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ABSTRACT.Several terrain's collapses took place in the last years inside Alcala de Ebro village (Zaragoza, Spain). Ebro river is close to the village and acts on this
zone in an active way. The existence of cavities filled with water or sediments is supposed. The depth of these cavities may be around 12, 20 m. Besides, there are
no other geological studies in the area that provide more information. That is why, we tried to use the available geophysical information for this purpose. The Alcala
de Ebro (Zaragoza) gravity anomaly was studied with a set of point masses model. After a preliminary polynomial approximation to eliminate the main part of the
regional trend (so that to ease the optimisation proccess) the local gravity anomalies together with the rest of the trend are modeled with a set of elementary point
sources and a linear trend. The unknown parameters of the suggested model are determined through optimisation. The obtained results seem to be quite in
agreement with the carstic cavities filled with water or sediments supposed to be at different depths and the terrain collapses that have taken place in the last years
in this region (Alcala de Ebro village - Zaragoza, Spain).
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PE3IOME. lNpe3 nocnepHuTe roauHu, B patoHa Ha ceno Ankana fe E6po (Caparoca, VcnaHns) cTasat Hsikow nponagaqus Ha TepeHa. Peka E6po e 6nuso fo
CEenoTo W OKa3Ba eAHO aKTUBHO Bb3ENCTBUE BbPXY TO3W npouec. Mpeanonara ce CbLUeCTBYBAHETO Ha NeLLepW MbIHW C BoAa WM ceaumeHTy. [ibnbounHata Ha
Te31 kapcToBM 06pa3oBaHUs € BEPOSTHO OT nopsigbka Ha 12 - 20 M. OcBeH TOBa, HAMa APYIY reOnOXKW U3CNeABaHUs B pailoHa, kKouTo Aa AajaT AOMbIHUTENHA
nHopmaLms. VMeHHo 3aToBa, B Cryyas Ce mpaBi OMUT fAa Ce M3NOn3Ba HanWyHata reodusnyHa MHGoOpmauus 3a mocTuraHe Ha Tasu Len. JlokanHata
rpaBuTaLMoHHa aHomanusi Ankana fe E6po (Caparoca) ce uacnegBa CbC cucTema OT MOABMKHW TOYkoBM Macu. Crief npeaBapuTenHo MONMHOMOAINHO
anpoKkcMMUpaHe 3a enWMUHWpaHe Ha [MaBHaTa YacT Ha PEervoHarnHus TpeHn (Taka Ye Aa Ce ONECHU ONTUMM3ALMOHHWS MPOLEC) nokanHata rpaBuTaLMOHHa
aHoManusi 3aefHo C OcTaTbka OT TPeHda Ce MOAENUpaT CbC CUCTEMA OT ereMeHTapHU TOUYKOBM W3TOYHWLM M NUHEeH Tpewn. HeusBecTHUTe napameTpu Ha
NPEeanOoXeHUsi MOLEN ca onpeseneHy Ype3 onTuMmuaaLus. MonyyeHnTe pesynTaTi U3MMeXaaT HambiHO B Cbriiacke ¢ kaTcpoBuTe 06pa3oBaHms U3MbIHEHM C BOAA
WU CeANMEHTH, 3ansraly Ha npegnonaraema AbnbounHa ot okono 12 - 20 M U CbOPBETHUTE MpONafiaHnst Ha TEPEHa CTaBalLy NPe3 NocneaHUTe roaMHYN B
TO3u paitoH (ceno Ankana ae E6po - Caparoca, Wcnanus) .

Introduction Besides, different gravimetric methods have been also
employed for studying the origin, structure or activity of some
Several terrain Co||apses took p|ace in the last years inside other areas of this kind, and useful results have been obtained
Alcala de Ebro village (Zaragoza, Spain). Ebro river is close to (Camacho et al., 1991; 1992; 1997; 2000 2001; 2002). In this
the village and acts on this zone in an active way. The sense, it may be said, that gravity modelling plays an important
existence of cavities filled with water or sediments is supposed. role in studying similar structures.
The depth of these cavities may be around 12, 20 m. Besides, The aim of the present work is to contrast and to try to
there are no other geological studies in the area that provide improve further the interpretation of the Zaragoza gravity data,
more information. That is why, the geophysical observations using the above mentioned method of the solution of the
are the only way to get some new ideas about the underground inverse problems with a set of mobile elementary sources (ES)
structure of this site. Specially here, we tried to use the (Zidarov, 1965, 1968, 1990), which is known as very effective
available gravity data for this purpose. Of course, similar in similar situations (Zidarov, 1965, 1968, 1990; Bochev et al.

