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ABSTRACT

Phreatic explosion craters such as those
recognized in the Larderello area, or the recently
reconstructed history of repeated paroxysmal
events in The Geysers, plus as yet unconfirmed
evidence of phreatic explosion crater (oral comm.
J. Hulen), point out a continuous set of states of
nature ranging from stable steady to changing
states and beyond, to paroxysma events up to
mechanical destabilization of the crust (large
explosive eruptions) in natural systems from
geothermal (hydrothermal) to strictly speaking
volcanic ones.

A class of conceptual models that appear to aptly
describe states of nature intervening between
mechanically stable steady states and fully
unstable states is presented in this paper.

Attention is focused on analytical rather than
numerical models, i.e., on representing the basic
features under as general as possible conditions
rather than defining details of particular cases,
considering at once as broad as possible classes of
models, rather than going  after detaled
modelling of some particular system. This choice
fits in with the requirements of the Bayesian
approach in the presence of no or limited
information on the specific system under
consideration, re principle of simplicity.

Transfer of mass and/or energy (as work and
therma energy) from deep in the Earth to its
surface requires some build up of energy at depth,
which can bring the considered natura system to
instability and to sustain changes by internal
forces.

The theory shows that energy build up in the
subsurface (in the form of therma energy, fluid
pressure, volume increase and related stress etc
build up) can give place to heat-stress (and for
that matter, porosity-permeability etc) solitary
waves that travel to the surface. In particular, the

pressure gradient generated by the wave is as
more destabilizing as closer to the surface and to
gaseous state is the involved fluid. Waves and
related pressure gradient profiles range from
peak to step-like (from "shock waves' to
"solitons") depending on whether the energy
build up is peak or step-like, and so carry with
other information on the state of the system at
depth, hence about subsurface conditions and
their change.

To any extent that solitary waves are forerunners
of change towards unstable mechanical conditions
their theory is relevant to forecasting volcanic
explosions. With regards to geotherma systems,
solitary waves may signa underground energy
build up, e.g., shed light on energy transfer to the
system from its thermodynamic Universe. More
generaly concerning observable information, it
hints to some of many ways that monitoring both
apparent and subtle mass and energy surface
emission may contribute to the understanding of
what goes on in the subsurface. Closer discussion
of such a subject is premature as long as the
practice remains limited to considering only well
data and systematic investigation of the
distribution of surface emissions is hardly carried
on.

INTRODUCTION

The focus of the present paper is on the avenue of

thought pointed to by its title, inasmuch as it
generates possible conceptua models of generation
of solitary (P, T, ...) waves travelling from deep in
the Earth to its surface. Inasmuch as 1st, it is
likely to occur on transition from mechanically
stable to unstable states, and 2nd, it is expected to
be recognizable based on surface observations, it is
also a significant process. Explosive volcanic
eruptions forecast appears to be its maor
prospective application, however, its potentia to
afford inferring subsurface conditions based on
surface observations is possibly significant with a
view a the management of DSP (Dry Steam
Producing) geothermal fields.




Many a similarity exist between centra volcanoes
and DSP geotherma fields. They both feature
broadly centripetal water circulation with
associated lower fluid pressure and anomalous
geothermal (high) and pressure (low) gradient at
center, associated with local transfer of thermal
energy and mass to the Earth's surface under
mechanically steady conditions in time, and both
undergo upsurges of fluid emission and even
explosions. Even more significant with a view to
the subject matters, on the one hand DSP
geothermal fields undergo paroxysma emission of
fluids unloading energy from the system to the
Atmosphere (see geologic section, Figure 1a, and
block diagram, Figure 1b), on the other hand
materials taken to the Earth's surface by volcanic
explosions range from al non volcanic (e.g. in
many phreatic explosions) through older volcanic
and to fresh magmatic materials. With reference to
the two major and longest known geothermal
fields worldwide, Larderello (Tuscany, Europe)
and The Geysers (Cdifornia, USA), the evidence
comes respectively from a phreatic explosion
crater (Marinelli, G., verbal comm.n) and from
fluid inclusions investigation (e.g., Moore et d.,
1995 and 1998) as well as fields observations
suggestive of phreatic explosion (Hulen, JB.,
verbal comm.n, to be confirmed, Hulen et d.,
1997).
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Figure la. Conceptual geological section of a
dratified syssem for a  hydrothermal
domain.Westerly granite is assumed as a rock
type representative of the horizon overlying the
aquifer. Rock deformation-fracturing is supposed
to start on the boundary aquifer-caprock as a
buried thermo-mechanical source arisesin terms
of fluid-rock temperature and pore fluid pressure
changes over a steady state regime characterised

