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Abstract

A number of experimental evidences have recently been obtained for existence of stable anomalies of infra-red outgoing Earth radi-
ation in seismo-active regions, basically by using NOAA-series satellite data. A theoretical model for temperature enhancement of the
ground surface layer in the vicinity of fault system of the Earth’s crust is developed. It is assumed that a tectonic stress in this area results
in a water squeezing-out from the higher depths towards the Earth’s surface. A convection mechanism of rock warming by groundwater
upward filtrating is considered as a possible reason for stable temperature anomalies arising near the fault interception. According to this
model the fluid filtrates upwards from the higher depth to the Earth’s surface to provide an increase in the ground temperature similar to

that found in observations.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A special credit has been paid in the last decade to mon-
itoring of the seismo-active regions from space in visible
and infrared (IR) ranges (e.g., Qiang et al., 1991, 1992;
Qiang and Dian, 1992; Qiang et al., 1999; Salman et al.,
1992; Tronin, 1996, 1999, 2002; Tronin et al., 2002; Liu
et al., 2000; Tramutoli et al., 2001; Carreno et al., 2001;
Ouzounov and Freund, 2004). Due to high spatial resolu-
tion this method was considered as perspective for the anal-
yses of lineaments, morphological structures and tectonic
movements (Veber, 1984). An advanced space-borne
equipment for remote sensing in the IR spectrum allows
us to study the ground-surface temperature with a spatial
resolution of 0.5-1 km and with a temperature resolution
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of 0.1-0.5 K (Wan and Li, 1997). The NOAA-series satel-
lite survey has been used for detection of variations of
the outgoing IR radiation. This technique may also provide
a possibility to locate the major forthcoming earthquakes.
On one hand, the minimal absorption of IR by the atmo-
sphere corresponds to wavelengths of 3-5um and
8-13 um. On the other hand, for the actual ground surface
temperature that lies in the range of 273-373 K, the radia-
tion peak corresponds to 7.7-10.5 um. These two factors
are in favour of using the IR monitoring in the range of
813 um (known as a second transparency window) for
the earthquake studies. As compared with the near-IR
and visible ranges this part of the spectrum is due to the
surface ground temperature (Tronin, 1999). The nighttime
conditions are the most favorable for the IR monitoring of
the ground-surface temperature since there are no solar
heating. Thus the effects due to surface and underground
sources can be dominant. The seismo-active regions of
Central Asia including Tien-Shan, Kizilkum and Karakum
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deserts and South Kazakhstan have been extensively
studied in the past (Gorny et al., 1988; Tronin, 1999).
The analysis of the nighttime IR radiation provided by
these studies revealed the presence of anomalies of the out-
going Earth’s radiation flux associated with large structures
and fault systems of the Earth’s crust. The satellite mea-
surements carried out during nighttime conditions have
pointed out on an increase in the average ground tempera-
ture of several Kelvin at the foot of Kopetdag in Central
Asia. The anomaly area was 25-30 km wide and about
500 km in length. Another type of anomaly of about
50 km wide and 300 km long was found at the foot of the
Karatau Range that roughly coincides spatially with the
Karatau Fault. These stable IR anomalies have been also
observed at some other faults, though the extent and aver-
age intensity of anomalies can vary in time. A close corre-
lation between such variations and seismic activity prior to
the Gazli earthquakes of 1976 and 1984 (M > 7.0) was
mentioned by Gorny et al. (1988). These strong earth-
quakes appeared close to interception of the Tamdy-Tork-
aus and Karatau faults. An extended area of non-stable
anomaly was observed in the Talasso-Fergana fault zone
in Central Asia prior to crustal earthquakes with magni-
tudes greater than 4.3. Similar studies were also carried
out in China (Ma and Gao, 1991; Qiang et al., 1991,
1999), European Union (Tramutoli et al., 2001) and Japan
(Hayakawa et al., 2001). Based on ground sensor measure-
ments, soil temperature anomalies of 2.5 K were observed
in the preparation zone of the 1976 Tangshan earthquake
(China), which had a magnitude more than 7.0 (Wang
and Zhu, 1984).

