005; Silva et al., 2006; Telesca, 2010; 2012;
Vilar et al., 2007), natural hazards (Vallianatos, 2009; 2013), plate tectonics (Vallianatos and
Sammonds, 2010), geomagnetic reversals (Vallianatos, 2011) and rock physics (Vallianatos et al.,
2011; 2012; Vallianatos and Triantis, 2012).

2. The KPT Eruption

The volcanic Kos-Nisyros area forms the easternmost end of the Hellenic active volcanic arc
(Figure 1). The volcanic activity in this area initiated in Pliocene time (3.4 — 1.0 Ma) and
continued during Pleistocene and Quaternary time (Bellon and Jarrige, 1979; Dalabakis and
Vougioukalakis, 1993). The Kos Plateau Tuff (KPT) eruption took place at 161 ka (Smith et al.,
1996) and was probably the largest eruption in the Pliocene—Quaternary South Aegean arc (Allen,
2001). The source is placed between Kos and Nisyros and resulted into a caldera collapse (Allen,
2001; Pe-Piper et al., 2005).

Pyroclastic deposits from this eruption are spread in the island of Kos, the surrounding islands of
Kalymnos, Pserimos, Tilos and Pachia, as well as on the Turkish peninsula of Bodrum and Datca
region (Allen and Cas, 1998). The eruption of KPT produced a sequence of a well preserved,
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rhyolitic fallout, stratified pyroclastic-density-current deposits and massive ignimbrites (Allen,
2001). Six major stratigraphic units can be identified that represent a change in the eruptive
conditions from initial and final phreatomagmatic activity depositing fallout and internally
stratified pyroclastic density current deposits to dry explosive, during the more intense phases of
the eruption that produced the formation of ignimbrites (Allen et al., 1999).

In the present work 12 samples of pyroclastic deposits have been collected, 9 samples from the
island of Kos and 3 samples from the island of Kalymnos. The grain size distribution for each of
the samples has been obtained through granulometric analysis and is being used further on in their
analysis.

Figure 1- The location of the volcanic Kos-Nisyros area along the Hellenic volcanic arc. The
modern active trenches (thick dark lines with solid barbs) for the Hellenic Subduction Zone
(HSZ) are also presented, as Royden and Papanikolaou (2011) indicate them. The junction of
the north and the south part of the HSZ, coincides with the Kephalonia Transform Zone
(KTZ).

3. Non Extensive Statistical Physics Analysis

Non-Extensive Statistical Physics (NESP) refers to the non-additive entropy S, (Tsallis, 1988;
2009), which is a generalization of Boltzmann—Gibbs entropy Sp; and has been frequently used to
characterize complex dynamical systems that exhibit scale-invariance, (multi)fractality and long-
range interactions (e.g. Gell-Mann and Tsallis, 2004; Tsallis, 2009). Tsallis entropy S, is non-
additive in the sense that is not proportional to the number of the system’s elements as S does.
The Tsallis entropy S, reads as:

Equation 1- Tsallis entropy

_TW g
1-Eir,p}

S= ke :.-.L—=1. ,qER
and in integral formulation as:
Equation 2- Integral formulation of Tsallis entropy
_y 1— [ pa00dx
g—1
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where kg is Boltzmann’s constant, p; is a set of probabilities, ¥ is the total number of microscopic
configurations and ¢ the entropic index. The latter index is a measure of the non-extensivity of the
system and for the particular case g=1, the Boltzmann-Gibbs entropy Sp is obtained:

Equation 3 -The Boltzmann-Gibbs entropy
W

Spc= ~kg ZP:' Inp;

i=1

The cases ¢>1 and ¢<1 correspond to subadditivity and superadditivity respectively. Although
Tsallis entropy shares a lot of common properties with the Boltzmann- Gibbs entropy, Sps is
additive, whereas S, (¢#1) is nonadditive (Tsallis, 2009). According to this property Sz exhibits
only short-range correlations and the total entropy depends on the size of the systems’ elements.
On the other hand, S, allows all-length scale correlations and seems more adequate for complex
dynamical systems when long-range correlations between the elements of the system are present.

The process of rock fragmentation, especially when high energies are involved, leads to the
existence of long-range interactions between all parts of the object being fragmented. This type of
entropy is nonadditive and depends on the object as a whole. Thus, the use of the non-extensive
approach seems adequate to analyze the complex mechanism of fragments frequency-size
distribution. Sotolongo-Costa and Posadas (2004), proposed a model for fragmentation
considering the interaction of two rough profiles and the fragments filling the gaps between them,
where the fragments are produced by the local breakage due to externally applied stress. In
addition, Silva et al. (2006) have revisited the fragment asperity model for earthquakes, as it is
introduced by Sotolongo-Costa and Posadas (2004), leading to a modified expression of frequency
— magnitude distribution of earthquakes.

