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IMITATION MODELLING TECHNOLOGY FOR GRAVITY INVERSION CASES

C. I. Anixees, C. M. bazpiii, B. b. lnonvoscoxuii. TEXHOJIOTIA IMITAIITHHOIO MOJEJTIOBAHHA OBEPHEHHX
3A4/1AY9 I'PABIPO3BIJIKH. [pasipo3sioky cnpsimMo8aHO HA NOWYKU i PO36IOKY KOPUCHUX KONAAUH HA ML 00CTIONCeHb 0Y008U 2e0-
J02IYHO020 po3pi3y. 3a80aHHAM KilbKICHOI iIHmepnpemayii 2pagimempudnux Mmamepianis, y sSKiil GUKOPUCMOBYIOMbCS MeMOOU PIULEHHS
npAMUX ma 0OepHeHUx 3a0ay, € MOOeNO8AHHS 2PAGIMAYIIHO20 NOA (NPAMA 3A0aya) Ma MOOETO8aH s 2YCIMUHHOT 6Y008U 2e0N102iy-
HUX cepedosuuy (obeprena 3aoaya). Basxcnusumu osnakamu memoodie MOOe08aAHH 2YCMUHHOI 6Y008U CKIAOHUX 2€0102IYHUX cepe-
008U € 2e0102TUHA 3MICIOBHICTb, Y3200HCEHICMb 3 ANPIOPHUMU MAMepiaiamy ma nionopsAOKOS8aHICMb MOOeNIO8AHHS 2€0/102IUHUM
einomesam. /{na ananizy memooie MoOeno8aHHs 3a YUMU O3HAKAMU NPONOHYEMbCA IMimayiiiHe MOOeno8ants. Y cmammi 6UKIA0eHO
MEMOOUKY IMIMAYItiHO20 2PAGIMEMPUUHO20 MOOETIO8AHHS, KV 3ACHOBAHO HA NOOYO0SI HeopMalbHOL NOCIIO08HOCHI eKGI8AIEeH M-
Hux piwiens. TIpusnauennsam iMimayiinoeo MoOemO8aH A € QOCTIONCEHHS 6I1ACMUBOCMmell 0OEPHEHUX 3a0ay 2Pasipo36iOKU y 3a2alb-
HIll NOCMAHOBYL, A MAKONC OYIHIOBAHHSL CHIYNEHI OemalbHOCME | 00CMOBIPHOCHT MEMOOUKU Ma MEXHON02il 2pasimayitino2o Moo e-
JIOBAHHS, WO NPEmMeHOYIOmb HA eheKmusHe supiuients 2eonociuHux 3aeoans. Ha npuxknadax eycmunnoco i cmpykmypHoeo imima-
YitiHO20 8UNPOOYBAHHA MeMOOUKU HehOpMATbHOT NOCTIO0BHOCII eKBIBAIEHMHUX PilleHb Ma il KoMN TOmepHUX mexHoN02il NoKa3a-
HO, WO KOMNIIeKCHAa inmepnpemayis Oaunux OYPIiHHA, CelcMOpO38IOKU ma 2pasipo36iOKU HAOAE MONCIUBICIIL 0eMAIbHO20 8i0ME0-
DPeHHsL OY008U 2e0N02TUHUX cepedosully Y 2e02YCIUHHUX MOOeaX. [oCcaioxceHo uiaxu niosuujeHHs 00CmosipHoCmi epagimayiino2o
MOOent08anHs. 30KpemMa GUSHAYEHO, WO KPAWUM HAOTUINCEHHAM De2iOHANbHO20 (POHY € HAXUNEHA NIOWUHA, AKA ANPOKCUMYE CHO-
cmepedicene noie Culu MANCIHHA HA OUISHKAX NAowi 00CiOdcelb, KL Oltbul 0emanbHo euguero. Iliosuwents docmogipnocmi pe-
3YILMAMI@ MOOENI0BANHS MOICHA OOCS2MU 34 PAXYHOK Nepeby008u OAUICHIX DOKOBUX 30H Y MOOENAX CIMPYKMYPHO20 Muny 6 inmepa-
KMUGHOMY NpoYeci PIueHHs: CIMPYKMYPHUX 00ePHEHUX 3a0ay 2pagipo3sioku. 3MicmoeHICmb MOOETO8AHHS 3ANLENCUNMb 810 00C8IOY
iHmepnpemamopa, OCKiIbKY KOMR TOMePH MEXHON02L PileHHs: NPIMUX ma 06epHeHUX 3a0ay 2pagipo3sioKu € Tuue THCMPYMEHMom
inmepnpemayii.

Knruoei cnosa: zeonoziunuii pospis, epasipos3gioxa, memoouxa inmepnpemayii, obepHena 3adaya epasipo3gioku, spasimayiii-
He noje, MOOeN08aHHs, ANPIOPHA MOOEb, eKEIBANEHNMHA MOOENb, CECMO2e0N02IUHA MOOETb, 2e02YCIMUHHA MOOENb.