A novel method of data analysis related to the remote
detection of the thermal anomalies was proposed by Tra-
mutoli et al. (2001). In this paper the data collected during
several years were used to evaluate the space-time average
temperature. The local deviation of the brightness temper-
ature normalized to standard deviation was considered to
be an indicator of the ground temperature anomaly. This
procedure promotes the reduction of the climatological
and other effects. The capability of the refined noise-
removal approach has been demonstrated for the case of
the Irpina-Basilicata earthquake of November 23, 1980
(M;=6.9).

The origin of such stable and non-stationary IR anom-
alies is not entirely clear whereas some effects (hydro-geo-
logical or greenhouse effects) are considered to be a
probable candidate for the formation of the anomaly (Tro-
nin, 1999; Hayakawa et al., 2001). Solar radiation affects
the surface temperature and the geothermal and meteoro-
logical fluxes. The geothermal flux consists of two compo-
nents: conductive and convective. For the Central Asia the
first one, which was estimated as 40-100 mW/m?, is smaller
than the flux due to the solar radiation by several orders of
magnitude. While the convective heat flux connected with
the underground fluid and gas movement can exceed sev-
eral tenths of W/m?. Some geological structures, e.g., of
rift-origin, can also produce high geothermal fluxes.

We cannot come close to exploring all these problems in
any detail. The mechanisms of the non-stationary IR
anomalies are outside the scope of the present paper and
can be discussed in a separate publication. The main goal
of our paper is to study the stable IR anomaly and the con-
vective geothermal transfer as a possible cause of the
ground surface temperature enhancement. The paper is
organized in the following fashion: Section 2 is devoted
to the theory of formation of permanent surface tempera-
ture anomalies occasionally observed near the fault zone.
Our discussion and conclusions are found in Section 3.

2. Convective heat transfer caused by groundwater

It is of common knowledge that rocks contain fluid-
filled pores and cracks at high depths. The tectonic pro-
cesses and the deformations in the vicinity of the fault zone
result in both fresh crack formation and squeezing-out of
water from higher depths towards the ground surface.
The crack formation at higher depths might be accompa-
nied by the competitive processes of the crack healing
(Scholz, 1990) and thus the permeability of the rocks could
vary in time and in space. One should emphasize that a sta-
ble system of interacting cracks or pore channels is not
required to produce a gradual fluid leakage.

Let us assume that the deformation and fracture of the
rocks reinforce this long-term process that develops for
geological time. So the fluid is capable to filtrate upwards
through the network of channels distributed in the upper
layers of the Earth’s crust which have the thickness of
about several kilometers. The temperature in the lower lay-
ers is higher than in the upper layers. The same is true for
the groundwater, and due to that the water moving
upwards can heat the upper-lying ground layers. In what
follows, this convection mechanism of the rock heating
by the groundwater is subjected to theoretical analyses in
greater detail to provide an answer to the question whether
this mechanism can explain the above-mentioned surface
ground temperature anomalies in seismo-active regions.

To proceed analytically, it is necessary at this point to
construct a suitably idealized model of the medium, which
is assumed to contain a stable system of interconnected
channels. The temperature is assumed to be growing line-
arly with depth z in a way that the modulus of temperature
gradient, o, remains to be equal to ~0.01-0.02 K/m. The
heat conductivity f,, the specific heat capacity ¢, and the
mass density of the ground p, are assumed to be constant
values. Let us first consider the fraction AB of one of the
channels (Fig. l1a) that can be considered approximately
as a linear channel. We introduce the local Cartesian sys-
tem of coordinates (xi,y;,z;), with the z;-axis pointing
downward along the axis of our channel. This axis forms
the angle 0 with the vertical axis z. According to the known
Darcy’s law, the velocity of fluid filtration is

k
v=—-VP, 1
p (1)
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(b)

Fig. 1. Schematic plot of the convection mechanism model for rock
heating by underground filtrating water. Here v denotes the velocity of a
fluid, filtrating along the channels and q stands for the heat flux density.
(a) General scenario. (b) A small fraction of the channel.

where k is the rock permeability, # is the fluid viscosity and
P denotes the fluid pore pressure.