investigation in this region has been already made (Camacho 1974; Zidarov et al. 1970; Zhelev 1970, 1972, 1974, 1985,
et al., 1995) and interesting results have been obtained. 1991, 1992, 1994; Zhelev et al. 1985, 1994). Besides, owing to
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the well known ambiguity and instability of the solution of these Gravimetric and topographic data

problems, the application of different methods for their solution

is very encouraging and perspective, even necessary, for the On the basis of some suitable topographic and gravimetric

achievement of more real results. observations, the corresponding maps are prepared. Fig. 1
shows the resulting terrain model. The respective refined
Bouguer anomaly is given on Fig. 2.
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Fig. 1. Topographic model of the studied region. Contour interval 0.4 m, co-ordinates in meters
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Fig. 2. Refined Bouger anomaly observed. Contour interval 20 mGal, coordinates in meters
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Mathematical formulation of the problem

The solution of the given problem by the above mentioned
method (Zidarov, 1965, 1968, 1990) reduces mainly to the

solution of the following non linear system of equations f () =
Yy, where X (X1, X, ... , Xn ) is the vector of the unknown
parameters (co-ordinates - &, Mk, {xand masses My, k = 1,

on the basis of the vector of the observations y* (v, ya, ...,
Yw), while f* (f;, f, ..., fy) is a vector of non linear functions
(the symbol * means transposition). In this case the functions

f,i=1,.., N, can be defined by the analytical expression
for the gravity effect (y = 66.7 . 10 " m® kg s? is the gravity
constant) of a set of n/4 ES in N points of observation with co-
ordinates - X;, Yi, Z, i=1, ..., N, located over the Earth's

, /4 of the point sources (PS)), which must be determined surface.
Ve
=y el s e s len) (20
E ik

For the representation of the trend of the field, when
necessary, a part a + bX + ¢Y + ... (X and Y are the co-
ordinates of the observational points) of a polynomial is used,
whose coefficients - a, b, ¢, ... are determined in the process of
optimisation, together with the rest of the unknowns (Zhelev,
1991, 1994). Alternatively, more PS can be included in the
model for this purpose (Zhelev, 1991, 1994). Their parameters
can be specified in the same way. Usually, in order to
represent the trend, they must lie significantly deeper than the
rest. Of course, the best thing to do here is to try to remove the
trend before further interpretation, but this is not always
possible with the needed precision. Even so it must be tried,
because in all cases, this can considerably ease the
optimisation in the next step (Zhelev, 1991, 1994).

Numerical results

As was already mentioned, the above described gravity
anomaly was treated with this method (Zidarov, 1965, 1968,
1990). An appropriate Computer Program on FORTRAN 77,
worked out by Zh. Zhelev (1970, 1972, 1974, 1991, 1994), was
applied for this purpose. The Bouguer gravity was used
obtained on the basis of the surface registrations. The
observed anomaly and the corresponding trend were
represented with 10 PS and the linear part of a polynomial.
The optimisation was carried out after the Marquardt (1963)
method.

A part of the results obtained - the parameters of the

elementary sources - X, y and Z co-ordinates and the masses,

respectively - &, Mk, (i My and some quantities connected
with the corresponding errors in the solution are presented in
the Table. Besides, the following parameters are listed there
for convenience:

- the functional

Flx)=5 [ Al

=

- the corresponding mean square deviation (MSD)
= [Flx)/v-n-m)]

- the gradient of the functional

n DdF DH
{Z g 3'e,
Df’xk D

- the coefficient of non-representativeness (Zhelev, 1970,
1972, 1974)

KV:DjF/EL/J %’ E:ny:

at the point of the minimum, etc.

Besides, some of the results are also presented on suitable
illustrations - figures 3, 4 and 5.

On Fig. 3, the field of the obtained model is given.

