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Abstract. Thousands of sinkholes have appeared in theapproximately estimated as 35008.nThe visual analysis
Dead Sea (DS) coastal area in Israel and Jordan during twof large sinkhole clusters have been forming at the micro-
last decades. The sinkhole development is recently assocgravity anomaly site, confirmed the results of microgravity
ated with the buried evaporation karst at the depth of 25-mapping and 3-D modeling.

50m from earth’'s surface caused by the drop of the DS
level at the rate of 0.8-1.0m/yr. Drop in the Dead Sea
level has changed hydrogeological conditions in the subsur—l
face and caused surface to collapse. The pre-existing cav-

e was detected using microgravity mapping in the Nahalrhe pead Sea (Fig. 1) is situated within a unique region,
Hever South site where seven sinkholes of 1-2m diameyyich has interest for many scientific disciplines — above all
ter had been opened. About 5000 gravity stations were obfor Earth sciences. At about 415 m below the mean sea level
served in the area of 26200 ¥ by the use of Scintrex CG-  the Dead Sea is the lowest point on the face of the Earth.
3M AutoGrav gravimeter. Besides the conventional set of; is |ocated at the centre of the Dead Sea Transform Zone
corrections applied in microgravity investigations, a correc-(DSTZ), a large feature that extends over 1000 km from the
tion for a strong gravity horizontal gradient (DS Transform gouthern tip of the Sinai Peninsula to the Taurus Mountain
Zone negative gravity anomaly influence) was inserted. As g, Tyrkey, and is the most prominent tectonic feature in the
result, residual gravity anomaly of —(0.88.14) mGal was  \iddle East (Ben-Avraham, 2001).

revealed. The gravity field analysis was supported by re- ginkholes developed during two last decades along the
sistivity measurements. We applied the Emigma 7.8 gravpead Sea western and eastern shorelines in Israel and Jordan
ity software to create the 3-D physical-geological modelsis the main concern of the region. The sinkhole development
of the sinkholes development area. The modeling was con;s recently associated with the buried evaporation karst at the
firmed by application of th&SFCprogram developed espe-  gepth range of 25-50 m from surface caused by the drop in
cially for 3-D combined gravity-magnetic modeling in com- {he pead Sea level at the rate of 0.8-1.0m/yr. Drop in the
plicated environments. Computed numerous gravity modelgyeaq Sea level has changed hydrogeological conditions in
verified an effective applicability of the microgravity tech- e subsurface and caused surface to collapse (Yechieli et al.,
nology for detection of karst cavities and estimation of their 2006). Ezersky et al. (2005) proposed to develop an inte-
physical-geological parameters. A volume of the karst wasyrated approach for prediction of natural hazards caused by
the development of sinkholes in the Dead Sea region of Is-
rael and Jordan through the joint application of geophysical
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2 Site geology: a brief description
31" o A group of sinkholes about 20-50 m apart appeared in the
[ Nahal Hever South area in July 1998 (Fig. 2). These sink-
o holes (0.5-2.0m deep and up to 3m in diameter) did not
30° 45 Q change their appearance over approximately 8—-9 months, but
I I then their sizes began to vary over some time (Fig. 3).
E — — — The geological section of this area is composed of allu-
330 344y 3I/O0 IJIF /W WA vial fan sediments down to 18 m deep, a marl layer of 5m
thick and a salt layer of 11 m thick (a generalized geological
Fig. 1. Areal map of the studied region. section is presented in Fig. 4). A 5m clay and gravel layer

underlies the salt layer. The elevation of the area is approx-
. . . . . imately —393 m. The top of the salt layer is located at the
the microgravity method. In this article we consider the pos—depth of 24m. In one of boreholes, a cavity filled by dense

sibilities of 3-D microgravity modeling aimed to estimate mud was detected at the depth of 23-29 m, which is assumed

qualitative and quantitative parameters of buried karst €54 be the result of the salt layer dissolution. The visible sec-

ities, de_tect th? bl_Jrie(_i salt dissqlution cavermns and verity OU%ion of sinkholes consists of sand-gravel intercalating clay-
f:alculatlons with in-situ 9?9‘?'.9“‘3 measu_rem_ents. Our _StUd'sand layers; iron oxide mineralization is also visible (Fig. 4).
ies demonstrate the possibilities of gravity field analysis on

models and allow to estimate the real parameters of sinkholes

formed in the Nahal Hever South area (western Dead Sea

coast). We performed also geodetic mapping of the sink-

hole cluster (formed at the place of detected microgravity

anomaly) to verify the results of microgravity mapping and

3-D gravity modeling.
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Fig. 4. Presumable hydrogeological model of the sinkhole formation at the Dead Sea westerashntegeological section of the Nahal
Hever South site derived from the boreholes HS-2 and Hli$)-8after Yechieli, 2002).

