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Seabed propagation of ULF/ELF electromagnetic fields from harmonic dipole sources
located on the seafioor

A. C. Fraser-Smith,' A. §. Inan> O.

G. Villard, Jr.,* and R. G. Joiner®

(Received February 29, 1988; accepted May 11, 1988.)

The amplitudes of the quasi-static electromagnetic fields generated atl poiuts on the seaficor by
barmanic dipole sources (vertically directed magnetic dipoles, horizonially directed magnetic dipoles,

vertically directed electric dipoles, and harizontally

dirceted electric dipoles) also located on the sea-

floor are computed using a numerical integration technique. The primary purpose of these compu-

tations is to obtain field amplitudes that can be vsed

in undersea communication studies. An important

secondary purpose is to examine the enhancements of the fislds produced at moderate to large dis-
tances by the presence of (he retatively less conducting seafloor, as compared with the ficlds prodnced
at the same distances in « sea of infinite extent, for frequencies in the ULF/ELF bands (froquencies less
than 3 kHz). These latter enhancements can be surprisingly large, with increases of 4 orders of mag-
nitude or more being typical at distances of 20 seawater skin depths.

l. INTRODUCTION

Because of the high attenuation involved (35 dBf
wavelength), communication through seawater by
means of freely propapating electromagnetic waves is
difficult to accomplish and is usually restricted to
frequencies in the lowest part of the radio band,
where the wavelengths are largest, and to ranges that
are short in comparison to those that can be
achieved at the same frequencies above the sea sur-
face. While it does not yet appear possible to avoid
this high attenuation when the tramsmitter and
recciver are both deeply immersed and separated
irom interfaces with other media by many seawater
skin depths, a number of studies have suggested that
increased range can be achieved by locating the sub-
merged transmitter and receiver near to the sea sur-
face and utilizing the “up-over-and-down,” or “sur
face,” mode of propagation [e.g, Moore and Blair,
1961; Hansen, 1963; Moore, 1967; Bubenik and
Fraser-Smith, 1978]. In this mode the major part of
the propagation path is through air, a low-loss
medium, and increased range results. Less well
known is the “down-under-and-up,” or “seabed,”
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mode of propagation [ Motr and Biggs, 1963; Coggon
and Morrison, 1970; Frieman and Kroll, 1973; Bostick
et ai., 1978; Bubenik and Fraser-Smith, 1978; Inan,
1984 King et al., 1986; King, 1986; Inan et al., 1986].
The seabed, being electrically conducting, has nom-
inally the same 55 dB/wavelength rate of attenuation
for propagating electromagnetic fields as does scawa-
ter, but because its electrical conductivity is less, and
possibly much less, than that of seawater, the wave-
length is larger and the attenuation per unit distance
is smaller. Some of the properties of this mode were
studied by Bubenik and Fraser-Smith [1978] for a
transmitter and receiver located at points equidistant
between the surface and floor of a sea one seawater
skin depth deep. We now cxtend this carlier work by
considering specifically the increased propagation
range that might be achieved by placing the trans-
mitter and receiver directly on the seafloor and
making full use of the seabed mode. As we will show,
substaatial increases in range can result.

This work is essentially a continuation of a recent
study, reported by Iman et al. [1986), on the enhance-
ments and other changes produced in the ULF/ELF
fields generated along the seafioor by long current-
carrying cables also located on the seafloor. Also rel-
evanl is the arlicle by Fraser-Smith et al. [1987] de-
scribing large amplitude changes in dipole fields in-
duced by the seabed under different circumstances
from those investigated here.