On Figs. 4 and 5, the residuals (the difference between the
observations and the models field) and the obtained solution
are represented, respectively. The locations of the point
sources of the solution are shown with small circles (the
number in them corresponds to the number placed in the k-th
column of the table). Besides, the plan view of the above
mentioned (Alcala de Ebro) village and river can be also seen
on the last picture.
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Table.
Solution of the Inverse Gravity Problem with a system of elementary sources — ten point sources and a linear trend represent the
local field of the "Zaragoza" gravity anomaly (see Fig.3 and Fig. 4)

F G K,[%] k &m] N [m] N« [m] Mi[kg/ 1.5.10* ]
44 10% 95.107 6942 | 1 1144.00 1135.00 -100.00 3142100.00
2 998.00 1247.00 -113.00 -712610.00
3 1140.00 1190.00 -47.00 -760670.00
4 975.00 1247.00 -113.00 716560.00
Inital imations: 5 1018.00 1230.00 -193.00 1076.00
nitial approximations: 6 1143.00 1139.00 -98.00 -7058400.00
7 999.00 1216.00 -92.00 -79908.00
8 1142.00 1142.00 -103.00 3252300.00
9 1138.00 1170.00 53.00 1596100.00
10 975.00 1150.00 185.00 6200.00
-760.95 0.31235 -0.11306
Paramotore nf the trond (a h g) -
31.10° 19.10° 183 1 112188 1154.81 -103.96 3481775.70
2 1008.84 1241.82 -160.47 -841375.96
Solution - 3 | 1104.99 1193.27 -3.27 -950360.35
olution :
4 1007.76 1242.57 -160.06 749872.44
N=294,n=56,m=3; 5 [1015.47 1236.61 -167.90 78477 .41
G, = 1.70 mgal . 6 1118.65 1158.25 101.72 7925777.70
7 826.67 1236.68 -115.43 -13964.10
8 | 1116.28 1160.94 -103.99 3603840.50
9 1111.55 1169.22 -55.71 1660897.50
10 920.39 1166.57 -162.02 -6500.05
11 -915.45 0.44429 -26.59
Parameters of the trend (a.b.s) :
Corresponding confidence inter- 1 1.9021 1.8905 2.0947 10515.7964
vals : O Xy = 0k tN-nmya 2 2.5464 2.2446 2.8014 8742.8855
Ok=0y Wi, Wiz [aw] ™ ; 3 46226 5.2497 6.6286 10568.4704
Oy =170 mgal , 4 2.5660 2.2631 2.8502 8743 4649
( 1235*‘“’5 B 122;; : 5 | 24302 | 21500 | 22149 07005650
235,0.01 = 2. 5
a s, k=1,...ntm are the diagonal 6 1.9665 1.9318 1.4380 10517.2819
elements of the inverse 7 7.0833 43218 10.4795 3010.1955
of the matrix of the correspond- § | 21670 | 21333 22261 10515.5263
ing normal system of equations at the
point of the minimum, arranged conse- 9 3.2066 3.5799 2.3621 10576.2924
quently by rows : 10 2.3498 2.0457 4.7407 1048.7404
Parameters of the trend (a h g) 326195 0224 0269
Obviously, to obtain the masses in kilograms, the given The real x and y co-ordinates - &, and Ny respectively (in
quantities in the table must be multiplied by 1.5 102 For meters) can be obtained on the base of the following relations:

example: spheres with 0.360 gr/sm® density (i.e. - one
approximately real density contrast) and 5 m radius, have a
mass about 1.884 . 10° kg, t.e. more or less of the same order,
as the masses of the main PS of the obtained solution.

E=Cr 649000 [m] , Nk = MNk+ 4629000 [m].
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Fig.3. The model’s .field. Contour interval 50 mGal, coordinates in meters
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Fig. 4. The residuals. Contour interval 0.4 mGal, coordinates in meters
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Fig. 5. The obtained solution - the locations of the respective point sources are shown with small circles (the number in them corresponds to the number
placed in the k-th column of the table). Besides, the plan view of the above mentioned (Alcala de Ebro) village and river can be also seen on this picture

Taking into account that the polynomial of first degree,
represents mainly the trend of the field in this region, the
obtained PS confirm more or less the structural model,
obtained by (Camacho et al., 1991, 2001) several years ago.
As can be easily seen from the table and Fig. 3, the main
anomalous masses (about 90 % of them), probably related with
the main collapses in this region, are concentrated in tow
groups in the north and north-east parts of the studied area,
approximately at the depth - 30 - 60 m. One of the PS is in the
west part of the region, approximately at a depth of about 60
m, probably connected with some other peculiarities of this
location. However the present investigation gives also
something new - here (on the basis of the obtained results -
see the Table and Fig. 5) it may be suggested, that probably
some of the terrain collapses in this region are connected with
deeper inclined (strongly shifted in depth) carstic cavities, filled
with water or sediments.

On the figures, some other details are also given for
convenience.