The fluid velocity may vary with depth due to the change
in the rock permeability, porosity, channel tortuosity, rock
deformation and etc. According to Mizutani et al. (1976)
and Scholz (1990) the typical rock parameters are as fol-
lows |VP| =10>-10*Pa/m and k=10""-10""*m™ 2 If
the infiltration is a predominant mechanism for the intersti-
tial water motion, the strata pressure gradient cannot be
greater than the hydrostatic pressure gradient, i.e.,
10* Pa/m. If the groundwater migration results from the
water squeezing-out under the influence of tectonic stress,
the pressure gradient can achieve geostatic pressure gradi-
ent, i.e., ~2x 10* Pa/m, and even exceed this level (Barsu-
kov, 1990). Nevertheless, we have not reliable information
on the pressure gradient in the deep crust. Substituting
k=10""m? |VP|= 10> Pa/m and n = 10* Pa s into Eq.
(1), gives the rough estimate v = 10~° m/s.

Despite small value of the filtration velocity, the convec-
tive heat transport of the moving fluid seems to be more
effective than the conductive mechanism. Before comparing
these two mechanisms in the fluid, we should note that the
heat conduction is controlled by a diffusion coefficient
Dg = Pg/(cgpr), where B is the fluid thermal conductivity,
and ¢ and pg are the specific heat capacity and mass den-
sity of the fluid, respectively. The conductive heat transfer
obeys the diffusion law in a way that the heat front propa-
gates as (1)~ (DFZ)I/ 2, where 1 denotes its position at
moment ¢. Using ¢ = 1 year as typical time for this process,

Table 1

Typical parameters of abyssal (basalt and granite) and sedimentary
(sandstone, loam, limestone and dolomite) rocks under atmospheric
pressure (Babichev et al., 1991; Clark, 1966, 1969)

Substance px10°, ¢, kl/kg K B, B,
kg/m’ W/(mK) W/(mK)
Water 1 2-5 (T = 300-600 K) 0.42-0.56 0.49
Basalt 2.6-3.3 0.85-1.49 (T=273-1473K) 0.44-35 1.3
Granite 2.3-2.8 0.65-1.30 (T=273-1073K) 1.1-3.9 24
Sandstone 1.9-2.7 - 02444 1.8
Loam 1.6-2.9 0.8 (T=300K) 0.12-3.1 1.6
Limestone  2.7-2.8 — 0.6444 23
Dolomite 2.84 0.93 (T=293-372K) 1.6-6.5 3.2

Here p is the rock mass density, ¢ is the specific heat capacity, f§ is the
thermal conductivity and f, denotes the average value of f.

Br=0.56 W/(m K), pr = 10*kg/m* and cp =2.5kJ/kg K
(Table 1) we obtain ry~3m. Taking v= 10"°m/s one
can find that during this time the fluid may pass a distance
vt ~ 30 m which is much greater than that due to thermal
conductivity. This means that convection mechanism of
heat transfer in the fluid is more preferable and should be
considered as dominant for typical time intervals.

Since we are interested only in the rough estimations it is
reasonable to assume that the fluid velocity in the given
fraction of the channel is nearly constant and equals to
its mean value. We propose also that the neighboring chan-
nels do not influence the heat transfer in the region sur-
rounding the selected channel. Such an assumption is
justified by the fact that the heat conduction in rocks is
quite slow process. The quantitative estimations will be
presented below.

According to above estimate, we will neglect the heat
transfer due to thermal fluid conductivity. Assuming for
the moment that the given fraction of the channel has
approximately cylindrical form with the radius R, then
the gradient of the convective heat flux in a channel has
only longitudinal z-component, that can be written as

d.Q = nR*vpgpcpd.T. (2)

Here the dot denotes the derivative over time, v is the veloc-
ity of a fluid filtration, 7 is the fluid temperature and
d. = d/dz; denotes derivative over z;. In the simplified
model under consideration, the fluid parameters depend
solely on the temperature. This dependence is especially
essential at a higher depth where the state of a fluid is close
to critical state. In our case v, pg and cg in Eq. (2) can be
considered as constant values. Thus, only the temperature
varies with depth, i.e., T = T{(=z).