3 Microgravity: advanced methodology of Karst ter- rangement and the author’s developments (Eppelbaum et al.,
rains localization and qualitative/quantitative estima- 1998). Taking into account the majority of natural and arti-
tion ficial RS, sometimes springing up a problem of not only RS

identification, but also of it correct classification. The karst

Microgravity is recognized now as a powerful tool for analy- (sinkhole) phenomenon in the RS scheme (Fig. 5) is classi-

sis of geological inhomogeneties in subsurface (e.g., Butlerfied as a component of erosional RS.

1984; Thimus and Ruymbeke, 1988; Patterson et al., 1995;

Crawford, 2000; Beres et al., 2001; Rybakov et al., 2001; Ep-3.2 A general methodology of RS delineation

pelbaum and Khesin, 2004, Styles et al., 2004, 2006; da Silva _ o _ o

and Ferreira, 2006; Branston and Styles, 2006; Debeglia efh€ first problem arising by RS geophysical studying is

al., 2006; Ezersky et al., 2006; Abad et al., 2007; Blecha,their revealing (delineation) against the background noise.

2007; Bradley et al., 2007; Mochales et al., 2007; EppelbaumVery frequently it is difficult to single out RS in complex

etal., 2008; Ezersky et al., 2008). The types of noise (disturgeolog|cal-geophy5|cal environment, especially taking into

bances) arising in the microgravity investigations are studiedccount the commonly employed rectangular network of
in detail in Debeglia and Dupont (2002). Khesin et al. (1993) 9eophysical observations. Apparently, Aitken (1961) firstly
and Eppelbaum and Khesin (2004) have been elaborated tmb_rpposed the !dea of circular gratlgules.set appllcauon in de-
methods for reducing to minimum the influence of surround-tailed magnetic survey for RS delineation. A computing of

ing terrain relief on the high-precision gravity (microgravity) dlrchongl derivatives is realized (|n.a few various modifi-

investigations. Styles et al. (2006) discussed a few actuafations) in the well-know software WinSurfer (Golden Soft-

problems suggested to removing of noise components arisvare). _

ing in microgravity under complicated environments. _ Obviously, the most clearly approach of summing up hor-

However, before the detailed investigation of karst cavi-iZontal gradients (we will designate horizontal gradient as
ties, it is necessary to localize these structures by the use dfx) Using a circular “apparent” graticule was presented in

geophysical fields (first of all, gravity) processing. Khesin et al., 1983, 1996 (Fig. 6). The apparent graticule
radii drawn with the interval of 45determine horizontal gra-
3.1 Ring structures identification and classification dients (Fig. 6C). When summing up the gradients in various

horizontal directions, the presence of circular features should
Ring structures (RS) phenomenon is widely presented in thée intensified, whereas other signals are leveled. Here the
Earth’s environments (Fig. 4). The RS may be generallycorrelation of the sum of gradients (or the average gradient)
classified as Terrestrial, Extraterrestrial (natural RS) and Arfor a circle with the radiu®, and a ring external to this cir-
chaeological (artificial RS). In the developed block-schemecle limited by R,, and R,,;1 radii makes it possible to deter-
(Fig. 5) natural RS are classified using Khain (1995) ar-mine whether the circular feature revealed reflects the centric
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Fig. 5. Classification of ring structures in the Earth’s environments (after Eppelbaum et al., 1998; Eppelbaum, 2007a).

or ring structure (Fig. 6D). The value 9f’_; U,—0inside  anomaly of —(0.8-0.14) mGal, extending in the north-south

a circle in the absence of a centric structure (Khesin et al.direction, was revealed in the area. The anomaly consists of

1996). Application of this method is explained on a model three sections with sizes from about220 n? to 50x 50 n?.

of the inclined circular cylinder magnetized along its dipping  These investigations were carrying out in the zone of

(Fig. 6A, B). strong horizontal gradientgzrHg)) (Up to 10 mGal/km)
The abovementioned procedure may be significantly mod-caused by the influence of the regional negative Dead Sea

ified on the basis of so-called “multimodel approach” (Ep- gravity minimum (Fig. 8). The values of theg z rHG) Were

pelbaum, 2005; 2008) by the way of performing geophysi- polynomial computed and subtracted from the observgg

cal measurements at different levels over the earth’s surfacanap (Rybakov, 2007). The residual scheme of the horizontal

Undoubtedly, computing difference between the horizontalAgp gradient for the Nahal Hever South area is presented in

gradients of geophysical fields alonepxis (we will desig-  Fig. 9. As shown in this figureAgprHg) reaches of high

nate this parameter @5,) will provide additional important  values for such a small area.

information about the studied geological section. The residual gravity map is shown in Fig. 10B. The re-
It should be noted that the present thriving developing ofsistivity map (Fig. 10A) illustrates the resistivity distribution

Remote Operated Vehicle (ROV) industry (which allowing at a depth between 10 and 15m (constructed on the basis

cheaply and operatively carry out geophysical measurementsf resistivity field modeling). Two anomalies can be clearly

at low altitudes over the earth’s surface) makes it possible tseen in the both maps. The first (No. 1) is a low resistiv-

apply this methodology for rapid and economic studying dif- ity anomaly at the center of the resistivity map (Fig. 10A)

ferent geological phenomena (Eppelbaum, 2008) includingand corresponding negative gravity anomaly in the center of

investigation of karst terranes. gravity map (Fig. 10B). The second similar pair of anomalies

(marked as No. 2 in Fig. 10A) is legibly seen in both these
3.3 Field investigations and preliminary data processing maps. Most of the early sinkholes (before 1999) were formed
within the area of anomaly No. 1.