by initial  values To=400C  and
Py =25 x0’ Pa. This steady state corresponds
to a supercritical state of water under a vertical
geothermal gradient of about 1°c/7.5m at a
depth of 2.5- 3 Km.

Close up study of specific geotherma systems, as
seen in terms of varying (e.g., increasing) energy
in the subsurface, is likely to require, respectively:
1st level, the approximation describing them as a
mosaic of sub-systems -- specifically: geothermal
phases -- a stable steady conditions, see, eg.,
Figure 1b; 2nd, solitary waves supply a class of
analyticd models that aptly describe the
relationship between subsurface thermodynamic
conditions and observable processes at the ground
surface, as required to infer the formers from the
latters. Eventually, when destabilization takes
place, 3rd, level of subsurface energy, the most
genera (thermodynamic) model says performed
work shall be lesser or equa to the change of the
system internal energy between initial and final
state. More detailed fluid-dynamic models will be
feasible on a case by case basis, subject to available
data describing the considered system.

Figure 1b points out possible interactions between
the syssem and its Universe. Possible
complications are symbolized by the "AQUIFER
R™ box, and can be disregarded for the purpose of
this paper, that is, assessing the impact of solitary
waves theory on possible study of the above said
second level process transitiona to destabilization.
The simple model of Figure lais the same as used
by Facca and Tonani (1961).
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Figure 1b. Block diagram of the basic (smplest)
model of geothermal field.

The set of possble models of a n y DSP
geothermal system fall into a domain defined by
the possible combinations of two idedised
elements, the impervious homogeneous cap rock
and the underlying porous-permeable
homogeneous "reservoir” of thermal energy.

The total thickness of the considered system can be
arbitrarily defined for each individual possible
case. Say it is about the same as the maximum
drillable depth under the specific case, and let us
take it as our unit thickness. In principle, the
model may be fully defined by fixing the ratio
between cap rock and "reservoir” thickness, which
in the light of the former condition will be
represented by the thickness of either the cap rock
or the reservoir expressed as a fraction of the tota
considered thickness, i.e., of unity. This also will
rarely be relevant to such general argument as the
subject of the present paper, a fact depicted by
showing only the top of the reservoir (see, e.g.,
Figure 1a).

Experience of use in previous papers by Facca,
Tonani or both authors suggests that the above
approach to modelling geotherma fields is an
effective way of defining the set of possible
models.

As long as the maximum commercially drillable
depth is small compared to total depth to the heat
source feeding therma energy to the system, the
heat flow through the system is an externally fixed
condition.

The block diagram of Figure 1b points out the
interactions of CAP ROCK and RESERVOIR
among themselves and with their Universe, i.e., of
cap rock with the Atmosphere and of reservoir
with the source of therma energy. Other
interaction symbolised by AQUIFER R' in Figure
1b can be ignored for our purposes. In the two
examples taken as reference here, Larderello and
The Geysers, cap rock and reservoir are defined
differently: as a geologic formation (flysch) other
than the “reservoir® formation (mesozoic
limestones and dolomites) in the former case, as
two different states of the same formation
(Franciscan sandstones respectively sealed, not
seaded by hydrothermal deposits, a process termed
self-sealing) in the latter case.

In this simple case the set of possible models
represented by the open set (0,1) can be related to
the possible values of one variable which is a
fraction of unity depending on the thickness of the
cap rock and the reservair.