To study the thermal balance at the channel surface we
first consider a narrow cylindrical layer of a channel
bounded by the z; and z; + Az cuts (Fig. 1a and b). The
change in the convective heat flux through the channel
cross section equals to the heat flux flowing through the
channel side surface. Taking into account that the vector
of heat flux density, q (the heat flux through the unit sur-
face per unit time) is directed outwards we obtain
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2144z . .
M@/ gdzi = Oz + Azy) — O(z1). 3)

Here it is assumed that the vector q is perpendicular to the
channel surface while the absolute value of q does not de-
pend on the azimuthal angle ¢; (see Fig. 1b). According
to Eq. (3), the radial component of the heat flux defined
on the channel surface, ¢, is

1 .
=—d.0. 4
g =75 5d:0 (4)
Substituting Eq. (2) in Eq. (4) we obtain
1
qg= EUchFRdZT. (5)

Since the temperatures of the fluid and surrounding rocks
are only slightly different from each other, we can substi-
tute d.T =« into Eq. (5) for the case of vertical channel
and d.T = ocosO for the case of inclined channel. Thus
we get

1
q(R,z;) = 5 prucpRa cos 0. (6)

In a first approximation we now replace the inclined
channel treated here by an effective vertical fraction with
the length Az = Az;cos0 under the requirement that the
same heat flux flows through the sides of this effective chan-
nel (Fig. 1a and b). The total heat flux AQ, flowing through
the sides of the inclined channel, is AQ = 2nRAz;g. Then
the mean heat flux density, flowing through the sides
of the inclined channel, is (g) = AQ/(2nRAz) = g/cos0,
where ¢ is given by Eq. (6). Since {g) is independent of 6
we can thus replace the real tortuous channel by the effective
vertical channel A4;B; (Fig. 1a), where on the side surfaces
the mean flux density is equal to (g). This implies that we
now consider an idealized pore space geometry that ignores
the channel curvature. Assuming continuity condition for a
heat flux at the boundary of the channel and using cylindri-
cal coordinates (r,z) at r = R, yields

1
B0 T(R,z) = §RUchFoc, (7)

where f3, stands for the ground thermal conductivity.

In fact, the boundary condition (7) we have thus far
obtained takes into account only the heat flowing through
the channel sides in horizontal directions. Below we will
show that Eq. (7) gives a reasonable approximation to real
boundary condition at the channel sides. In the case of the
oblique channel the heat flows through the channel sides
not only horizontally but also upward and downward.
In order to estimate the corrections to Eq. (7) that can
arise owing to this fact, we consider an elementary heat
flux, dQ = ¢dS, flowing through the channel side dS =
Rd@ Az, that is shown in Fig. 1b with shaded area. This
flux can be split into two parts, dQ = ¢.dS. + ¢, dS, the
first one can be associated with the heat flux pointed
upward and downward, and the second is the “horizontal”
flux. The components, q. and q, of the vector q and the

reference frames used in this study are shown in Fig. 1b.
Here x, z-plane intersects the channel cross-section along
the xj-axis. Using Euler angles 0 and ¢, we obtain that
q-dS. = gcos® @;sin”0dS and ¢,dS, = g(cos® @ cos’0 +
sin® @1)dS. Integrating these expressions over ¢; gives the
“vertical” and ‘“‘horizontal” fluxes, AQ. = ngRAz, sin®0
and AQ, = ngRAz (1 + cos?6). One half of the flux AQ.
points downwards and thus should be subtracted from
the total heat flux, which can be associated with the effec-
tive vertical channel 4;B;. Therefore, the effective net flux
can be estimated as AQ.y = 2ngRAz; — AQ./2.