C. I Anuxees, C. M. Bazpuii, b. b. I'aoneeckuii. TEXHOJIOTHA HMHUTAIITHOHHOI'O MOJAE/IHPOBAHHUA OBPAT-
HBIX 34/JA9 I'PABHPA3BEJIKH. [pasupaseeoka npeonasnauena Oiisi NOUCKOS U PA36€OKU NONE3HbIX UCKONAEMbIX HA OCHO8E
UCCNe008anULl CIMPOEHUs 2€0102UYECK020 paspesd. 3adanuem KoTudecmeeHHoU unmepnpemayuu spasumempudeckux Mamepuanos,
npu KOMopou UCNONb3YIOMCS MEMOObl PeUleHUst RPIMbIX U 00PAMHbBIX 34044 2pasupa3eeoKu, AGISEMcs MOOCIUPOSAHUe 2PAGUMAl -
OHHO2O MO (NPAMASL 3A0a4a) U MOOEIUPOBaHUe NIOMHOCIHO20 CIMPOEHUs 2e002UYeckux cped (obpammuas 3adaua). Basicnvimu
NPUSHAKAMU MEMO008 MOOCTUPOBAHUS NIOMHOCHIHO20 CIMPOEHUSL CLONCHBIX 2e0102UYECKUX CPed AGIAIMCS 2e0102UYecKds cooep-
2HCAMETLHOCMb, CONACOBAHHOCb C ANPUOPHBIMU OAHHBIMU U NOOYUHEHHOCMb MOOCTUPOBAHUS 2e0N02UdecKUM eunomesam. /s
aHaIU3a Memoo08 MOOETUPOBAHUs. NO IMUM NPUSHAKAM NPeONazaemcs UMUMAayuoHHoe Mooeluposanue. B cmamve uznogcena me-
MOOUKA UMUMAYUOHHO20 SPABUMEMPULECKO20 MOOETUPOBAHUS, KOMOPAsl OCHOBAHA HA NOCMPOEHUU HehOPMATLHOU NOCe008amelb-
HOCMU KGUBATIEHMHBIX peweHutl. [IpeonasHayenuem UMUmayuoHHO20 MOOETUPOBAHUSL AGIAEMCS UCCIe008AHIUe CEOLUCME 0OPAMHBIX
3a0ay 2pasupazeeoKku 8 odwell NOCMAaHo8Ke, A MAaK’Cce OYeHKA CMenenu 0emaibHOCMu U 00CMOBEPHOCIU MEMOOUKU U MEXHON02 ULl
2PAsUMAayUOHHO20 MOOEIUPOBANUSs, KOMOPble NPpemeHOyIom Ha d(gexmusHoe peuienue 2eonocudeckux 3aoay. Ha npumepax niom-
HOCMHO20 U CIPYKMYPHO20 UMUMAYUOHHO20 ONPOOOBAHUS MEMOOUKU HeQOPMATbHOU NOCLE008AMENLHOCTU IKGUBANEHMHBIX Pellle-
HUll U ee KOMNbIOMEPHbIX MEXHONO2ULL NOKA3AHO, YMO KOMIIEKCHAS UHMEPnpemayus OAHHbIX 6Yypenus, celicMopaseeoku U 2pagupas-
6e0KU 0becneuusaem 603MONICHOCTL NOCMPOEHUs 0eMAIbHbIX NIOMHOCHHBIX Modenell 2eonocudeckux cpeo. Hccnedosanvt nymu
NOBbIULEHUSL OOCNIOBEPHOCIU SPABUMAYUOHHO20 MOOCIUPOSanus. B uacmuocmu, 6viagneno, umo ayuuium NpubIudICeHuem pecuo-
HAIbHO20 (POHA AGNAEMCS HAKIOHHAS NIOCKOCb, KOMOPAs AnnpoKCUMUpYyem HAOIOeHHOe Nole CUNbl MANCeCmU HA YY4aACmKax
naowaou ucciedosanull, Komopule 6onee 0emanbHo usyueHvl. llosviuieHie 00CMoOBepHOCHIU PE3VILINATNOE MOOETUPOBAHUS MONHCHO
docmudsb 3a cuem nepecmpoenus: ONUNCHUX OOKOBLIX 30H 8 MOOEISAX CMPYKMYPHO2O MUNA 6 UHMEPAKMUGHOM NpOYyecce peuleHus
CIMPYKMYPHLIX 00pamuwix 3a0ay epasupaseeoku. CodeporcamenrbHoCmsb MOOeNUpOo8anus 3a8Ucum om Onvima uHmepnpemamopa,
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NOCKOJIbKY KOMRbIOMEPHble MEXHOIO2UU PelerUs NPpAMblX U oﬁpammﬂx 3a0ay 2paeupa3eez);cu A6NAIOMCA TUULL UHCIMPYMEHMOM UH-

mepnpemayuu.

Knrwuegvie cnoea: zeonozuueckuil paspes, pasupasgeoxd, Memoouxka UHmepnpemayul, 00pamuas 3a0a4a pasupas’seoxu,
2paAsUMAayUOHHOe noie, MOOEIUPOBAHUe, ANPUOPHAS MOOENb, IKEUBALEHMHAA MOOEb, CeUCMON0SUYeCKds MOOeb, NIOMHOCHHAS

Mooelb.