THEORY OF HYDRAFRAC AND RELATED
PAROXYSMAL FLUID EMISSION

On the basis of the block diagram of Fig. 1b, a
class of theoretical models which aptly decribes
cyclic episodes of rock deformation-fracturing
through the cap rock of Fig. la and related
catastrophic emission of fluids may be obtained

by:

1. considering Burgers equation, which is
derived as a combination of the fluid-rock energy
and stress-diffusion  equations  describing
subsurface coupled fluid-rock thermo-dynamics
and related hot and pressurized fluid movement,
and

2. hypothesizing the physical nature of the buried
thermo-mechanica energy source which is
supposed to exist within a layer in the proximity
of the aquifer roof of Figure 1a

Derivation of Burgers equation and buried
(T,P) source

As a hydrotherma system is perturbed from its
steady state and is characterized by episodes of
hydrothermal  brecciations and paroxysmal
emission of fluids which may generate phreatic
explosion craters, the associated thermo-
dynamical behaviour and transition from stable
steady to unstable states can be described by
adopting modern thermo-poro-elasticity theory
and its two heat-like equations (Rice and Cleary,
1976; McTigue, 1986; Natale and Sausti, 1996;
Natale et a., 1998):
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Equation (1) has been derived by McTigue
(1986) and corresponds to the stress-diffusion

equation. P[Pa] and T[OC] are the pore fluid
pressure and the fluid-rock temperature variables
respectively, h[mZ/s] the fluid diffusivity and

a[Pa/ OC] the source term due to differential
fluid-rock thermal expansivity.

Equation (2) has been formulated by Natale and
Salusti (1996) and Natale et al. (1998) after Rice
and Cleary (1976) and Bean (1984) and
corresponds to the fluid-rock energy equation
under the assumption of a loca fluid-rock

therma equilibrium. k[mZ/s] is the diffusive

therma  diffusivity, b[m2/ Pa>e] is the
convective thermal diffusivity and
c[m2/ Pa’? >s>9c] is the dissipaive diffusivity
due to fluid-rock friction (Table I, Appendix).

Derivation of equation (2) can be found in Natale
(1998).

Let us now assume that over a pre-existing steady
state regime, characterised by P, and T, vaues,
a buried thermo-mechanical source
corresponding to pore fluid pressure P, and
associated fluid-rock temperature T, changes is
built up within a layer in the proximity of the

roof aquifer of Figure la, yieding as boundary
and initial conditions:

3 T=Ty+T, P=P,+P, z=0
3 T=T, P=BR 0<z<b

As in equation (1) fluid diffusivity h is
negligible compared to the term a (see Table 1),
Natale and Salusti (1996) have shown that, for
rock types with medium-low permeability values
as it must be the case for the cap-rock overlying
the aguifer of Figure la the stress-diffusion
equation can be ssimplified as follows:

P T
1P o I

(4 @y

entailling, with the initial conditions (3), the
solution:

@) P-Py=a(T- To)

Equations (1) and (4b) can be combined,
obtaining:

1T _ e, 1T
Gd Ty TRy

withb' =ac +b
which, by z-deriving, gives:

q97T_ 9T 99T
G0 4ty 2P 2 TN

corresponding to Burgers equation for
c(zt)=-2ab'q,T»-2b'q,P (Whitham,
1974). Thus, by adopting the change of variable
c(zt)=-2ab'f,T»-2b',P, (5b) can be
rewritten as:

2
fc  I% fe_,
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Equation (5b), or aternatively (5c), describes
rock deformation-fracturing and concurrent hot
and pressurised fluid movement through a
thermo-elasticaly reactive rock on the basis of
the balance of:

1. a nonlinear propagation factor 2ab' 1, TMLT
(or 2b "HZP‘HZZT in the light of expression (4b))
related to convective therma energy migration,
dissipative fluid diffusivity due to fluid-rock

friction and thermo-elastic response of the
overbuden rock and which can be rewritten as

- 2b'mVp,,T/K; by introducing Darcy's law
Vp =- K1,P/ 1, and

2. adiffusive factor kY,1,T relaed to diffusive
thermal energy migration.