Actually the angle 0 that defines the orientation of the
oblique channels is a random value. Thus, the flux AQ.y
should be averaged over random orientations of the chan-
nels that are localized in the horizontal layer with the thick-
ness Az = Az;cos6. Using Eq. (6) we obtain

(Our) = 7R Azvprcea(3 + (cos”0). (8)

If the channel directions are uniformly distributed in space,
the mean value of cos”0 is derivable from straightforward
calculations, i.e., (cos*0) = 1/3. Once the actual geometry
of the pore space is considered, the mean value of cos”0
can be expressed through the channel tortuosity which is
defined as b= L,/L (De Groot and Mazur, 1962; Pfann-
kuch, 1972), where the meaning of L{ and L is clear from
Fig. la. Hence, we obtain that (cos*0) ~ b 2 The mean
heat flux density flowing through the vertical channel sides
can be defined as (¢err) = (AQeq)/(2nRAz). Then, with the
help of Eq. (8), we get the boundary condition

1 1
B0 T(R,z) = gvacFRoc <3 + ?) . )

It should be noted that the right-hand sides of Eqgs. (7) and
(9) coincide with each other within the numerical factor
ko=10.253 + b_z), where 0.75 <ky < 1. This means that
the channel tortuosity weakly affect the boundary condi-
tion (9).

3. Thermal balance of the Earth’s surface

In what follows we study the conductive heat transfer in
the rock surrounding the fluid-filled channels. As we shall
see, due to smallness of the thermal conductivity, f,, the
heat spreading in the rock is rather slow. This allows us
to consider first the heat propagation from a single chan-
nel, neglecting the corresponding influence of the neighbor-
ing channels. Now we proceed with consideration of the
effective vertical channel 4;B;. The equation of thermal
conductivity in the outer region, r > R, reads

8,T = D,V°T. (10)

Here V° = 8,2. +r710, + 822, (r,z) denote the cylindrical
coordinates and the diffusion coefficient is given by
D, = Bo/ceps. We suppose that the heat flux density at
infinity (z — o0o) is constant and approximately equals to
the geothermal flux density g, = ff,o. This results in
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0.T = o, (z — co,r > R). (11)

Condition (11) is valid for a certain range of depths, e.g.,
for distances of several tens of kilometers up to the man-
tle-crust boundary.

Egs. (10) and (11) should be supplemented by the proper
boundary conditions for the ground surface that takes into
account the heat exchange between ground and atmo-
sphere. The heat balance consists of the geothermal flux,
gs, heat transfer due to radiation, the turbulent heat
exchange and losses, ¢.y, due to fluid evaporation (Tronin,
1999). Below we will focus on estimation of the under-
ground heat flux caused by the heat transfer due to filtra-
tion of the pore fluid. As was shown above, this process
is very slow. Thus, the fast/diurnal variations of the bound-
ary conditions at the ground are of minor importance.
Thereby we may use the averaged value of solar radiation
flux, ¢s, and the averaged air temperature, 7,, in the lower
atmospheric layer, i.e., we can neglect the diurnal varia-
tions of these parameters. The solar energy absorbed by
the ground equals to the g1 — A), where 4 denotes the
surface albedo. Let ¢, be the thermal flux emitted from
the ground. Then the thermal balance of absorbed and
radiated energies is ¢, = ¢s(1 — 4) — ¢.. Thus, the tempera-
ture balance condition is

—BO0.T=y9(Ta—T)+ ¢ — g, +q,, (2=0, r>R),

(12)

where the term (T, — T) defines the convective heat ex-
change between the ground and the atmosphere. The con-
stant y varies from day to night as y = (15-25) W/(m? K)
(Gorny et al., 1993). The solution of Eq. (10) with boundary
conditions (7), (11) and (12) is given in Appendix A. Eq.
(A.18) determines the average temperature increase, 67, at
the ground surface z = 0 due to the heat transfer produced
by underground fluid. The averaging was carried out over
the large surface, whose radius, R, is much greater than
the characteristic radius of the channels, R. Expression
(A.18) takes also into account the effect of a single channel
filled with moving fluid. We note that the change in temper-
ature 87 in Eq. (A.18) is proportional to vR> i.e., to the
value which defines the fluid volume flowing through the
perpendicular channel cross-section per unit time.