Problem statement. The geophysical interpre-
tation methodology effectiveness should be evaluat-
ed on test cases that are as close as possible to the
real conditions of specific geological tasks solu-
tions. Testing of the computer interpretation tech-
nologies on physical and geological models was
called an imitation modelling by V. M. Strakhov.
These models are close to real rocks properties dis-
tribution in the geological environment and physical
fields. The meaningfulness and evaluation reliability
degree of the geophysical method interpretation ca-
pabilities by imitation modeling depends on models
proximity to the real geological situations and com-
plexity of test tasks.

The maximum using of imitation modeling is
the methodological principle of the theory and prac-
tice of geological interpretation of potential fields
according to V.M. Strakhov. The imitation modeling
must provide the correct work organization and the
required volume of observations at the design stage;
the evaluation of the interpretation result reliability
and accuracy at the final stage.

Recent researches and publications analysis.
Nowadays, the imitation modeling is used in insuf-
ficient scope in gravity prospecting, especially in
substantiating of efficiency of gravity field interpre-
tation technologies and modeling techniques, which
are usually represented by straight sequence of steps
or procedures (for example [1]). In the vast majority
of cases, the technologies feasibility is confirmed by
tests on simplified models [2 - 5 and others], or by
demonstration of practical modelling results. Tests
can be complicated by inputting of errors into the
output data (potential fields) to confirm the solution
stability of gravity inversion. But stability is an ob-
vious consequence of the correct use of regulariza-
tion. Experience shows that regularization has an-
other, more significant purpose — achievement of
geological meaningfulness solutions. A positive de-
scription example of the modeling method (in the
frame of selection methods) is the work of
Ye. H. Bulakh. It depends on the completeness of
the initial data and geological tasks character [6].

Density modeling is an important tool for
research the deep structure of geological
environments [7-15 and others]. Modeling
technologies are based on methods of solving direct
and inverse gravity problems and are aimed at
constructing  geodensity models by optimal
coordination of drilling, seismic data and other
geological and geophysical materials with the
Bouguer anomalies.

Principle differences in test modelling from im-
itation modeling are:

1. Models inadequacy (simplicity) to the geo-
logical situation.

2. Absence of correction on effect of regional
fields and lateral zones.

3. Limitation on the complexity of geological
tasks.

An important difference of imitation modeling
is the adaptation and testing of approaching methods
to the best results that is methods of managing of
solving inverse problems process.

The research tasks and formulation of the
purpose. The purpose of this work is to test gravi-
metric modelling technology, which aims to create
the most reliable models of subsurface and density
structure of geological environments or their chang-
es in time. Testing is based on imitation modelling.
Thus the following tasks are solved:

1. Analysis of the imitation gravimetric modelling
method.
Evaluation of the reliability degree of gravimet-
ric prediction method of the underground sulfur
smelting dynamics.
Substantiation of high-precision gravity moni-
toring (detection and monitoring) of dangerous
post-technogenic karst formations.
Possibility of gravimetric control of gas-water
contact level on the hydrocarbons field.
Modelling of salt dome type structural section
and subsalt reef formation study.
Purpose and Method of Imitation Gravity
Modelling.

1. General Study of the Gravity Inversion (GI)
Properties (on the Class of Continuous Functions).
Due to the computer technologies development of
Gl solutions, pertaining to modeling of difficult-
built geological environments, testing their capabili-
ties should be implemented on a broad class - a class
of densities or density borders geometry as coordi-
nate functions.

2. Testing of Gravimetric Materials Interpreta-
tion Methods and Technologies as Tools for Build-
ing of Density Models of Geological Environments.
The following questions are relevant: the conformity
degree of their approximation constructions to the
universality requirements and sufficient detailed of
real geological environments description; limitation
on dimension and speed; geological content and the
reliability degree of GI solutions. Computer tech-
nologies of geophysical materials complex (inte-
grated) interpretation should be different by approx-
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imation constructions universality and possibility to
process detailed (large dimension) models of geo-
logical environments, especially small sizes, which
is relevant for the study of dynamics of the near-
surface post-technogenic phenomena.

3. Gaining of the experience in modeling and
studying of a link between geological section pa-
rameters and local field anomalies, also between
objects parameters variation and spatial-temporal
anomalies.

4. Substantiation of the method of gravity data
interpretation and evaluation of its reliability degree
in the specific geological problems solving.

5. Substantiation of the field gravimetric obser-
vation method.

Geological and
geophysical
materials

"A priori
information"”

Imitation modelling gives us the possibility to
analyze the dependences between Gl properties and
geological content of its solutions. So, the tradition-
al definition of the regularization parameters of the
inverse tasks instability was putted into question, as
well as the small number of iterations to achieve the
necessary solution, as the “a priori positive” charac-
teristic of the technologies. An interesting example
of the formal imitation modelling is studies results
of the linear operator core content influence of O. I.
Kobrunov criterion approach on Gl solution.

The imitation modelling methodology of geo-
logical environments density structure or changes in
its structure over time reflect the experience of long-
term geological tasks solutions [16 - 20]. The mod-
elling is as follows (fig. 1).