To reveal potential of the microgravity method, the feasibil-  Figure 11A, B repeats the maps presented in Fig. 10A, B,

ity study was carried out throughout the Nahal Hever Southbut with location of the dissolute salt contour. The previ-

sinkhole development area (Rybakov et al., 2001). Aboutous surveys enable us to reach a complete understanding of

5000 gravity stations were observed in this area by the uséhe physical-geological model of the area and create the nec-

of Scintrex CG-3M AutoGrav gravity meter. Microgravity €ssary precursors to mapping the salt layer (Ezersky et al.,

mapping of 206&200 n? area (with the observation step of 2006).

3m) was carried out in 1999 after the first sinkholes ap-

peared. Location of the gravity observations points in the3.4 Gravity field transformations

Nahal Hever South area is displayed in Fig. 7. All neces-

sary corrections (including complete terrain correction) wereThe recent studies have shown that the major limitation of

inserted (Rybakov et al., 2001). The residual microgravitythe microgravity method is the disturbing effect caused by
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Fig. 6. Singling out a ring structurg/A) model field of inclined circular cylinder calculated along a profi&), model field complicated by
random noise(C) apparent graticule for ring structure reveali(i) singling out a model body by summing up horizontal gradients of field
within the apparent circular graticule zones (after Khesin et al., 1996).

Isolines of a model field (B) and the sum of its gradients (D): (1) positive, (3) zero, (4) negative; cylinder edge projection: (5) upper, (6)
lower; (7) contour of the portion treated on the (B).

bodies underlying and surrounding the studied targets. It is/; = —log P;, Q)

especially important in zones of the salt layer existence. For

instance, gravity effect from the salt layer distorts the ob- an

served gravity anomaly because salt density exceeds the sur- o U @)

rounding medium density. We propose to apply different pro-"" AU; |’

cedures_ of gravity field transformatlons allowing underhr_ung where J; is the informational parametep; is the relative

the desired effects and suppressing the background noise. frequency of thej-th interval of thei-th indicator on the his-

togram of its distributionlJ; and AU; are the amplitude and

the error of this indicator determination, respectively.
Expressions (1) and (2) were presented also in the book of

3.4.1 Computing of informational characteristics
Sometimes, for removing the noise of different origin, pre-

sented as quasi-white noise, it is useful to calculate parame<hesin etal. (1996). _
ter called as “informational” one. Khesin (1974) suggested EPPelbaum (Eppelbaum, 2001; Eppelbaum et al., 2003)

using the following informational parameter: proposed to apply the following expression:
. -1 . -1
Ji = U (Z U,-> Ig | U; (Z Ul-) K, €
i i
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Fig. 7. Map of observation gravity points at the Nahal Hever South
area (compiled using Rybakov (2007) data).

whereU; is the geophysical observation (in our case — grav-
ity) at ith point at the area under study ands the total
number of observation% is the some coefficient.

An experimental testing indicates that application of ex-
pression (3) is more effective, especially in the complex ge-
ological media.

3.4.2 Computing of gravity fField derivatives

It is well known (e.g., Veselov and Sagitov, 1966; Blakely,
1995) that computing of vertical and horizontal derivatives . ] ] ) )
of gravity field Ag is a powerful tool for delineation of some Fi9- 8- Regional gravity map in the Bouguer reduction with topo-
peculiarities of studied targets. The gravity field modeling 92Phic (bathymetric) map of the studied area (after ten Brink etal.,
. . . 1993, with supplements). Reproduced by permission of the Ameri-

was performed using Emigma 7.8 (PetRos EiKOn Inc) andCan Geophysical Union.
GSFC(Khesin et al., 1996) software.

Let's consider the following example (Fig. 12). Two sink-
holes of typical form occur closely at the depth of 7 m (upper
edge). Upper part of these sinkholes has the density concould be not detected). At the same time the; distribu-
trast (—~1850kg/) and lower part — (—2000kgfn Fig- tion (Fig. 12B) clearly indicates to the presence of some ad-
ure 12A displays the results of model computation of graV_ditional object (in our case — allows to delineate two different
ity fields at two levels: 0.3m (red line) and 1.5m (blue anomalies from two narrowly located objects). A ratio be-
line). Amplitude of these anomalies is (—0-2224mGal  tweenthe main and secondary anomalies in the grapiyof
(220240 microGal)) and only very small positive anomaly (Fig. 12B) is 3.4. Thus, probability of this anomaly detection
(about 0.012 mGal) in the center of the negative anomaly tesln the graphAg: increases in almost 6 times comparing with
tifies to the presence of some positive mass (between twd@‘g CUrve.
sinkholes). Meanwhile for solving some applied geological The case of computation of gravity effects from the near-
problems it is high important to recognize, do we have onesurface closely locating karstic bodies (their upper edge is
anomalous target or two closely occurred objects. located at the depth of 0.8 m) is shown in Fig. 13. Upper part