Until the last few years it was difficult to evaluate
many of the expressions for the field components
produced along a seafloor by harmonic dipole
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sources located on the seafioor without either
making major simplifying assumptions, and thus ab-
taining approximate (sometimes very approXimate)
vatues for the field components, or being forced to
use numerical integration technigues, which can be
difficult to implement but which can give accurate
field values over wide ranges of frequency and dis-
tance, Our spproach to computing dipoie fields has
beet: to use a numerical integration technique, and
that is the method we have used in this work to
obtain the field values. However, a substantial ana-
Iytical advance has recently been made by R. W. P.
King and his coworkers in evalnating ihe fields pro-
duced along a seafloor, with the result that a number
of new analytical expressions of varying degrees of
approximation are now available for the field com-
ponents [e.g., King and Brown, 1984; King, 1985a, 0]
We find that there is good agreement betwsen the
field values we compute and the field values com-
puted from King's least approximate expressions
within their ranges of applicability. We also find
good agreement, in fuct agreement to many signifi-
cant figures, between field values we compute using
our numerical integration technigue and field values
catculated from the exact analytical expressions for
certain field components produced by vertical mag-
netic and horizontal electric dipole sources [Wait,
1952, 1%61].

The seabed in our werk is represented by a single
serni-infinite conducting layer, and thus no attempt is
made to take account of the lithospheric dect mode
of propagation, concerning which there now exists a
considerable literature [e.g., Wait, 1954; Wheeler,
1961; Burrows, 1963; Gabillard et al., 1971; Wait and
Spies, 1972a, b, ¢, Heacock, 197L; Bostick et al,

19787, If such a duct does exist, as suggested by the
literature (but unfortunately not yet adequately
tested by experiment), there should be increases in
the amplitudes of the electromagnetic fields produced
at the receiver above those predicted by our compu-
tations. However, because our transmitter and receive
er are located on the seafloor, and therelore some
distance above the probable center of the duct, the
increase in the field levels is much more likely to be
due to a lower effective seabed conductivity than to
any ducting of fields.

Although we refer to the seabed “mode of propa-
gation™ in this work, we should point cut that the
mode is not a clearly defined theoretical entity as are,
for example, the transverse magnetic, transverse elec-
tric, and transverse electromagnetic modes in wave-
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guides. We use the term to distinguish the fields
propagating primarily through the seabed from thoss
propagaling {1} directly through the sea (“direct
mode”), (2) in the up-over-and-down mode (“surface
mode™), or (3) in a vaviety of higher-order modes. Tt
is possible to separate the contriburions of the
various modes to the net fields meagured at the
receiver, as is done by Bubenik and Fraser-Smith
[1978] and King [1985¢]. However, by choosing a
very deep sea and a transmitter and receiver located
on the seafloor, as is done here, we eliminate the
up-over-and-down and higher-order modes and
minimize the contribution from the direct mode.

This work has application in studies of the proper-
ties of the seabed and its electrical conductivity in
particuiar (see Bannister [1968] and Coggon and Mor-
rison [1970] for earlier work on this topic). It also
qualifies as a study of seabed effects in general [e.g,
Weaver, 1967, Ramaswomy et af., 19723. However, we
believe its primary application is in undersea com-
munication, This application appears promising for
the following reasons. First, as we will show in this
paper, the seabed propagation modc offers ranges
that may be large in comparison with those that can
be achieved directly through seawater. Sccond, the
ambient noise level on the seafloor is likely to be
much lower ihan at the sea surface. Third, unlike
other possible undersea transmitter-receiver configu-
rations, once a transmitter and receiver have been
installed on the seafioor, their positions are unfikely
to change in the long term, and they can be com-
paratively easily located again for maintenance, if
necessary. Finaily, it would be possible to colocate a
chain of receiver-transmitter pairs (analogous to the
repeaters used in other communication links) on the
seafloor between the primary transmitter and receiv-
er and thus achieve increased range.

2. CALCULATION OF FIELD COMPONENTS

Figure | shows the geometry employed in the cal-
gulation of the electromagnetic field components pro-
duced at poinis on the seafloor by harmonic dipole
sources also located on the seafioor. A eylindrical
coordinate system {r, ¢, ) is used, and the dipoles, of
moment m (magnetic dipoles) or p (electric dipoles)
and angular frequency w {® = 2rf), are ptaced at the
origin with the vertical dipole moments directed
vpward along the z axis and with the horizontal
dipote moments directed aleng the x axis (¢ =0)
The seafioor is the piane z = (), the region z >0 is
seawater (permittivity s, permeability p,, conduc-
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tivity o), and the region z < 0 is the seabed, which is
assumed to be a homogencous conducting half-spacs
with permittivity &;, permeability y,, and conduc-
tivity ;. The field components are computed at
points P(r, ¢, 0). We consider all major categories of
dipole sources: vertically directed electric and mag-
netic dipoles (VEDs and VMDs, respectively) and
herizontally directed electric and magnetic dipoles
(HEDs and HMDs, respectively). The field ex-
pressions for the four dipole types are as follows:

1. Vertical electric dipole
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Fig. 1. Coordinate system and geometry used in the compu-
ttion of the flelds produced on the seafloor by harmonic dipole
sources, The hall space = < 0 represents the seabed, the surface
z=0is the scafloor, and z > 0 is seawater. The dipoles, iflustrated
here by the VED, are located at the origin, and the field point P
has the coordinates (r, ¢, 0). Both the dipoles and the figld point
ate located in the -, but ar an infinitesimal di z2bove
the seafloor,

3. Horizontal electric dipole
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4. Horizontal magnetic dipole
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All the above field quantities are sinusoidal func-
tions of time, and thus, in the representation used
here, they are complex quantities with the implicit
multiplier ¢'“", and the actual fields are given by the
real parts of the expressions. The following equations
define the subsidiary variables appearing in the ex-
pressions:

Fig= FipJo(dr)  Fop=FfJ () (19a)
Fig= FELIA)  Fp=FRI0s (19
Fyy = Filedoldn)  Fope= FilJn) (199
Fay = PGl d (i) Fape = Fil J (A7) (194}
where
2u 2w
Fify= —— =i (200
Uy +up u,+ U,
22u 2l
Plym— pp el oy
Vilhy + Pyt Yiu, + viu,
=24y w4y @1
Vi o=iwpgo, ¥ =loped, 22

Here u, is the permeability of free space (u, = 4z
% 1077 H/m; the seabed is assumed to be nonmag-
netic), and the quantities p, and y, are the propaga-
tion constants for the sea and seabed. There is an
approximation involved in the two expressions that
are given for y, and y,. For a geperal conducting
medium (g, & o), the full expression for the propaga-
tion constant is

¥ = —wipe + iwpo 23

but for the conducting media and frequencies of in-
terest in this work (ULF/ELF; frequencies less than
3 kHz) the displacement current term w?uc may be
neglected. This is a common approximation in the
computation of electromagnetic fields produced by
harmonic dipole sources in the presence of conduc-
ting media, It is often made as part of the “quasi-
static approximation,” which is applicable when the
source-receiver distances are much less than a free
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space wavelength [Kraichman, 1976]. This condition
is always well satisfied for the source receiver dis-
tances considered in this paper, and thus our data
could be said to apply under the conditions of the
quasi-static approximation, However, the terminol-
ogy appears to have little significance when the prop-
agation paths are confined to conducting media.

We evaluated the dipole field expressions numeri-
cally, using the techmiques described by Bubenik
[1977]. The dipole moments were set equal to unity
fm=1A m? and p=1 A m), and for dipoles of
arbitrary moment our field values should be multi-
plied by the moment to obtain the corresponding
field magnitudes. The computations were also carried
out in normalized form, to preserve generality and to
reduce the computational effort [ Bubenik and Fraser-
Smith, 1978; Fraser-Smith and Bubenik, 1979, 1980].
The two important features of this normalization are
(1) the seabed conductivity is referred to that of sea-
water, and (2) distances are measured in units of the
seawater skin depth &, where

&, = (Hopss)t?

As a result of this normalization procedure, fre-
quency and conductivity are removed as explicit
variables during evaluation of the field expressions.
We use the picotesla as our unit for the megnetic
field (1 pT = 1 my = 107'2 T), and the electric field
data are presented in units of microvolts per meter.