Imitation
model

'

Imitation
field

Formation of
"geological

Formalization of
geological hypotheses
(construction of a priori
model and projectors)

Implementation of
"geological hypotheses"
(solution of the
gravity inversion)

Formalization
of additions

Critical analysis and
synthesis of implementations
(or rejection, or addition
of hypotheses)

Optimal
environment model

valuation of the effectiveness of technologies
and interpretation methods

Fig. 1. Imitation modelling scheme

1. Creating the imitation («real») environment
model (IEM).

2. Solving the gravity direct problem for the
IEM and selecting the calculated theoretical field as
«observed field» (imitation).

3. Forming «a priori» data, namely the defini-
tion of changes in the IEM which are conditional

information about the IEM structure, and the for-
malization of these a priori data in the form of the
primary a priori environment model (AEM).

4. The «geological task» formulation about the
IEM structure reconstruction.

5. The «geological hypotheses» formation
about the probable IEM structure.

-10-
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6. The hypotheses formalization in the form of
probable additions AEM.

7. The hypotheses realization by constructing
equivalent environment models (EEM) using the
technologies of gravity inversion (GI) solution being
tested.

8. Comparative analysis of the AEM and an
EEMSs in order to choose the optimal environment
model (OEM), or the new hypotheses formation.

9. Comparison of OEM and IEM; evaluation of
probability and accuracy of IEM elements recon-
struction into the OEM.

10. Conclusions about the interpretation possi-
bilities of the modelling method.

Geological hypotheses are formed on the basis
of geological problems analysis, a priori data and
gravity anomalous field. Hypotheses are formalized
in the form of AEM and projectors, which are con-
straints on the properties of the GI future solution
and formed on the data on the AEM elements prob-
ability and accuracy.

The geological hypothesis realization is an in-
teractive process of approximation to EMM when
the initial (zero) approximation is the AEM. The
imitation modelling technologies should be as close
as possible to the conditions of a real interpretation
process. They should be complicated by the influ-
ence of lateral zones, regional background, a de-
tailed description of the geological situation. Also
they should be fast to build a number of EEM tech-
nologies.

profile distance, m

The authors perform the gravimetric data inter-
pretation according to the informal sequence method
of equivalent solutions, [20] using the computer
technology “Complex.Gravity” of solving 2D / 3D
direct and inverse problems. The imitation model-
ling was performed in order to evaluation the con-
tent and reliability of the modelling method, as well
as the computer technologies testing.

Imitation modelling of underground sulfur
smelting consequences on Nemyriv field example.
In the gravity prospecting the prediction of dynam-
ics is the task of spatial-temporal changes detecting
in density structure of the local part of geological
section.

During the native sulfur deposits exploitation
by the underground sulfur smelting (USS) method
the area is covered with a dense wells network (for
example, 20 x 20 m), that is, the boundaries geome-
try in the geological section above sulfur is known
with high accuracy. The efficiency of sulfur deposit
re-exploitation can be controlled by geological and
geophysical monitoring [17, 21 - 22].

The imitation model (IEM-1, fig. 2a) reproduc-
es the real longitudinal section of Grushiv area on
Nemyriv native sulfur deposit. The zone of intensive
sulfur smelting is highlighted by the contour of a
significant reduction in density. The layer that lies
above and below the productive horizon is practical-
ly homogeneous.

A-priory model (AEM) is shown on the Fig.2b.
Suppose that a high-precision gravity survey was

depth, m

100 200 300 400 500 600 100 200 300 400 500 600
g S 225 clay a @& o 225 L clay e
§ v . SRR RS (‘\.4 -\——/._.._....._.../
sandstone  N7ks _L\\J/\A sandstone ~N7ks N e
— B imestone incompact —
2 2.37 (with sulphur) Nits . : 2.37 N1ts
i I limestone incompact o
intense smelting e (with sulphur) 242
sulphur a) imitation b) a priory
model gypsumanhydri model

)
a
o

x-axis 2D-model discretization - 10 m, z-axis - 3 m

2.70 - a priori density of rocks, 10° kg/m?

Fig. 2. Imitation and a priory model of a section native sulfur deposits

performed after the USS, so, the «observed» field
was taken as the theoretically calculated field of
IEM. Data on the sulfur smelting character are «ab-
sent». That is why the productive horizon in a priori
model, based on drilling data before sulfur smelting,
is homogeneous.

The imitation geological task is to identify and
outline zones of intensive sulfur smelting. It is as-
sumed that during sulfur smelting, there are no sig-
nificant changes in the section, except within the
productive horizon. Therefore, the search for Gl so-
lution is limited only by the productive layer
contour.

Model-1 is performed on assumption that as a
result of the USS, either density reduction or density

increasing zones were appeared into the layer of the
sulfured limestone. Limits on the probable varia-
tions in the limestone density are given in the max-
imum interval 2.20+-2.60x10% kg/m3. The model,
which is the result of GI solution and formally &-
equivalent model, is shown in Fig. 3a. The biggest
density reduction was obtained in the profile inter-
val of 100300 m. It was contoured by isodense
2.35-10% kg/m?3. It practically coincides with the imi-
tation zone of intensive sulfur smelting. In addition
to the USS consequences confirmation in the profile
interval of 420+500 m, the insignificant pseudo-
anomaly of density increasing is noted (up to
+0.02-10° kg/m?).