An absolute ratio between the main (negative) and smallof these sinkholes has the density contrast (—1800Kgamd
(positive) gravity anomalies (Fig. 12A) is about 20 (i.e., lower part — (—1900 kg/®. Figure 13A also presents the re-
against the noise background this small positive anomalysults of model computation of gravity fields at two levels:

Adv. Geosci., 19, 97415 2008 www.adv-geosci.net/19/97/2008/
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0.3m (red line) and 1.5m (blue line). The corresponding ra- : ‘ '
tio between the main and small gravity anomalies (Fig. 13A)

is 4.52. The calculated ratio between the main and secondary
anomalies ofAg, (Fig. 13B) consists of 1.54. Thus, prob- 89450
ability of this anomaly detection fong, increases in 2.94

times comparing withlAg anomaly.

Figure 14 shows computation of gravity effects from the gy
same geological section, but second level of “observation” is
not 1.5, but 10 m (Fig. 14A) (here is proposed a future ROV
exploration). Interestingly, that the changing of the second
“observation” level for the value of 10 m does not allow to
increase essentially the value of vertical derivative amplitude
comparing with the field observed at level of 0.3 m.

The geological model presented in Figs. 13C and 14C and
the gravity effect from this section (computed for the level
of 0.3m over the earth’s surface) was used for computing
the values ofAg, andAg,, (Fig. 15B and C, respectively).
Analysis of the grapi\g, allows to determine projection of
left boundary of the left occurring target and right bound-
ary of the right occurring target. A positive anomaly arising
between two extremums testify to a presence of some addigig. 9. scheme of the residual regional horizontal gradiengf
tional target (in our case it is a surrounding medium, i.e. Wejn the studied area.
could made a suggestion about the geometrical parameters
of these targets). Behaviour of the graply,. clearly re-
flects location of vertical boundaries of two closely occurred ference anomaly reaches the values of more than —0.12 mGal

objects with some small interval (surrounding medium) be-(~120 microGal) over the left butt-end of the salt body. This
tween these bodies. fact once more indicates that only 3-D computing of grav-

ity anomalies will allow solving the desired geological prob-
3.4.3 Estimation of gravity effect due to salt layer occur- lems.
ring the coastal plain of the Dead Sea

Latitude

89350

89300

89250

150m
T T T T T
186950 187000 187050 187100 187150

Longitude

3.4.4 Application of Fisher-Lustikh expression
Many investigators (e.g., Frumkin and Raz, 2001; Yechieli, _. . . . .
2000, 2002; Yechieli et al., 2006) note the presence of sal isher-Lustikh expression (Veselov and Sagltov, 1968) is
layer in the western coastal plain of the Dead Sea. We com- alf-forgotten, but effective procedure (especially when the

piled some averaged parameters of the salt body and Su;:_ontrz_ast (_jens!tyAa is a priori known). Fisher-Lustikh ex-
rounding medium (e.g., see Fig. 4) for construction of ge_pressmn IS written as
ological sec_tion presented in_ Fig. 16B. _  Hp= Hye Agx (Ma) 4)

The gravity effects from this salt body (the main peculiar-
ity is that this salt layer with density of 2150 kgfraccurs in -~ where Hy and H» are the minimal and maximal distances to
the surrounding medium with density of 1900 kgand un-  the earth’s surface of some structure with contrast density,
derlying surrounding layer has density of 2100 k§)nThus, G is the universal gravity constamg,may iS the maximal
this salt body produces a positive gravity effect. The valuesvalue of the horizontal derivative of gravity field and is
of the gravity effects were estimated depend upon a positiorthe density contrast.
of the right end (butt-end). The employed parameters along Example ofAg, computing is presented in Fig. 17 (the
the strike were (=80 m, +80 m). The computations were per-gravity effect computed for the variant (3) in Fig. 16 (right
formed for 5 variants of the right end location of this salt end of the anomalous body is at 300 m) was selected as a
body (Fig. 16A): (1) infinite, (2) at 300 m (within the geo- basis curve). The first advantage of this computation is that
logical section presented in Fig. 16C), (3) at 350 m, (4) atthe max value ofAg, testifies to the projection of the left end
400 m and (5) at 700 m. Itis clear that the curves (1) and (2)(butt-end) of the salt body to the earth surface (this parameter
display a different behavior in the right part of the geological from the visual analysis oAg graph might be not exactly
section. For a first view, the curves (1) and (5) are very sim-determined).
ilar (they have only different computation levels). However, Taking into account thatAg,=11.85 10~° 1/&, and
calculation of difference curveNg infinityy—Ag7oom) Shows  Ac=250 kg/n?, we can calculated the valu& (depth to the
(Fig. 16B) that we have no difference in the left and right lower edge of the salt bodyH>=27 m. It should be noted
parts of the profile, but in the center of the section the dif- that the real deptl/, is 28 m (hence we have a difference of

www.adv-geosci.net/19/97/2008/ Adv. Geosci., 19,015-2008
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1 m) |nteresting|y, that this difference is decreasing by anal'gravity f|e|d,(C) Physica|-geo|ogica| model.

ysis of curves with the right butt-end location at 350, 400 and
700 m and reducing to zero for the case of infinite location of

the right end. This fact is explained that the expression (4) Among the majority of downward continuation methods
was developed for the case of infinite location of the anoma-developed for potential geophysical fields, we will shortly

lous body right end.