Now let us assume that the channels are distributed over
their dimensions according to some law characterized by
the distribution function f{R), normalized to the number
of the channels per volume, i.e.,

/Oxf(R) dR=N.

Then the mean porosity n can be defined as

n= n/ R*L;(R)f(R)dR ~ an/ R*f(R)dR, (13)
0 0
where b is the mean channel tortuosity.
We note that the distribution function f{ R) as well as the
mean porosity n are dependent of the depth z. The fluid

volume flowing to the Earth’s surface per unit time is
defined by the mean porosity and permeability of the chan-
nels at large depths. Thus, in our calculations one should
account for the values of the mean porosity that is typical
for the high depths. Then the mean increase in the ground
surface temperature, contributed by all channels contained
in the volume nR2L, is

3T(t) = nRIL / N 8T (¢,R)f(R)dR, (14)

where 87(¢, R) is the mean access in the ground tempera-
ture caused by one of the channels.

Substituting expression (A.18) for 87(¢, R) into Eq. (14)
we get

(”Dgt)l/z

A

8T (t) = 2awprcrLky h(s) / " R*f(R)dR. (15)

Here the auxiliary function /(s) is introduced, given by

/2
h(s) =1 — 27 [1 — exp(s)erfe(s'/?)], (16)

where s = tyz/(cgpg), erfc(x) =1 — erf(x) and erf(x) is the
standard error function (Abramowitz and Stegun, 1964).

Rearranging Eq. (15) by introducing mean porosity n
(Eq. (13)), we find that the net effect of all the channels
reads

2nowppcrky Dyt 172
3T (¢) = b ( - ) h(s), (17)
where ko= 0.25(3 + 5 ). Eq. (17) is valid for the case of
infinite channels but, in fact, it can be applied for finite
channels under condition that Dyt < L?, where L is the
characteristic channel length. This condition is not so bur-
densome on account of low thermal conductivity of the
ground.

It should be noted that Eq. (17) defines the local increase
in the ground surface temperature. The most probable
regions for such an increase correspond to the vicinities
of the fault interceptions where the rock porosity and per-
meability can be higher than that for the background. The
triggering mechanism for such an increase in the rock frac-
turing, permeability and other changes, which results in the
formation of interconnected underground channels, can be
due to the tectonic processes in the far past. In other words,
the life time of such an anomaly is of the order of geolog-
ical time-scales. Let us answer the question when the source
of the thermal energy should be turned on in order to
reach the ground surface temperature increase of 67~ 1 K
at present time. Such a value of 87 was observed by
Tronin (1999) and Tramutoli et al. (2001). For that we
choose the following average values: f, =2 W/(m K),
cg=1kJ/(kgK), cp=2.5kI/(kgK), py=2x10%kg/m’,
pr = 10° kg/m? (the subscripts “g” and “F” refer to the
ground and the fluid, cf. Table 1), y =19 W/(m* K),
v=10"°m/s, n=0.05, b=1.7 and «=0.02 K/m. In this
case the parameter s> 1 so that i(s) ~ 1 (Eq. (16)) and
Eq. (17) reduces to
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12
ST(1) = 2nowprerky [ Bot (18)
b TpgCy )

Substituting the mentioned above parameters into Eq. (18)
we find that 7 ~ 6 x 10° years. It should be noted that the
typical period of mountain formation is of the order of
2.5% 107 years, i.e., of the same order as ¢. This anomaly
can be considered as stable since its duration is much long-
er than that used for observations and for obtaining the
average values (few years).

A few comments are in order. First, we have to empha-
size that the existence of high porosity up to the depth of
the focal zone is not required for our mechanism. The for-
mation of the system of coupled channels (percolation
cluster) with porosity of 0.01-0.1 at depths up to 1-
5 km, turns out to be sufficient to explain this effect. Then,
besides of the interaction of different channels some of
them can occasionally disappear and appear since the pro-
cess itself has very long duration. In this consideration one
may expect temporary enhancement in the rock perme-
ability so that the average filtration velocity used above
might be too small. Using the velocity v = 107> m/s as
an upper limit (Tronin, 1999), we obtain 7 ~ 6 x 10° years,
that is one order of magnitude smaller than the above
value.