The above factors balance each other in such a
way that some andytical solution can be
obtained, corresponding to the propagation of
different sorts of thermo-mechanica or (T,P)
solitary waves, depending on both the role played
by the dissipative term, present in the convective
propagation factor, and on the assumption of the
physical feature which controls fluid-rock
temperature and pore fluid pressure and related
loca (T,P) gradient changes at the buried
thermo-mechanical source.

Upsurge of (T,P) solitary shock waves
and related surface signals

Let the buried thermo-mechanical source be
controlled by a Dirac function, which




instantaneously damps out fluid-rock temperature
and pore fluid pressure gradient changes,
yielding as initia condition to be associated with
Burgers equation (5c):

(6) coy(z0)=-2ab'T,d(2) @ 2b'P,d(2)

Natale and Sdlusti (1996) have found that in this
case the solution of Burgers equation (5¢) is:

@ CSN(zt)=}z[t O£ z£ J4ab' Tt

70 otherwise

Solution (7) above has the dimensions of a
velocity and corresponds to the propagation of a
thermo-mechanical solitary shock wave aong the
positive z direction, travelling upwards with a
rapid weakening of its velocity and amplitude.
Darcy's velocity front

Vpgy =- KiT,P/m= Kcsn(zt)/ 20" m is

formed a z;, = J2ab' Tt , the velocity value
across the wave front jumps from zero to

Crqy =¥ 4ab'T, /t and the wave front moves at

speed Vg = Jab'T, /t (Tablell).

In Figure 2a-b the vertical profile of the T,P wave
caw(z,t) vs z and the related surface signa

caw(z=Db,t) vst are reported, respectively, for
the Westerly granite.
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Figure 2a. Vertical profile of the (T,P) solitary
shock wave for the Westerly granite.
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Figure 2b. Related (T,P) solitary shock wave
surface signal.

Upsurge of (T,P) solitons and related
surface signals

Let the buried thermo-mechanical source be
controlled by a Heaviside step function, which

maintains through time the fluid-rock
temperature and pore fluid pressure gradient




changes, yielding as initial condition to be

associated with Burgers' equation (5¢):
cs(z0)=-2ab'7,T=-2b'1,P=y (2

0 for z>0

Cog >0 for z£0

(8)

—)

withy (2) =i

—_—

Garcia and Natale (1998) have found that at the
wave front, i.e. for 0 <z/t<cqg, a solution of

Burgers equation (5¢) is:

Coe | €C,. @ Gy toul
9) cs(zt)=—11- tanh Z- —- ]
©) S( ) 2 3 é4k8 2 )

Solution (9) has the dimensions of a velocity and
corresponds to the propagation of a thermo-
mechanica soliton aong the positive z direction,
travelling upwards at constant wave velocity and
amplitude. The wave velocity is constant and
given by Vs=co4/2, whilst Darcy's velocity can
be obtained through the pore fluid pressure
gradient carried up by the wave, namely

Vpg = - Kt 1,P/m=Kics(zt)/ 2b'm.  Finally,
the amplitude of the soliton is cog which remains

constant through time (Table Il and Figures 3a
b).
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Figure 3a. Vertical profile of the (T,P) soliton for
the Westerly granitee cg is

proportional to the pressure gradient.

Figure 3b. Related (T,P) soliton surface signal.

CONCLUSIONS

The focus of the present paper as pointed out by its
title is on the avenue thought opened by solitary
waves as likely forerunners of mechanical
destabilization of the Earth's crust. This adds up to
general anaogies between centra volcanoes and
DSP geotherma fields and makes them both good
subjects for application of apt indicators of thermal
energy build up and approaching mechanical
destabilization. Conceptual models of solitary
waves are instrumental to developing such
indicators.

The potentia information from surface geothermal
gradients, the ideal data in principle to infer the
distribution of thermal energy at depth, in actuadity
is heavily impoverished by such complications as
atmospheric-upper crust water circulation and the
fact that identifying heat with thermal gradientsis
not as obvious whilst observing natural systems as
it isin laboratory experiments.