3.4.5 Downward continuation of microgravity data

consider two: (1) method based on the Gauss’ theorem of
the averaged value of harmonic function, and (3) Strakhov’s
(1976) method.

(1) Procedure of downward continuation of gravity field,

Analytical continuation of gravity field in the lower semi- pased on the known Gauss theorem of the averaged value of
space should underline anomalous effects from small geop5rmonic function (e.g., Blakely, 1995):

logical objects. However, it is necessary to take into account

the possible arising of disturbances of two kinds: (1) noiseU(o) _
component in the observed gravity field may be transformed
to significant fictitious anomalies, (3) possible erroneous re-

/U(M)dS,M €S,
N

47 R?

alization of the downward continuation below the upper edgewheres is the sphere with the radiug point 0 is the sphere’s
of anomalous body may initiate the effect of “field destruc- center andV is the point located at sphere.

tion” (Strakhov, 1976).

www.adv-geosci.net/19/97/2008/

If we will select six points at the sphere with radils=h,
we can write the following equation for the downward con-
tinuation of gravity field at some levelk:
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Fig. 14. Computing of vertical derivatives of gravity field for two  Fig 15 Computing of horizontal derivative of gravity field for the
closely disposed models of sinkholes (near-surface occurrencel,gdels presented in the Fig. 1@) Computed gravity curve (level

Levels of computation: 0.3 and 10m. ) o of computation: 0.3m)(B) Calculated first horizontal derivative
(A) Computed gravity curve¢B) Calculated vertical derivative of ot gravity field Ag,, (C) Calculated second horizontal derivative
gravity field,(C) Physical-geological model. Agxx, (D) Physical-geological model.

(3) Strakhov’'s scheme of downward continuation (2-D)
e (0.0, | 680,00 ~Ag (0.h,0) ~Ag (h.0.0) consists of applying the following expression:
800 =) =1 A (“h,0,0)—Ag (0.0, 1) —Ag (0, —h,0) | °

(5) —0.568[Ag (1, 0) + Ag (—h, 0)] — 0.193[Ag (21, 0) + Ag (—2h, 0)]
+0.018[g (3k, 0) + Ag (=3h, 0)] — 0.041[Ag (6h, 0) + Ag (=6, 0)] [
—0.003[Ag (9%, 0) + Ag (—9h, 0)]

where Ag(0,04) is the observation at the levél over the (6)
earth’s surface (we may receive this value, for instance, by

direct measurements or by the way of performing upwardWherEh is the depth of the downward continuation (and Si-
continuation of gravity data). multaneously length of horizontal intervals whesg val-

The equality is more exacting with decreasing of the ues are selecting). Preference of Strakhov's method is that

sphere radius (thus, this procedure is preferable for detaile§mployment of this procedure does not demand any addi-
gra\/ity investigations)_ Examp|e of such downward continu- tional data besides the gravity observations along a studied
ation to the levels of 0.7 and 1.0 m below the earth’s surfaceProfile. However, it is a 2-D procedure with its known im-

is presented in Fig. 18. It is obvious that intensity of grav- Perfections. Figure 19 shows comparison of Strakhov’s and
ity field is increasing for 30 and 50%, respectively comparing “‘averaged value” methods computed for more deeply occur-

with the surface (0.3 m over the earth’s surface) computation!ing target (comparing with the previous example). We can
see that the amplitudes of the computed curves (Fig. 19B)

differ for a significant value. At the same time it necessary

7.303Ag (0, 0) — 2.326[ Ag (0.5h, 0) + Ag (—0.5h, 0)]
Ag (0, —h) =
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(A) Computed gravity curves for different positions of the salt
body right end(B) Computed difference betweeXg g(infinity) and
Agp700m. (C) Physical-geological model. Fig. 17. Computing of horizontal derivative of gravity field for de-
termination of the left end of this body.
(A) Computed gravity curveB): Calculated horizontal derivative
to underline that application of these procedures permits taf gravity field,(C) Physical-geological model.
perform only some qualitative estimation of karst structures
and its classification.
is the depth to a center of body (for HCC and sphere) and
3.4.6 Calculation of some quantitative parameters of karsiepth to the upper edge of TB and rod (point source),dnd

cavity on the basis of inverse problem solution is the mass of sphere.

e N It is clear that that expressions (7) and (8) are analogical
Gravity field intensityF is expressed as ones and equations (9) and (11), (10) and (12), respectively,
F = —grad W, (7) are proportional ones.