Modelling-2 was performed on the geological

-11-
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parameters of gravity inversion solution:
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= a) equivalent
model-1
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limestone
(with sulphur

b) equivalent
model-2

Fig. 3. Equivalent models of a section native sulfur deposits

hypothesis that only zones of density reduction can
be the USS result within sulfured limestone layer.
That is why limits on the probable densities were
taken in the interval 2.20+2.42x10° kg/m3. As a re-
sult of Gl solution, zone of density reduction is ex-
tracted in the e-equivalent model (fig. 3b). This zone
is close on shape and intensity to the imitation one.

Modelling-3. The study task of density struc-
ture changes in a section by the gravity spatial-
temporal anomalies distribution deserves special
attention. In this case, it may be possible to narrow
the search area of the Gl and, consequently, a signif-
icant increase in the gravitational modelling accura-
cy degree.

Modelling is performed under the conditions
that the gravimetric survey was carried out before
and after the USS. Imitation modelling of changes
in the section structure is based on two imitation
“real” models. The first one is the model of the sec-
tion before the USS (fig. 2b), the second one — after
the USS (fig. 2a). Spatial-temporal variations of
gravity field, which are the difference between the
field after the USS and field before the USS, were
used as «observed» field. Spatial-temporal varia-
tions are mainly due to changes in the productive
layer under the USS influence. Therefore, it is pos-
sible to ignore the influence of lateral zones, region-
al background and structure of the section above and
under the productive layer. It is also possible to ig-
nore the data inaccuracy on the density of the inter-
mediate layer (Bouguer density), but take into ac-
count the changes in the heights of observation
points.

A priori data on the state of the productive for-
mation after the USS is formalized as a model of
spatial-temporal changes in the densities distribu-
tion. The USS influence is expected only within the
productive layer, that is why only non-zero value of
excess density is given to this layer with small var-
iation of 0.001-10° kg/m*. Density is equal zero for
other parts of the section and for lateral zones. Lim-
its on all possible spatial-temporal variations of ex-
cess density in the productive layers are taken in all
possible intervals - £0.3x10° kg/m?®. The result of Gl

solution (EEM-3) is shown on fig. 4. All imitation
EEM-1+3 (fig. 3, 4) contain practically the same by
sizes and intensity the local zones of density reduc-
tion corresponding to the imitation «real» zone of
sulfur smelting. The disadvantage of the first and the
third EEMs is the small size and intensity of pseu-
doanomaly.

Modelling-4 was performed according to the
predictions that it is possible to appear of both zones
of density reduction and rocks of density increasing
in the contour of the productive layer during the un-
derground sulfur smelting.

So, there is repositioning of more consolidated
limestone of sulfur contents. Imitation of ‘“real”
model, where the USS effects are reflected in the
form of density reduction and consolidation zones,
is represented on Fig. 5a. The geological hypothesis
is similar to the previous one, therefore, the a priori
model and the limits on the densities variations are
the same.

Equivalent model-4 (fig. 5b), like the previous
one, is constructed according to a difference imita-
tion fields. It contains density anomalies, which by
contour, size and intensity are practically identical to
the imitation "real" zones of density reduction and
increasing; pseudoanomalies are absent.

Given imitation model confirms the possibility
of reliable gravimetric mapping of intensive sulfur
smelting zones.

Imitation modeling of karsted rock on the
example of Kalush-Golin deposit of potassium
salts. Modelling was performed on the profile
through the Central kainite slope mine of “Kalush”
pit, based on the assumptions that mine openings
(cavities) are filled with the dangerous brines decon-
solidation, or that in the layer between the cavities
and the salt mirror there is a zone of deconsolida-
tion. So, there is a zone of deconsolidation too. For
detailed description of models, the step of discreti-
zation is selected in one meter (approximation of the
section is made by small prisms 1 mx1 m).

Model anomalous gravitational fields are ob-
tained in variants (fig. 6).

-12 -
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Fig. 5. Imitation and equivalent models of changes in the densities distribution in a native sulfur deposit after
underground smelting of sulfur
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1) the section without karst formations, cavities
are saturated by brines with density of
1.30-10° kg/m?3;

2) the section with the local zone of karst de-
velopment over salt; rocks of the zone are deconsol-
idation on -0.10-10° kg/m3; the difference anoma-
lous gravitational effect was up to 0.075-10° m/s?;

3) the section with reduced brine density
(breakthrough of ground waters) on -0.2-10° kg/m?;
the difference anomalous effect was up to 0.05-10°
m/s?,

Post-technological anomalies of a gravitational
field (of low intensity, but higher than the possible
accuracy of observations) are putted on local anom-
alies due to the lithofacial features of the geological
section, that makes it possible to detect them only
with anomalous changes in the field over time.
Thus, the modeling proves the requirement of high-
precision monitoring observations and the interpre-
tation of spatial-temporal anomalies using a similar
methodology, which is considered on the example
of changes imitation in sulfur deposits structure.