As the result, geochemical indicators of
temperature (thermometers) and of on going
steam-water separation process have been more
successful and cost effective ways than geothermal
gradients in geothermal exploration. The solitary
waves theory holds promise for similarly inferring
(P,T) and mechanica instability conditions at
depth, based on diffuse fluid flow surface data

We submit the idea that such data collected over
large areas are complementary to downhole datain
investigating subsurface conditions with a view at
geotherma field management, as well as a
vol canic forecast.




Material Westerly Units
property granite
G 1.5510% Pa
Bs 0.85
n 0.25
Ny 0.34
af 10— 3 OC 1
am 2.4>10°° °c?
Ky 4>10°% m?
f 1072
K 3 Jm?Cxs
n 8>10°° Pass
M'm 2.7>10° Ko/ m?
ry 3.6>10° Kg/ m?
Cm 10° JKglcC
Cyy 2.1>10° JKglC
k 1.1>10°° m?/s
b @b’ 5>10™ %3 m?/Paxs
c 1.87>10% m?/Pa®iCxs
a 1.7>10° Pa/°C
h 2.7>10°% m?/s

G: shear modulus, Bs: Skempton parameter,
n(nu): drained (undrained) Poisson ratio,
a(@m): fluid (medium) therma expansibility,
K;: permeability, f : porosity, K;: average
therma conductivity, n: viscosity, r: medium
density, r;: fluid density, c,: medium thermal
capacity, ¢y, : fluid thermal capacity at constant
volume, k: average thermd diffusivity due to
diffusion, b: average therma diffusivity due to
convection, c¢ : average dissipative diffusivity due
to fluid-rock friction, a : differential fluid-rock
thermal expansivity , h: fluid diffusivity

Table I. Definition and values of the quantities for
the Westerly and Charcoal granites, the Weber
sandstone and the Tennessee marble saturated

with water at P, =30’ Pa and T, = 400°C and
with temperature and pressure perturbations in
the order of T, =50°C and P, = 2- 2.5x0’ Pa.

APPENDI X

In equations (1) and (2) the source term due to the
differential fluid-rock therma expansivity is
(Tablel):

(A1)

_®. - 41+n) \2(+n)2+n,)8

R S n)+GBSf@” ) 3(n-n) o
Bs(1- n,)1- n)

3(1- n)1+n,)- 6(n,- n)

the average therma diffusivity due to diffusion
is:

- K
Cfrge (@) Gy

(A2) Kk

the fluid diffusivity is:

K ®GR(1+v,)"(1- )0
A3 h="] 9L v )W - V) 5

the thermd diffusivity due to convectionis:

A b=t
(A4) =tm

and the dissipative diffusivity due to fluid-rock
frictionis:

K
A5 c=
(A3) mﬁrfcf+(1-f)mcm]
Material Westerly Units
property granite
b 310° m
Pl__, 25107 Pa
Tl _, 50 °c
Vosu 10° 10 m/s

b:thickness of the fluid-saturated porous horizon,
P,: fluid pore pressure (associated fluid-rock
temperature) change a the buried thermo-
mechanical source,



Vog, =- KiT,P/m=Kcan(zt)/20' m: initia

Darcy's velocity associated to thermo-mechanical
solitary shock wave propagation

Table IlI. Values of the propagating thermo-
mechanical shock xave for the considered rock

types.

Material Westerly Units
property granite
b 3:10° m
1.PL_, 210" Palm
1.1, 55102 %c/m
Vs 107" m/s

b: thickness of the fluid-saturated porous horizon,
T1.Pl_, (1,7 _,): pore fluid pressure (associated
fluid-rock temperature) gradient at the buried
thermo-mechanical source,
Vg = - Ki1,P/m=Kics(zt)/ 2b'm:  initidl
Darcy's velocity associated to thermo-mechanical
soliton

Table 11lI. Values of the propagating thermo-
mechanical solitons for the considered rock types.
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