. ] ] Taking into account all above mentioned, we can apply for
whereW is the gravity potential. the gravity field analysis the advanced interpreting method-

For anomalous magnetic fielld, we can write (when  g|ogies developed in magnetic prospecting for complicated
magnetic susceptibility:0.1 Sl unit) (Khesin etal., 1996):  enyvironments (Khesin et al., 1996).

U, =—gradV, 8) We can also calculate the gravity moment of the object
with contrast density (Khesin et al., 1996):
whereV represents the magnetic potential.

Let’s consider analytical expressions of some typical mod—MAg = 1/2Ag,h, 9)
els employed in magnetic and gravity fields (Table 1).

Here Z, is the vertical magnetic field component at verti- where M, is the gravity momentAg, is the amplitude of
cal magnetization] is the magnetizatiory; is the horizontal  gravity anomaly (in mGal) andlis depth of HCC occurrence
semi-thickness of TBy is the elementary magnetic mass, (in meters).
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Table 1. Comparison of some analytical expressions for magnetic and gravity fields.

Field Analytical expression
Magnetic  Thin bed (TB) Point source (rod)
Z mz
Zy =2I2b 9 Zy=—"_— (10
v a2 O L (10
Gravity Horizontal Circular Cylinder (HCC) Sphere
Ag = 2Go - (11 Ag=GM—=__ (12
724 72 (12 + Z2)3/2

It should be noted that by observations at an inclined reliefof 2150 kg/n? and lower part (minor) — in the surrounding

we would receive some fictitious value 8f5,. To obtain
the real value, we should apply the following expression

MAg = MAg COSwg, (10)

medium of 2250 kg/mh The geometrical parameters along
strike were selected in such a way that to be quasi-isometric
to dimension shown in the geological section (for instance,
for the model 1 parameters along the strike were selected as

wherewy is the terrain relief inclination angle along the ob- (=10m, +10m), and for the model 4 — (-3.5m, +3.5m). The
servation profile §o>0 where the inclination is towards the computed gravity anomalies vary from —0.53 mGal (for the
positive the direction of the-axis). model 1) to —0.03 mGal (for the model 4). It allows to predict
Figure 20 testifies application of improved versions of tan- Preliminary the expected gravity effects from desired buried
gents and characteristic point methods for quantitative exSinkholes.
amination of gravity anomaly computed from a model of Another method of the karst volume estimation is com-
sinkhole. This disturbing body was approximated by a HCCputing of the same model by andz coordinates, but with
model (center of the body was determined with required ac-different parameters along the strikeqoordinate) (Fig. 23).
curacy). Parameter The gravity effect from sinkhole with negative contrast den-
1 sity of (~1900 kg/m) was computed in eight variants: (1)
MAg = - /2 . O.225[mGa| : 7.5[m] = —0.844[mGaI- m] . —-10m, +10m, (3) —20m, +20m, (4) -30m, +30m, (5) _

The interpretation methods were tested on the results OﬁOm, +40m, (6) -60m, +60m, (7) -80m, +,80m,' ,(8) -
microgravity survey performed at the Medford Cave site 100M, +100m, and (9) ~200m, +200m. For simplicity we
(Florida, USA). This survey was carried out with the aim selected here symmetric variant of the sinkholes butt-ends lo-
to delineate the shallow subsurface air-filled cavities and tun8tions along th@-am_s. An analysis of computed curves in-
nels (Butler, 1984). A density of 1900 kghwas used for the dicates that the gravity effects computed from model; f_rom
Bouguer and terrain corrections. One of profiles presented=10M. +10m) up to (-60m, +60m) have a clear distinc-
in Butler (1984) is shown in Fig. 21. The most significant 0N between themselves. Gravity effects between (-60m,
anomaly | (almost 70 microGals) was interpreted using thet80m) and (-80m, +80m) has a small difference (about
abovementioned methodology. Results of interpretation have-> microGal). - Then, effects from (-80m, +80m) and (-

a good agreement with the geological data. The parameters?0 M. +100m) have very close values (discrepancy is about
M, was calculated as —0.238 [mGal. 4 microGal). Finally, difference between (=100 m, +100 m)

and (—200 m, +200 m) consists of about 15 microGal. Thus,

3.4.7 Estimation of gravity effects from various karst cavity We can conclude that estimation of karst volume is much bet-
volumes by the use of set of computed curves ter realizing at small parameters pthan by large values of

butt-ends along the strike. It is clear that gravity effect dif-
It is known that 3-D modeling in microgravity is a powerful ference between the computed parameters [(-20 m, +20 m) —
interpretation tool (e.g., Branston and Styles, 2006; Debeglig—10 m, +10 m)] in more than one order exceeds the differ-
et al., 2006; Abad et al., 2007). 3-D gravity modeling over ence between the parameters [(—200 m, +200m) — (-100 m,
four models of sinkholes (with different size and depth of +100m)]. Thus, the microgravity estimation using a sin-
the sinkholes occurrence) is presented in Fig. 22. Upper pangle profile analysis is more effective by small geometrical
(major) of these sinkholes occurs in the surrounding mediunparameters along the strike. Obviously, if we should detect
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Fig. 19. Downward continuation of gravity field:

(A) Gravity field computed at the level of 0.3 m over the earth sur-
face,(B) Gravity field continued downward to level of 1.7 m below
earth surface using the Strakhov’s method (2-D) and averaged value
of harmonic function (3-D)(C) Physical-geological model.