Following their approach, in order to estimate the probability distribution p(o) of a parameter o,
the surface of a fragment in our case, we maximized the non-extensive entropy under appropriate
constraints, using the Lagrange multipliers method. The first constraint used refers to the
normalization condition that reads as:

Equation 4 - Normalized condition
f ple)de =1
]

Introducing a generalized expectation value (g-expectation value), o, is defined as:
Equation 5- Definition of q-expectation value

g, ={o); = J; oF, (o)do

where the escort probability is given by (Tsallis, 2009) as follows:
Equation 6 — The escort probability

prq(a)
Pio)= ——
! J, pa (@do

The extremization of S, with constraints (4) and (5) yields
Equation 7- Probability distribution of fragments’ surface

1
I Pl e
pfﬁ]—[i 2_q(o‘—o—q)] |

where the g-exponential function is defined as:
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Equation 8- Definition of q-exponential function

[1+(1-9)X] 1/(1-9)  (1+(1-9)X=0)
0 (1+(1-9)X < 0)

whose inverse is the g-logarithmic function:

exp, () =

Equation 9 — The q-logarithmic function
1
In =—(¥t7-1
0= (k7 -1)
Following Sotolongo-Costa and Posadas (2004) and Silva et al. (2006), the proportionality

between the fracture surface ¢ and grain size » becomes:

Equation 10

(T)‘
Fg—0o, =|—

g

Tn ,

where r, is a geometric scaling factor.

Thus, the size distribution of fragments is obtained in the following manner: using equations (7)
and (10) we lead to:

Equation 11 — The fragment size distribution function

plr) = T -
1- 21i-a
-5 ]
2—qirg
The normalized cumulative number of fragments can be obtained by integrating equation (11) as:

Equation 12 — The normalized cumulative number of fragments

N(::»r]_f T
No

where N(>r) is the number of fragments with size larger than r, and thus :

Equation 13

g—2
NC71) g—1\/r\je—t
woo [ GEENT

—1yfryle—1
P(=r)= [1 + (q_) (—)]
The latter expression has the form 2-g/\np which if we define

9 1
q — — —
Q 1eads to:

g—a

XLVII. No1 - 462




Equation 14

o erti)- [ a-n(]

having a O-exponential form. The inverse of Eq. (14) is the O-logarithmic distribution Iny(P(>7)).
After the estimation of the appropriate Q that describes the observed distribution P (>r), the Q-

1
nQ(x) = —— (xi-Q - 1)
logarithmic distribution Ing(P(>7)), where 1-0Q , 1s linear with » (Abe
and Suzuki, 2005). In the limit Q—1, the ordinary exponential and logarithmic functions are
obtained from the ey(x) and /ny(x) functions, respectively.
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Figure 2 - Cumulative grain size distribution (squares) and the equivalent Q-exponential
distribution according to Eq.(14) for each sample from the pyroclastic deposits collected
from the islands of Kos and Kalymnos. In the inset of each figure the O-logarithmic
distribution is also plotted.

We have applied this approach to the cumulative grain size distributions P (>r) of the pyroclastic
deposits collected from the islands of Kos and Kalymnos. In Figure 2 the Q-exponential
distribution according to Eq.(14) is plotted for each sample. We can see that for the appropriate
values of ¢ and 7y, the Q-exponential distribution can describe quit well the observed grain size
distributions P(>7). In the insets of each figure (Figure 2), the Q-logarithmic distribution is also
plotted for each sample that approaches linearity with high correlation coefficients. The ¢ and 7,
that resulted from the analysis, as well as the equivalent correlation coefficients are referred in
Table 1.
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Table 1 - The g and r, values that resulted from the regression analysis according to Eq.(14)
and the equivalent correlation coefficients (p).

Sample g-value | ry (mm) p

KFR2 (A) 1.3 0.762 -0.9988

KFR2 (B) 1.34 0.786 -0.9995

KSTI 1.302 0.885 -0.9998

KSN2(A) |1.528 [0.548 |-0.9993

KSN2 (B) | 1.448 | 0.405 | -0.9994

KSN6 (A) 1.463 0.636 -0.9995

KSN6 (B) 1.6 0.671 -0.9991

KSNG6 (C) 1.444 0.948 -0.9996

KSN6 (D) 1.489 0.925 -0.9994

KAL-KV7H | 1.648 0.423 | -0.9972

KAL-KV7M | 1.677 0.469 | -0.9963

KAL-KV7L | 1.674 0.378 | -0.9968

4. Conclusions

In the present work the statistical physics of one of the largest volcanic eruptions in the Pliocene—
Quaternary age in South Aegean volcanic arc is being investigated (KPT eruption), by analyzing
the grain size distribution of the pyroclasts that deposited in the islands of Kos and Kalymnos
during the different stages of the eruption. For this purpose we used Non-Extensive Statistical
Physics (NESP), a recent generalization of Boltzmann-Gibbs statistical physics that has been
frequently used to describe complex dynamical systems. The analysis that was performed to the
cumulative grain size distribution for each of the 12 samples according to the non-extensive model
of Eq.(14) indicated that these distributions can be successfully described using NESP. These
results imply that non-linear dynamics control the fragmentation process during explosive
volcanism and that NESP is an appropriate framework for the statistical physics interpretation of
complex Earth dynamic systems.
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