24

3. NUMERICAL RESULTS

Our results consist of amplitude data for (1) the
radial and vertical clectric field components E, end
E., the total electric field Eqqr, and the total mag-
netic field Bygy (Bror = By) produced by the VED,
and (2) the radial and vertical magnetic field compo-
nents B, and B_, the total electric field Ergy (Epor =
E,), and the total magnetic field component Bror
produced by the VMD. We also present (3) ampli-
tude data for the three electric field components (E_,
E,, E.), three magnetic field components (B,, B, B.),
total electric field Eqor, and total magnetic field Byor
produced by the HED and HMD at the two prin-
cipal azimuthal angles ¢ = 0° and 90°. This choice of
azimuthal angles simplifies the presentation of the
field data; furthermore, as we will now show, it does
not significantly limit the applicability of the field
data at general azimuthal angles.

Because of the sin ¢ and cos ¢ terms appearing in
the cquations for the field components produced by
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the two horizontal dipoles (equations (7)-(18)), only
one of the horizontal electric components (E, and Ej)
and one of the horizontal magnetic components {B,
and B} are produced by each of the dipoles when
¢ = 0" or 907 (these nonzero horizontal components
are denoted either by Eyqp and By, , when thereis a
vertical electric or magnetic field component present
as well, or by Eqgr or Brgy. when they are the only
electric or magnetic field component; whether they
are radial or azimuthal can be determined quickly by
noting the azimuthal angle and referring to (T)—(18)}
Similarly, only one of the two vertical components E,
and B_ is produced at each of the two azimuthal
angles. As a result, only three basic clectric and mag-

stic field components are produced hy the horizon-
tal dipoles when ¢ = 0° and 90°, These two choices
of ¢ therefore simplify the presentation of numerical
field data, but not at the expense of gencrality, since
field amplitudes at an arbitrary ¢ can be obtained by
multiplying the amplitudes given for ¢ =0° er
¢ = 90° by the appropriate value of cos ¢ or sin ¢.
The choice of which angular function to use is deter-
mined by the presence of the function in the appli-
cable equation of the set (7)~{18). For example, sup-
pose amplitudes are required for the three electric
field components E,, E,, and E_ produced by the
HED at azimuthal angle ¢. The amplitudes of £, and
E_ are found by referting to the HED, ¢ = 0°, resulis
and multiplying the appropriate values of Eyq, and
E, by cos ¢, which appears in (7) and (9) for the two
field components, and the amplitude of E, is found
by referring to the HED, ¢ = 90°, results and multi-
plying the appropriate Epop value by sin ¢, which
appears in (8).

The presentation of the ficld data is similar, but
not identical, to presentations used previously by Bu-
benik and Fraser-Smith [1978) and Fraser-Smith and
Bubenik [1979, 1980]. First, we present a series of
curves that give, in this case, the actual amplitudes of
the fields produced on the seafloor by a particular
unit moment dipole that is also located on the sea-
fioor. Next, we present additional curves that give
the ratios of the amplitudes of the fields produced by
the dipole in the prescnce of the seabed to the ampli-
tudes produced under otherwise identical conditions
by the dipole submerged in the sea of infinite depth.
These Iatter curves enable us to identify the changes
produced in the fields specifically by the presence of
the seabed, since the absence of a seabed effect is
indicated by a ratio of unity.

To further illustrale the effects preduced on the
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field quantities by the seabed, the normalized seabed
conductivity o /o, is varied widely, with values in the
range 1 {no seabed effect), 0.3, 0.1, 0.03, 0.01, 0.003,
0.001. It is possible that some materials in a real
seabed have a nonmalized conductivity less than
0.001, but it is unlikely that the effective overall con-
ductivity will be less than 0.001, becavse of the in-
clusion of the relatively high conductivity sediments
close to the floor. Studies of the seafloor conductivity
[e.g., Young and Cox, 19817 suggest that a typical
conductivity for the first | km of the seabed is 0.1
S/m. Thus the range of seabed conductivities con-
sidered in our computations should cover most prac-
tical seabeds.