Fig. 18. Downward continuation of gravity field using the theorem
of the averaged value of harmonic function (3-[8) Gravity field
observed at the level of 0.3 m over the earth surféBg,Gravity
field downward continued to levels of 0.7 and 1.0 m below earth
surface(C) Physical-geological model

3.5 Some results of gravity field analysis and 3-D modeling
large geometrical parameters along the strike, we should em- in the nahal hever south area
ploy a set of interpreting microgravity profiles.

The final model (Fig. 24) demonstrates the karst volumeSome procedures described in Sect. 3.4 were tested in the
estimation from the same model, but with asymmetric loca-present investigation of Nahal Never South area. A map the
tion of the butt-ends along the strike. Here we present 10nformational parametef; (computed by the use of Eq. 3) is
variants of computation. First variant is a symmetric modelshown in Fig. 25. Examination of this map indicates that lo-
from the previous figure (—20m, +20m). Subsequent vari-cation ofJ; negative anomalies have a good agreement with
ants with a step of 5m (the length along the strike has athe contours of karst development for the period of 1999
constant value=40 m) are moving from the symmetric vari- (When the gravity survey was carried out).
ant and beginning from 6th model (+5m, +45m) the mod- It is necessary to underline that the quality of final gravity
els are outside the geological section. At the same time, thenaps is strongly depending on the correct computation of the
gravity effects of these bodies are not so small (for exam-regional gravity gradient (Dead Sea Transform Zone (DSTZ)
ple, >200 microGal for 6th model). Thus, only 3-D advance influence). Therefore, besides the application of polyno-
gravity computing of all effects (even not available in the mial and other approximations, some physical-geological ap-
studied geological section) (Eppelbaum, 2006) will facilitate proaches should be tested (e.g., computing of 3-D gravity ef-
to development of real exact karst models. fects from DSTZ model and subtracting this effect from the
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#- L Fig. 22.3-D gravity anomalies computed from models of sinkholes
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Height, feet
170~ § N
earth's surface
160} Boreholes__ . magnetic modeling in complicated environments (Khesin et
S~ s\ s \ al., 1996), gave the similar results.
ok Limestone (L) V-:f;,';:‘ The development of the physical-geological models has
been carried out on the basis of the next main stages:
140~ t! Verical Exaggeration 4:1 H 1 i i i
2 1. Generalization of all geological (geological mapping
:%wl‘:v"i‘.‘é?s and drilling), geophysical (seismics, ERT and remote
= " sensing images) and geochemical information for com-
0 ) 50 120 160 ' 200 240 feet piling the initial geological section,

Fig. 21. Quantitative interpretation of microgravity anomaly | (un- 2. Calculatlon_ of g_eologlcal bodies _den_S|ty u3|_n_g the
derground cavity was approximated by model of HCC) at the Med- known relationships between the seismic velocities and
ford Cave site (Florida, USA). Symbal marks the determined po- density (e.g., Telford et al., 1995),

sition of the HCC center. Observed curve and geological section are

taken from Butler (1984), interpretation after Eppelbaum (2007b). 3+ APplication of the procedures of qualitative and quanti-

tative analysis of gravity anomalies for obtaining certain
parameters of disturbing bodies and introducing these

observed field, removing the regional background by theway ~ Parameters to initial physical-geological section,

of downwa.rd continua}tion, etc.). _ 4. Utilization of all available geological-geophysical in-
We applied the Emigma 7.8 software (PetRos EiKOn Inc) formation for creating 3-D physical-geological model

to create the 3-D physical-geological models of the sinkholes  (aach geological object received some length along the
area development and to estimate the volume of the buried  gyyike),

caverns. It should be noted that application of G8FC
program, developed specially for 3-D combined gravity- 5. Interactive 3-D modeling.
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Fig. 23. Computation of gravity anomalies due the karstic body Fig. 24. Computation of gravity anomalies due the karstic body
with different symmetric locations of the body ends along the strike. with different asymmetric locations of the body ends along the
strike.

Physical-geological model developed on the basis of 3-D in-
teractive modeling of gravity field along the profile C'-C is
displayed in Fig. 26 (after Eppelbaum et al., 2008, with small
modifications). The dissolution karst volume was approxi-
mately estimated as 35 00 (it length along strike was se-
lected asy;=50 m andy,=—45 m that does not contradict to
the available geological data).

arbitrary

89450~ F units

89400

Latitude

3.6 Integration of microgravity with other geophysical
methods

89350

The complexity of current geological/geophysical problems sy
in the Dead Sea region, and the ambiguity of the geophysical
observations interpretation call for an integration of different
geophysical methods and their integration with other meth- 825 ™ s foom
ods. However, an extension of a set of methods is at variance
with its economical efficiency and complicated from both or-
ganizational and technical viewpoints. Besides, there is a ba-
sic limitation imposed on the number of methods. Fig. 25. Map of the information parametef; computed for the
For estimation of integration preferences we can applyNahal Hever South site.
some elements of the theory of information (Khesin and Ep-
pelbaum, 1997). If a set of methods is focused on investigat-
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Fig. 26. Results of 3-D modeling of gravity field along the fragment of profile C’-C (location of this profile is shown in Fig. 10B).

vidual methods is 0.61 and those of a set of two and three
methods is 0.77 and 0.87, respectively (according to Eq. 15).
Risk of an erroneous solutiog {/alue) is calculated as

g=1-y.