Imitation modelling of the gas-water contact
(GWC) level at the hydrocarbon field. In order to
detect changes in the geometry of the geological
section, the interpretation of gravimetric monitoring
data based on the structural Gl solution can be per-
formed only by the methodology of the sequential
modelling. It is performed in the modellings land 2
for sulfur deposit section, rather than the spatial-
temporal anomalies. Models which are obtained as a
result of GI solution with the application of limits
on the depth intervals of GWC level possible chang-
es are represented on fig. 7.

Modelling of the salt dome type structural
section. In the paper [15] a synthetic (imitation)

structural model was used to demonstrate the geo-
logical efficiency of layer migration of time sections
(fig. 8a). The seismic geological model (fig. 8b),
generated by the migration of the synthetic time sec-
tion, differs from the imitation model by the vertical
displacement of the borders geometry, which in-
creases with depth up to 500+800 m, and the hori-
zontal displacement of the over salt mound up to
1000 m.

Seismic modeling results were used to test
gravity modelling in the complex interpretation of
seismic and gravimetric data. The "geological task"
is the geometry refinement of seismic and geologi-
cal model by the "observed" gravity field. An imita-
tion structural model is accepted as the IEM (fig.
8a). The "observed" field is the calculated field of
the IEM.

Priory data (AEM) is a seismic geological
model (fig. 8b) and known rock densities through
the section "according to drilling", error estimation
of the structural constructions for limitation of the
geometry variations of the AEM boundaries. Ac-
cording to the "geological hypothesis", the possible
AEM deviations from the "real model™ of the sec-
tion (IEM) do not exceed before mentioned limita-
tions. The error of the geometry constructing of
seismic boundaries in AEM is given in Table 1. Al-
so, the geological hypothesis is supplemented with
restrictions on variations in the layer thickness
(table 2).

By definition, the imitation modelling is as
close as possible to the practical conditions, there-
fore, the influence of lateral zones and the regional
background is taken into account in the model
fields. Lateral zones are approximated by the hori-
zontal extension of the boundaries beyond the AEM;

profile distance, m

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000
S § 3 Q2 = A
4450 : —
7 "current" level of GWC
E 7 e
/ > e
< 2 —
; / = %
© \ 1 >
4550 / : : - ”’__.__.“—'-._ij%
1
|; o I\
e "initial" level of GWC '

1

1

’ |- argillite

- compacted rock

- sandstone gas-saturated - sandstone water-saturated

- forecasted level of GWC based on imitation modelling results, which practically
coincides with "current" level for moment of "second" gravimetric observations

Fig. 7. Detection of the GWC "current™ level in a productive horizon of the Berezivsky gas condensate field
in the Dnipro-Donetsk depression according to imitation of gravimetric monitoring
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Fig. 8. Imitation (a) and seismic (b) models of structural section

Table 1
Accuracy of the construction of seismic-geological boundaries
Il - £350 m V - £700 m IT; - £800 m
Il - +600 m VI - £1200 m I - £800 m
Table 2
Permissible thickness of the layers (above the corresponding boundary)
Hmin Hmax Hmin Hmax Hmin Hmax
1 50m 1000 \ 50 1600 Ty 300 2250
i 50m 1500 VI 500 2000 I1, 500 2000

the regional background, that is, the influence of the
crust part below the research area is approximated
by a linear component.

Modelling-1 (structural Gl solution) was per-
formed without using of the strict limits on the pos-
sible changes of the boundary geometry in the mod-
el. «Regional background» was defined by the plane
during modelling. The result is represented on the
fig. 9a. The layer’s thickness above the salt dome
has been increased, and the mould has been dis-
placed towards the "real™ position in the central part
of the EEM-1a. However, the boundaries geometry
in the border zone of the model, especially the
gravitational surface of the salt, is significantly dif-
ferent from the IEM. When applying the limits on
the thickness of the layers (one of the AEM addi-
tions, which are instruments of the equivalent mass-

es redistribution), the EEM-16 is obtained that is
closer to the IEM (fig. 9b).

Modelling-2 was performed by the variant of
the regional background determining of the inclined
plane, but which is brought to the right side of the
IEM field (according to the given pickets), assuming
that the section boundaries are flat in this part of the
profile. Therefore, they are the most reliable based
on the reliable principle of seismic constructions.
The edge zones suffered the slightest distortion
compared to the previous modeling in the EEM-2
(fig. 10).

According to O. K. Malovichko, it is preferably
to approximate the regional background only with
an inclined plane, which is the reasonable compro-
mise. Imitation modeling allows us to study the ef-
fect of the method of the linear background deter-
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Fig. 9. Equivalent models of structural section

mining on the Gl solution. The IEM field that is the
"observed" field may not contain a background, but
it is calculated during the imitation GI solution. So,
it approximates the modeling conditions to practice.
The inevitable loss of the linear component part of
the observed field and the distorted anomalous field
due to the inaccurate consideration of the lateral
zones influence reduces the reliability of the Gl so-
lutions, especially in the boundary zones, which are
approximately estimated of +2000 m in this mo-
deling.