We recall that Eq. (18) is valid under condition ¢ < L?/
D,. If this inequality is not satisfied then Eq. (A.19) should
be used. Similar procedure of the temperature averaging
leads to the estimate

_ 4nLovprcrko

3T
n2yb

(19)
Substituting L = 10 km and above parameters into Eq. (19)
we obtain 67 ~ 0.3 K, that is close to the observed value.
Thus, the considered mechanism can explain, at least in
principle, the existence of the stable thermal anomalies at
the ground surface.

4. Discussion and conclusions

Our theoretical analysis has shown that stable ground
temperature anomalies occasionally observed in seismo-
active regions or in the vicinity of faults can be due to geo-
thermal convective heat flow induced by slow filtration of
the underground fluid. This heat flux is much smaller in
magnitude than that arising from the solar radiation and
other thermal fluxes of natural origin. Nevertheless this
mechanism can play a substantial role in the presence of
groundwater that can filtrate along the system of intercon-
nected cracks in the upper crust. One can suppose that
tectonic processes promote the increase in the crack con-
centration due to strong rock deformation and fracture
near the faults. Thus, the rocks in the vicinity of this area
differ from the surrounding media due to the presence of
an enhanced porosity and permeability. The tectonic stress
in the fault zone results in gradual squeezing-out of water
from higher depth towards the ground surface. For this

case the heating of the ground upper layers may arise
due to upward fluid filtration from the bottom crust layers
where the temperature is higher than in the upper layers.
Our estimations show that this effect can really exist in spite
of the smallness in the temperature difference between the
upward moving fluid and surrounding rocks. The theory
predicts a surface temperature increase or of a few K if
the mean filtration velocity amounts to 10~®m/s and if
the mean rock porosity up to a depth of several kilometers
exceeds the level of about n=0.01-0.1. Moreover, this
implies that the heating should last during the time interval
which is smaller or the order of the typical duration of the
mountain formation. Because of the long duration of the
water squeezing-out process, the estimates obtained above
hold regardless of the fact that in reality the filtration may
occasionally slow down and then be reinforced due to the
reconnection of underground channels that can occasion-
ally appear/disappear.
Finally we arrive at the following conclusions:

1. Under certain conditions, existing in fault zone, the con-
vection mechanism of the rock heating can result in the
appearance of stable thermal anomalies in the surface
ground temperature observed by the NOAA satellites
above the seismo-active regions.

2. Our estimations show that appearance of anomalous
regions with enhanced surface temperature of the order
of a few K can arise on the geological time-scales.

3. The convection mechanism seems to have no effect
during short time domain and thus cannot provide
explanation of the non-stationary IR anomalies that
occasionally appear several days before earthquakes.
The latter might be due to other effects such as variation
of the soil moisture, local greenhouse effect and etc.
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Appendix A

Here we present some necessary calculations that are
used above in formulation of the model. Let us introduce
a function U given by

qr T4y
Y

U=T-T,—oz— (A.1)
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Then we substitute Eq. (A.1) into Eq. (10) and into the
boundary conditions given by Egs. (9), (11) and (12). Sup-
pose that condition (11) is formally applied at z = L. Mak-
ing a Fourier transform of Egs. (9) and (10)—(12) we obtain

iou=D,V*u (r>R, L>z>0), (A2)
_im _awpgcpRko
Ou(R,z) = oo M= —Zﬁg , (A3)
O.u(r,0) = —u(r 0), (A4)
Be
Ou(r,L) =0. (A.5)

Here u is the Fourier transform of the function U. To take
correctly into account the residue of the function at w =0,
a small parameter ¢ is formally inserted in the denominator
of Eq. (A.3). We shall substitute ¢=0 in the final
expression.

Let us search for the solution of Eq. (A.2) in the form
u= Z(A,, sin A,z + B, cos 4,z),

n=1

(A.6)

where A4, and B, are constant values that should be found
below.