This means that the value at the integration of two or three
methods decreases by the factors of 1.7 and 3, respectively.
A comparison of the risk with the expenditures enables one
to find an optimum set of methods.

Besides the microgravity, GPR, seismic refraction and
ERT, we can recommend also employment of high-precision
magnetic survey (obviously, the first micromagnetic moni-

Fig. 27. Sinkhole cluster formed at the first sinkhole locations (the
photography was done in March 2006).

detection reliabilityy can be described by an error function 2003, 2004), and in separate cases — seismoelectric method
(11)  pelbaum, 2008) allow suggesting a sharp increasing of com-
persion for eacli-th geophysical field. 3.7 \Verification of the microgravity study

stage of the study. The large sinkhole cluster has formed at

toring at the Dead Sea coast was performed by Rybakov et
(probability integral) as: (Neishtatd et al., 2006).
bined examination of the ROV and land geophysical obser-
Now let's assume that the anomaly is indicated by three
bility of the detection of an anomaly of a known form and e Nahal Hever South microgravity anomaly site that allows

al., 2005) — some examples of advanced detailed magnetic
ing some independent indicators of equal value, the anomaljield analysis in Israel are given by Eppelbaum et al. (2001,
The last achievements in the field of geophysical survey-

1 ing on the basis of remote operated vehicles (ROV) (e.g., Ep-

y=erf | /;

whereuv is the ratio of the anomaly square to the noise dis_vatlons.

points and that the mean square of the anomaly for each fielde ification of any geophysical investigation is an important

is equal to noise dispersion. For a single method, the relia;

intensity by Kotelnikov’s criterion (Kharkevich, 1965) is ex-

pressed by e(f*/TW). Then, the value of reliability for indi-

Adv. Geosci., 19, 97H15 2008

to verify directly the results of the microgravity mapping and
3-D modeling (Fig. 27).
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Fig. 28. Residual gravity anomaly map of 1999 with contour of Plicated geological environments. Other examination instru-
cluster formed in the vicinity of this anomaly. ment is an inverse problem solution (by the use of advanced

interpreting methods developed in magnetic prospecting).
The final step includes 3-D modeling of gravity field both for
We have performed geodetic measurements along the clugd) theoretical models and (2) along the observation gravity
ter contour in March 2007. Measurements were carried ouprofiles.
using the non-differential Garmin V GPS system with accu-  We applied the Emigma 7.8 software (PetRos EiKOn Inc)
racy of 3-4m. Maps of the present contours of the sinkholeto create the 3-D physical-geological models of the sink-
cluster are shown in Figs. 28 and 29. holes development area and to estimate the volume of the
One can see in Fig. 28 that measured contour of the sinkburied caverns. The modeling was verified by application
hole cluster presented in Fig. 3 coincides with the resid-of the GSFC program, developed especially for 3-D com-
ual gravity anomaly marked as 1. At the place of secondbined gravity-magnetic modeling in complicated environ-
anomaly (2 in Fig. 28) has formed a coupled sinkhole shownments (Khesin et al., 1996). Volume of the karst domain was
in Fig. 29. A seismic refraction survey carried out in 2007 roughly estimated as 35 006m
did not reveal salt unit at the site of this anomaly (Ezersky Results of the performed 3-D modeling along profile C'-
et al., 2008). Our model suggests an existing of large preC clearly show a potential of the microgravity method for
eXiSting dissolution cavern that refilled by the fines, which the |arge buried cavern detection at the depths of 25-50 m.
washed out by recharged waters and brought out to the prefhe microgravity study should be combined with other geo-
existing cavern (Legchenko et al., 2008). However, it is outphysical methods (first of all, seismic refraction and CVES)
of the scope of this paper. permitting specifying the geological structure of the site (salt
layer borders and its surface topography, decompaction of
) the uppermaost part of section, etc.).
4 Conclusions It is shown the applicability of gravity measurements at

Th isti detected usi . it different levels both by the land survey (0.3—1.5m over the
€ pre-existing cavern was detected using microgravityg, . surface) and remote operated vehicles observations
mapping in the Nahal Hever South site where several sink

holes 1-2m in diameter had been opened (Rybakov et al.]"or future investigations of the Dead Sea sinkhole problem.

2001). The cavern was located under thin salt layer shaped

like peak-cap detected by the seismic refraction method/cknowledgementsOur study is sponsored by the NATELience
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