The field data are presented in six figures, as fol-
lows: VED, Figute 2; VMD, Figure 3; HED, ¢ = 0°,
Figure 4; HED, ¢ = 90° Figure 5; HMD, ¢ =0°,
Figure 6; and HMD, ¢ = 90°, Figure 7. Within each
figure. there are four panels on the left providing the
field amplitudes in parametric form, and matching
panels on the right containing the curves showing the
ratios of the field amplitudes produced by the dipole
on the seafloor to the amplitudes produced under
otherwise identical conditions but with the seabed
replaced by seawater (5, = 6,). The ratio curves pro-
vide an immediate qualitative indication of the scale
of the enhancements, or decreases, of the field ampki-
tudes due to the presence of the seabed, since, as we
have noted, the absence of a seabed effect is indicated
by a ratio of 1.0 (in the figures, this corresponds to a
horizontal line passing through 0 on the vertical
axis). In addition, if desired, the curves can be used to
give quantitative information about the changes in
the fields caused by the seabed.

To provide an cxample of the use of the data in
Figures 2-7, suppose the source of the fields is a
VED of moment 10 A m transmitting at 100 Hz and
we wish 1o know the amplitude of E, at a distance of
r = 100 m on a seabed with an effective conductivity
of 0.1g,. First, we compute the scawater skin depth
&, at 100 Hz (it will be assumed that o, = 4.0 8/m)
and obtain 3, = 25.2 m. Thus r/§, = 3.97. From the
panel for E_ in Figure 2 we read off E, x 8o, = 3.0

x 10% pV/m x m?S, or E, = 0.0047 uV/m. This elec-
tric field amplitude applies to a unit moment dipole;
for a dipole of moment 10 A m it is F, == 0.047 xV/m.
Turning to the ratic curves, we make the perhaps
surprising finding that the seabed reduces the ampli-
tude of E, to about 0.35 of its equivalent value in
seawater of infinite extent; it is only for distances
greater than 108, in this example that the amplitude
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begins to show an increase due to the presence of the
seabed, but the increase with increasing distance then
becomes very rapid. Finally, if we divide the amphi-
tude of E, (0.047 pV/m) for the unit moment dipole
by 0.35, we obtain a pumerical value for the ampli-
tude (0.134 uV/m) that would be produced by the
dipole in a sea of infinite extent, The same amplitude
can be computed from the appropriate field ex-
pression in the set given by Kragichman [1976] for
dipoles immersed in an infinite conducting medium,
thus providing a check of the resuits of our numerical
computations.

For each dipole category there is at least onc and
sometimes two (HED, ¢ = 0°; and HMD, ¢ =0
matching panels missing on the right-hand sides of

the displays, The reason for the gaps is of greal in-
terest from the point of view of the effects produced
by a scabed. Not only can the seabed change the
amplitudes of the field components that would be
present in the absence of the bed (o, = o), butit can
also produce new field components which, in addi-
tion, often have amplitudes that are greater than
those of the other components at large distances. Be-
cause these latter components do not exist in a sca of
infinite extent, ratio curves cannot he computed, and
gaps are produced in the displays. The missing pansls
on the right-hand sides of the figures therefore pro-
vide a guide to the ficld quantities that owe their
existence to the presence of the scabed. To be specif-
ic, the new field quantities are VED, E,; VMD, B,;
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Fig. 6. Variation with distance along the seafloor of the amplitudes of the electromagnetic fields produced at an
azimuthal angle ¢ of 0" by a horizontally directed harmonic magnetic dipale (left), The amplitudes are shown for
seabed conductivities o). in the range 0.0010, to 1.05,, where o, is the conductivity of the ssawater. Also shown
(right) are ratio curves illustraling the contribution of the seabed to the field amplitudes shown in the panels on the

left.

HED, ¢ = 0°, E, and By (or Byoy); HED, ¢ = 90°, B,
{or Byog); HMD, ¢ =0° E, (or Eqqy) and B,; and
HMD, ¢ = 90° E, (or Eyq) In addition to the miss-
ing ratio panels for these components, it will be
noted that the parametric amplitudes are only plot-
ted for o,/o, <0.3, since the components do mnot
exist for g, /g, = 1.

