Finite element approximation of coupled
seismic and electromagnetic waves in gas
hydrate-bearing sediments

Juan E. SantosJr

T CONICET, Departamento de Geofisica Aplicada,
Facultad de Ciencias Astronomicas y Geofisicas, Universidad Nacional de La Plata

and Department of Mathematics, Purdue University.
Joint work with Fabio I. Zyserman and Patricia M. Gauzellino

2009 SIAM Annual Meeting , Denver, Colorado, July 6-10 2009
. Finitc clement appromation of coupled seismic and eleciromagnetic waves in gas hydrate-bearing sediments ~p. /24



Within a fluid saturated porous medium there
exists a nanometer-scale separation of
electric charge in which a bound charge
existing on the surface of the solid matrix
(normally of negative sign) is balanced by
adsorbed positive ions of the surrounding
fluid, setting an immobile double (Stern)
layer, having a thickness of about 10 nm.




Further from the surface of the solid matrix
there exists a distribution of mobile counter
lons, forming the so called diffuse layer.
When an electric field is applied to this
system, the ions in the diffuse layer move,
dragging the pore fluid along with it because
of the viscous traction. This is known as
electro-osmosis and Is responsible for the
electroseismic phenomena.
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Assume that the subsurface Is an horizontally
layered fluid-saturated porus medium.

Consider two different electromagnetic
sources, both in the y-direction:

1) an infinite current line J*,
2) an Infinite magnetic dipole (infinite
solenoid) J&*,



Je' induces electromagnetic fields

(Ey(z,2), E.(z, 7)), and H,(z, z), and fluid and
solid displacements (u’(x, z),ul(z, z)) and
(ul(z, 2),ul(x, 2)), respectively.

This is known as the PSVTM-mode, in which
compressional and vertically polarized shear
seismic waves (PSV-waves) are present.



J¢™" induces electromagnetic fields
(Hy(z,2),H.(z,2)) and E,(z, z), and fluid and
solid displacements u}(x, z) and u/(z, z),
respectively.

This is known as the SHTE-mode, where
only horizontally polarized seismic waves
(SH-waves) are present.



2D Model and Sources. IV

\

bM T0b,B
pbM T

3D layered subsurface, 2D model 2 = Q¢ U QF and
electromagnetic sources.
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Let

o(x,z) =0P(z) + o°(x, 2),

oP(z): background conductivity, o°(x, z): conductivity anomaly.
Let E°=F — EP, H® = H — HP: scattered fields.

For the PSVTM-mode, solve for the primary fields E?, H?
solution of:

V X E? = —wpH? + J° ) In ()
V x HP =¢’E?, In Q.

)

Analytical expressions for EP, H? are known for the case that €} is
the whole space R® and o, is constant.




In terms of the scattered electromagnetic fields the equations for
PSVTM electroseismic modeling are (Pride, 1994):

ob® —curlH; = —o°E", ()
curlE” +iwpH, =0,

)

—w?pyut — wippu! —V-7r(u) =0, QF,
—w?psut + n(k(w)) Hiwu! + Vp;
= (kW) ' L(w) (E” + E7), Q7

Tim (1) = 2N € (U®) + O (A V-0’ — Ky, €)
pf(u) = —aly,, V- u’ + Kavg-

Tim(u): stress tensor,  ps(u): fluid pressure.




L(w): complex coupling coefficient, depending on the effective
permeability, porosity, fluid permittivity and salinity among other

parameters.

r(w) : Dynamic permeability:

K(w) = Ko
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m. dimensionless parameter in the range 4 < m < &.

The electroseismic equations were solved employing absorbing
boundary conditions at the artificial boundaries.