The middle section part of the EEM-1a,1b,
EEM-2 (fig. 9, 10) independently to the linear back-
ground variant are compared with AEM closer to
IEM. First of all, it concerns the horizons V and VI.
The geometry of more damp horizons (and therefore
less gravity active) has practically not changed. This
is due both to the method of the regional back-

ground determination and to the degree of the hori-
zons gravitational activity.

Modelling-3 is performed on the assumption
that the salt surface is traced very roughly (horizon
VI) by seismic survey but it is known that the ge-
ometry of other horizons is presented accurately in
the AEM. «A prior data» limits on the boundaries
behavior is not taken rigidly (in the regularization
parameters of the GI solution): as the degree of
probable variations in the boundaries geometry (ta-
ble 3). The background is defined by the characteris-
tic pickets (selected profile points). The constructed
EEM-3 (fig. 11) correlates well with IEM.

Modeling-4 differs by absence of the geometry
information about the horizon VI, except for exam-
ple for three or four wells (fig. 12). Constructed
EEM-4
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Fig. 10. An equivalent model of structural section

2.64 - density of rock, < 10° kg/m?, V1. I1, - seismic boundaries

depth, m

Table 3
Accuracy of seismic boundaries

Il - £5m V - +5m I1; - £5m
Il - £5m VI - £60m Il - £5m

3 a priory model field —

2 4
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Fig. 11. An equivalent model of structural section
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(fig. 13) with the application of the strict limits on
the layer’s thickness (see table 2) and on the geome-
try variations of the boundaries (table 4), as in the
previous modellings, is less reliable in the edge
zones.

A small deviation between the imitation field
and the EEM-4 field (<0.01-10®° m/s?) indicates on
the high formal accuracy of the Gl solution. But the

comparison of the geometry of the salt domes of the
IEM and the EEM-4 is not in favor of the last one
and this despite the fact that the task of geometry
finding of one boundary was actually solved. One
from the reasons that causes the negative properties
of the EEM-4 is the distortion in the field, which is
due to the way of the background removing.

profile distance. m

2000 4000 6000 8000 10000 12000 14000 16000
2.18 I
-10001
-20001
= -3000
5 -4000;
=
-50001
-60001
-7000
Fig. 12. A priory model of structural section for modelling-4
Table 4
Accuracy of seismic boundaries
Il - +1m V - +lm I, - £1m
I - +1m VI - £1200m I - £1Im

Modelling-5 is connected with trying to find
ways to increase the reliability of the EEM construc-
tion due to lateral zones and regional background
reconstructions.

From the predictions that the EEM is more reli-
able than the AEM, it follows that the background
allocation based on the confidence principle of the
EEM will be even more reliable too. In this case, the
lateral zones should be rebuilt, so the EEM edge
zones have changed relatively the AEM. Conse-
quently, after replacing the EEM— AEM, the lateral
zones reconstruction and the updated field separa-
tion, it is possible to update the iterative process of
the GI solution. The criterion for stopping the solu-
tions search by registered complicated iterations is
satisfactory fields’ deviation of the "updated” AEM
in the final cycle and the IEM ("observed" field).
The EEM-5 (fig. 14) was built as a result of this Gl
method (the initial conditions are the same as in the
previous modelling). EEM-5 is essentially close to
the IEM within the entire section.

The EEM — AEM replacement was carried out
in the first steps of the interactive cycle when reach-
ing 1/4 + 1/5 of the fields misfit relatively to the

initial one which is compared with the final misfit of
the previous cycle, as a rule, grows up on 10+20%.
But termination of a cycle at reaching ~ 1/2 of the
misfit from the initial one leads to a sharp drop of
the initial misfit in the next cycle and even below
the level of the final misfit of the previous cycle.
This regularity is saved during Gl solution in differ-
ent regimes. The EEM, which was constructed on
the last cycles, did not defer one for another (final
misfits level is < 0.01-10° m/s?). So, the method of
more reliable EEM finding which is stable to the
background and lateral zones reconstruction is cre-
ated by the way of interactive cycles.

In attempts to refine the structure of seismic
geological sections, it was detected that reliability
increasing of the modeling results can be achieved
by the regional background approaching to an in-
clined plane. It is approximates the fields by charac-
teristic pickets over the areas with the most reliable
seismic constructions, as well as by the near-lateral
zones rebuilding in the interactive process of the
structural Gl solving.

Study of Tengiz structure. A large structure
was detected by seismic and gravity survey within
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Fig. 13. An equivalent model of structural section
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Fig. 14. An equivalent model of structural section

the Southern Emba (Pre-Caspian Foredeep, Kazakh-
stan). Under salt rocks deposits, including the salt
surface, have been studied in detail by drilling and
seismic survey.

Imitation model reflects the main horizons of
geological section, age and rock densities. There is a
large oil reservoir in the central part of the IEM in

the depth range of 3500+7000m. This reef structure
has an atoll form in plan and significant density re-
duction in the lateral zones (fig. 15).