For comparison with our dipole ficld data we also
computed numerical values for some of the field
components produced by an HED located on the
seafloor using the approximate expressions given by
King [1985a, b]. Specifically, we took the twe ex-
pressions for the HED electric field component Ef,
given by King [19854, equations (10b) and (45a)] and
calculated the field amplitudes for various seabed

conductivities and distances. The most approximate
expression, given by King’s equation (105), gives ficld
amplitudes differing from ours and from (hose given
by King's more accurate expression {equation {45aj})
by up to a factor of 2, depending on which part of
King's “usefol intermediate range™ is involved. On
the other hand, the more accurate cxpression gives
field values that are in close agreement with ours,
particularly within the middle part of the range of
applicability of the expression.

In addition to the above comparison, we also com-
puted values of £, and B, for the VMD and B, for
the HED using exact analytical expressions given by
Wait [1952, 1961] and compared the results with
those obtained by our numerical integration method.
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For the distances and seabed conductivities covered
by the data in Figures 2--7 there was excellent agree-
ment between the two sets of field data, usually to
many significant figures. However, for combinations
of large distances and high seabed conductivities out-
side those illustrated in the figures, the ficld quan-
tities became so small that computer rounding errors
in the numerical integration method introduced dis-
crepancies. Partly for this reason, and partly to save
compulation time, the ratio data in the figures were
computed using the known analytical expressions for
the fields produced in a sea of infinite depth [ Kraich-
man, 1976].

4. DISCUSSION

There are a number of inleresting general features
of the data shown in Figures 2-7. First, as antici-
pated, there can be substantial increases in the field
components produced along the seafloor in compari-
son to those that would be produced under otherwise
identical conditions in a sea of infinite extent. These
increases only occur for horizontal distances greater
than about 34,, but they then grow rapidly with dis-
tance. Increases of 4 orders of magnitude or more at
distances of 208, are typical. Second, for field ampli-
tudes that are approaching the limit of detection of
present measurement systems, the presence of the
seabed can increase the range of detection of the
fields by roughly 2-10 times, depending on the ef-
fective conductivity of the seabad. Third, as we have
already noted, additional field components are pro-
duced when a seabed is present (in comparison to a
sea of infinite depth), and some of these additional
components predominate at larger distances, Finally,
fourth, the ratio curves tend to be very similar for the
range of secabed conductivities covered by our com-
putations (g /r, = 0.001-0.3 S/m). Nevertheless, we
know that the curves transform into a horizontal line
passing through 0 on the vertical axis as o,/a,— 1,
and there is indeed some evidence for this transfor-
mation when the ratio curves for 5,/¢, = 0.1 and 0.3
are compared with the others, Our interpretation of
this result is that the field amplitudes produced at
distances greater than zbout 54, are particularly sen-
sitive to seabed conductivities in the range 0.lo, to
1.0o,. Conversely, except for the VED fields and E,
for the HMD, ¢ = 90°, the field amplitudes tend not
to be very sensitive to seabed conductivities less than
about 0.1a,.

Comparing the fields generated along the seafloor,

FRASER-SMITH ET AL.: SEABED PROPAGATION OF ELECTROMAGNETIC FIELDS

we see that there are some major differences betwean
dipole types. In particular, for low seabed conduc-
tivities, the HED and HMD produce much larger
fields at large distances than do the VED and VMD.
The difference is substantial, amounting to 2 orders
of magnitude at a distance of 1004, for o, /g, = 0.001.
This result is in agreement with the more restricted
observation by Frieman and Kroll [1973] that an
HED was far superior to a VED for producing ULF
fields along the seafloor. We might also comment
that the VED also appears inferior to other dipole
types for producing fields at short to moderate dis-
tances (r < 103,), particularly when the seabed has a
low effective conductivity.

In conclusion, this study makes evident the impor-
tant role that the seafloor could play in undersea
communication by means of freely propagating
ULF/ELF clectromagnetic waves from harmaonic
dipole sources located on or near the seafioor. The
combination of possible large seabed enhancements
of the fields, comparatively low noise levels from at-
mospheric sources, and a fixed surface on which re-
peaters can be located could well make feasible the
utilization of the seabed as & communication
medium.
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