The values of the functional, the corresponding MSD and the
coefficient of non-representativeness (see the Table) show that
a satisfactory solution is found, and the model fits the
observations comparatively well. The corresponding gradient
points out that the optimum of the functional has been
approximately achieved. Moreover, the coefficient of non-
representativeness shows that part (in percentage) of the
observations, which is not presented by the model used.

The corresponding MSD is about 10.81 mgal, i.e. it is
approximately of the order of the observational error, which is
more or less in agreement with the theory (Zhelev, 1991, 1994;
Draper et al., 1986; Tihonov, 1965; Wiggins, 1972).

As a matter of fact, the obtained MSD for the whole
observational region is a little larger than the corresponding

mean square observational error. This is mainly connected with
the comparatively large residuals (systematic part) in the whole
observational area (see Fig. 4), related mainly with some
details, which are not entirely presented with this model.
Obviously in the future some more complicated model must be
used for this purpose, on the basis of course of some new,
more detailed and precise observations, with an improved
method.

Stability and errors in the solution

As is known (Draper et al., 1986), the problem concerning the
exact evaluation of the errors in the solution in the non-linear
case is not satisfactorily solved yet. But as in the close vicinity
of the minimum, a linear representation is usually acceptable,
the well-known formalism concerning statistical estimations of
linear systems (Draper et al., 1986) can be used in this and
similar cases to study the stability of the solution. An
approximation of the corresponding confidence intervals dx; of
the unknowns can be obtained by the following expression
(Draper et.al., 1986) where ay, £ = 1, ... ,n are the diagonal
elements of the inverse matrix of the respective normal system
of equations, and { p... . is the corresponding t score for the
respective degrees of freedom (N-n-m) (m - the number of the
trend parameters) and level of certainty a . Thus, we can have
an approximate idea about the confidence intervals, suggesting
an almost linear connection between the unknowns and the
observations at the point of the minimum and its surroundings.

- - o
10,1 Uk_ovwk’wk_’akk] J

0 x,= kL (N-n-m)a 0

As can be easily seen from the table, almost all the PS and
the trend are comparatively well determined - the
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corresponding errors in the solution are within acceptable
limits.

Naturally, when this method is used, the question how to
determine the optimal number of model parameters is
essential. Although the optimization method used automatically
eliminates the extra parameters of the model, in order to ease
the optimization process however, the following additional
method (Zhelev, 1991, 1994) can be employed for this
purpose.

The problem can be solved for different numbers of
elementary sources. The number n at which the corresponding
MSD has a minimum, had to be chosen as an optimal one. It is
not difficult to show, that if the number of the observations is
large enough, there is a number of the ES at which this
criterion has a minimum and this optimum coincides with the
real number of the parameters of the source - the respective
proof can be seen in (Zhelev, 1991, 1994). Obviously, the
minimum value of the MSD thus obtained, must be
approximately equal (or a little less) to (than) the
corresponding mean square error in the observations, as it is
its unbiased estimate (if a good representation is achieved)
(see Zhelev, 1991, 1994). Thus, instead of searching for the
minimum, we can look for that n for which the corresponding
MSD coincides with (or is a little less than) the respective mean
square error in the observations, when it is known of course
(Zhelev, 1991, 1994).

Conclusion

It may be said in conclusion, that some new results are
obtained here, by a different (mathematically well-grounded)
method, which confirm the structural model obtained in
previous works and gives with greater certainty and precision a
more detailed idea about the distribution of the anomalous
masses in depth in this region. More specially, here it is
suggested, that some of the terrain collapses are probably
connected with some deeper carstic cavities, supposed to exist
in this region. On the basis of all this and the proven in practice
possibilities of the method used here (Zidarov, 1965, 1968,
1990; Bochev et al., 1974; Zidarov et al., 1970; Zhelev, 1970,
1972, 1974, 1985, 1991, 1992, 1994, 1996; Zhelev et al., 1985;
1996), we can hope that now we already have one more
precise and real idea about the underground structure in this
region.

It must be added at the end, that all these results are
obtained only on the basis of gravity observations and
topographic information - without including other geophysical
data. In spite of all this, the obtained results seem to be quite in
agreement with the preliminary suggestions on the basis of
some other information - carstic cavities filled with water or
sediments supposed to be at different depths and the terrain
collapses that have taken place in the last years in this region
(Alcala de Ebro village - Zaragoza, Spain). Indeed, better
results may be expected on the basis of some new, more
detailed and precise observations, by an updated method. Of
course, additional improvements can be expected also,
including some magnetic observations in this study.
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