Find (B, HS,u®,u/) € H(curl,Q) x L*(Q) x [H!(Q2p)]* x H(div,Qp) such that

(0E%, 1) — (Hy,curly) + (a(l — ) E® - x, ¢ - x) + (CUrlE®, @) + (twpHy, ¢)
= —(0°EP, %), (¢,9) € H(cur, Q) x L*(Q)

—w? (ppu’, v )a, — w? (pfuf,’us)QB — w? (pfus,’uf) + (n(m(w))_liwuf,fuf)

3 (i (W)t (), = (@), Vo 0F) i (DS, (w), Srp (),

QB QB

= (L@ms@) ™ B+ 52,0l ) w0 l) € Q)] x H(div, 2p),

B
— (S . s | I,
St (u) = (u v, u’ X, U V)
v: unitouter normalon I'g = 02, x: aunittangent on I'g oriented counterclockwise,

D: a positive definite matrix, a = (ﬁ)




7"(Q): nonoverlapping partition of Q = Q, U Qp into rectangles
(1, of diameter bounded by h

For the electric vector £° and the magnetic scalar H,; we use

V= {4y € H(curl, Q) : |2, € Vf = Po1(2;) x P1o(§2;)},

Wh = {p € L*(Q) : |Q; € W' = Ry(Q))}.

DOF: tangential componets of £* at the mid points of the sides of
each (); and the value of H; at the center of €};.




For each component of the solid displacement «* we use the
space N'C":

DOF: values of «* at the midpoint of each edge of R.

NC" ={v 1 v; = v]o, € NC"(Q;), vi(&r) = ve(&) V(5, k) }-

The space N'C" yields about half the numerical dispersion than
that of standard bilinear elements.




For the fluid displacement v/ vector we use:
Mh — {U S H(le, QB) - Uy = ?}|Qj S Pl,O X P(),l(Qj)}

DOF: value of u/ - v at the mid points of each side of ;.




Find (E=", Hs ush ult) € Y x Wh x [NC"]? x M" such that

(0B ) — (HP" curly) + (a(l — ) E*" - x, 1 - x)
+(curlEs", ) + (iwpH, o)
=—(0"EP,¥),  (¢.p) €V x W"

+(77(/<;(w))_1z'wufvh v Q +Z Tim (U"), € (V ))QB

_(pf(uh)7V-vf)QB—|—Zw<DSpp ), S0 (0))y.
= (L@(s@) T (B + B o), (0 0) € WOHP x M.




A priori error estimate:

Theorem:
for w > 0 and sufficiently small h > 0,

|E® — E*M|o + llcurl(E* — E>")|lo + || Hy — Hy [l
Hlu® = w1 pap + lu! —u"[loqp
+[(E* = E*") - xllor + [|[u® — v lo,rs
< C(w) |h(|[E°]]1 + [leurl E*[|y + ||H; 1)
+ B2 (v ll20n + 1w los + 1V - l1a,)] -




Gas hydrates (GH) are crystalline molecular complexes composed of

water and natural gas, mainly methane , which form under certain
conditions of low temperature, high pressure and gas concen tration. They
are found in permafrost regions and seafloor sediments along the

continental margins.

GH are ice-like structures within the pore space that cause str ong
changes in the conductivity and phase velocities  of the seismic waves,

making possible to detect its presence using electroseismi c data.




Numerical Electroseismic Modeling for the PSVTM-mode. Il
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Brine-saturated sandstone subsurface model including a la yer containing BRINE + GH in the pore space. The

black dot at the top indicates the infinite solenoid source in the y— direction located at (z = 0,z = 0). The
geophones are located near the earth surface, indicated wit h inverted triangles. Distances are given in meters.
The model was discretized with a 2241 X 1121 mesh and solved for 100 frequencies with a main source

frequency of 20 Hz. The reference mesh size was h™ = 1.75 m and the diffusion length at 20 Hz was 10 m.

The CPU time running with 20 processors in the steele paralle | computer at Purdue University was 7 hours.
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The snapshots show upward and downward travelling wavefron ts generated by the presence of the the
GH-bearing layer.
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The snapshots show upward travelling wavefronts generated by the presence of the the GH-bearing layer.



Arrival from the
bottom of the
GH-bearing layer
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Notice that the amplitude of the arrivals iGttehearisgkdiar receiver numbers) as we move away from the location

of the infinite solenoide source located at x=0.




The electroseismic experiment is able to discriminate betw
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The arrival att = .3 sec. is associated with ygavefronts generated at the top of th e GH-saturatedl laygg] The 10
and 50 m width layers are seen as single reflectors. The second arrival at about .38 for the 200 m layer width
case corresponds to the wavefront generated at the bottom of the GH bearing layer. Notice thata seismic

source of the same frequency can not see the 10 m width layer.
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