Using Eq. (A.6) and the boundary conditions (A.4) and
(A.5) one can find the connection of B, with 4,

Jon
B, = ﬁg Arn
Y

(A7)

and the equation which determines the eigenvalues 4,

Jytan L = - (A.8)

g
The functions f, =sinl,z + (fgl./y)cos i,z form a com-
plete orthogonal system in the interval 0 < z < L. There-
fore, the boundary condition (A.3) can be expressed in a
series of functions f,

im Byn
u(R, 2 n A.
Ou(R,z) = o ZC (sm nZ +—— cos i z) (A9)
with
-1
RERRNPAN b )
C"_)t,,L 1+( » ) <1+V_L sinZ,L | . (A.10)

Substitution of Eq. (A.6) with account of relation (A.7)
into Eq. (A.2) leads to the Bessel equation for 4,

[} +r'd, — (2 +iwD,")]4, =0, (A.11)

where d, = d/dr and d* = d*/(dr)’.

The solution of Eq. (A.11), bounded at r — oo, is the
modified Bessel function Ky(u,r) of the zero order with
complex argument p, = (4> + ingl)l/z(Re,un = 0).

Using boundary condition (A.9) from (A.11) we obtain

imC,Ko(u,r)
(o —ie)u, Ky (1,R)

A, = — (A.12)

where K (x) is the modified Bessel function of the first or-
der and coefficients C, are defined by Eq. (A.10).

Egs. (A.6)—(A.9) and (A.12) allows us to find u and after
performing an inverse Fourier transform one can obtain U.
Substituting this result into Eq. (A.1), the necessary tem-
perature distribution is finally given by
qs(l — A) + ey

s
im exp(iot) do = C,Ko(1,r)
T n / o—ic = nKi(R)

Jon
X (sin AnZ + ﬁg— cos )L,,/,Z) .
Y

T(ryz,t) =T, + 0z +

(A.13)

The last term on the right in Eq. (A.13) describes the tem-
perature increase caused by underground fluid. Let us aver-
age this value with respect to the square with radius
Ry > R. At the ground level z =0 we get

2 [P
0T(t) = — / ST (r,0,t)rdr
R; Jo

imﬁg /"O exp(iwt) do
- TR

Z)C

>< Ko(u,r)rdr.
— u,,Kl R /

Since Ry > R, we can set Ry — oo in the last integral in
(A.14). Then after performing the integration over r we
obtain

(A.14)

1ﬁ mR

() =~y inC, [ SRS
nRyy - ie)(4, +iwD, ")

: (A.15)

The integral (A.15) equals to the sum of residues of the
integrand. Substituting ¢ = 0 in the final expression, we get
2,mR & C, .

> 1 - (D)

n=1 n

dT(t) =

(A.16)

At t — oo one can neglect the exponents in Eq. (A.16) and
we arrive to exact solution of the problem for stationary
case.

Now let us consider the specific case when L — oo, or
more precisely L > (Dgt)]/ 2. Then the solution of the char-
acteristic Eq. (A.8) for /4, reduces to A, — n(2n — 1)/2L,
where n is integer, i.e., n=1,2,3,... For large L values
the shift 8/, = n/L — 0 and one can replace the summation
over discrete n in Eq. (A.16) by corresponding integration
over continuous variable 1. This gives

_ ABmR [ [l—exp( 22Dyt)]dA
s =" | 70 YRR

With the help of Eq. (A.3) expression (A.17) can be re-writ-
ten as

_ 200R’ppcpLky Dyt 172 | nl/? |
— & \x) Uzml

(A.17)

3T (1) fexp(s)erfc(sl/z)])

(A.18)
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Here erfc(x) =1 — erf(x), erf(x) is the standard error func-
tion and s = Dyty*/f; = ty°/(cgp,,).

In the opposite (quasi-stationary) case, L < (Dgt)l/ 2 the
expression (A.17) reduces to

4 ymR [ dJ
oT = 2 2/ 212
TRy Jwon) A7(72 + BAY)
4owR? prcpkoL nf, (1 s
_ [t e —£)1. A.l
w2RGy [ 2L (2 aretan 2%)] (A.19)
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