Prior information contains data on the structure
of the upper section part, the geometry of the salt
bottom of the kungur formation and the boundary
between the terrigenous rocks of the Devonian and
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Fig. 15. Imitation (a) and equivalent (b) structural models of the Tengiz section

Carboniferous. Density of rocks is confidently
known for the upper part of the section. According
to seismic survey and drilling, a large oil deposit is
predicted. It is associated with probable subsalt bi-
ogermic carbonates. The lateral zones of this possi-
ble reef structure are traced uncertain by seismic
survey, therefore the a priori model (AEM) contains
the upper part of the section including to the salt
layer and the lower boundary between the Devonian
and Carboniferous rocks (I1s); reef object is missing.

Geological task: to confirm the existence of a
reef structure.

Modelling-1 was performed with using the
structural GI by the next conditions. There is no reef
structure in AEM (compared to IEM, fig. 15a), but
the top of the expected reef formations (boundary R)
and possible internal density boundaries are conven-
tionally assigned (coinciding with the surface of the
reflection horizon IT3). As a result of the structural
Gl solution (the initial error is — 4.64-10° m/s?, the
final one is 0.10-10° m/s?, the non-strict limits are
applied - table 5), a structural EEM-1 of the Tengiz
structure section was obtained (fig. 15b). At the base
of the subsalt section, the layer of about 1500 =+
2000 m and with rock density of 2.38-10° kg/m? is
plotted by the boundary R. The fact that this density
value is close to the limitations for the minimum

values for subsalt rocks, and also that the boundary
IT; within the whole model was below the permissi-
ble level, gives us grounds to confidently predict the
existence of a reef structure of greater thickness.

Modelling-2 is excellent using of the strict re-
strictions (table 5), that is, they are used in the regu-
larization of the GI solution process and as limita-
tions on the possible boundaries variations. As a
result of the structural Gl solution, EEM-2 (fig. 16)
was constructed, in which the density reduction
zone with a density of 2.38-10° kg/m® was expand-
ed; the boundary of ITs within the structure "deep-
ened", which released the place for a new zone with
a density of 2.50-10° kg/m®. However, the density
reduction zone although is much larger, but by form
is different from the imitation model.

An appropriate question about the correct using
of the structural GI for the simultaneous solution of
two problems: the detection of anomalous zones and
the study of their geometry? The imitation model-
ling results of density distribution convince that
there should be a consistent modelling: the funda-
mental existence questions, sizes and depths of geo-
logical formations occurrence are solved at the be-
ginning. The incorrectness of the EEM-1 and EEM-
2 fragments can be explained by the properties of
the structural gravimetric tasks, when the field ano-
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Table 5
Accuracy of seismic boundaries
I - £30m VI - £50M R -+3000 M
V -+30M II; - £30mMm IIs-+ 60mMm
profile distance, m
2000 6000 10000 14000 18000 22000 26000
-1000 - —~——
£ -3000] Kungur salt ! = - PT A
3;'. + 37 i ‘/R\ _ . « 2.16+ .
£°-5000
= 2.62
~7000 EEM-2
C-D

Fig. 16. An equivalent structural model of the Tengiz section

malies are caused by the geometry, the boundaries
depth, the sign and the magnitude of the densities
changing at the boundary, as well as the direction of
the boundaries correction depends on density chang-
ing sign and the anomaly sign on the structural Gl
solving. That is why the internal reef zone with den-
sity of 2.44-10% kg/m® (fig. 15a), which is given in
AEM by borders that repeat ITs, will not appear in
EEM on no condition. But zone with density of
2.50-10° kg/m*® will appear (fig. 16) due to the
"deepening" of the boundary ITs, but not as a result
of the boundary that contoured the top of this zone.

The last one, as a top of a zone with density of
2.44.10° kg/m3, by the statement of this problem,
can "deepen™ in reversely proportional intensity of
the densities changing on these boundaries, because
the sign of this densities changing is positive.
Modelling-3 was conducted to identify the
most probable contours of the reef structure. In the
AEM, the reef is also absent, but for the predicted
uniform structure the average weighted density is
2.44-10° kg/m®, which is close to the imitation. The
EEM was built with using the limitations (table 5).
The modelling results (EEM-3) are given on fig. 17.

profile distance, m

2000 6000 10000 14000 18000 22000 26000
2
-IOOOW 2.36 J
= z 2.48
= -3000 B " 5 T
2 : v 206 .
= -5000
262 C C-D 2.44
\ EEM-3

Fig. 17. An equivalent structural model of the Tengiz section

The reef structure contours of the IEM are sat-
isfactorily represented in the EEM-3, however, the
reef zone is less than the imitation one. The model-
ling results show that the shape and size of the ob-
ject should be predicted after the reliable estimation
of the average weighted densities onto the section.

The following modellings are a test of comput-
er technology for the linear Gl solving. The imita-
tion model (fig. 18 a) and a priori data are identical
to the previous modellings. The geological task is
complicated by confirming of a reef body existence
and predicting of high porosity zones in subsalt de-
posits.

The hypothesis that there is no reef structure
and intensive density decrease zone under the salt in
the carbonate-terrigenous sediments, and the density
of deposits is in the range of 2.62+2.64-10° kg/m?, is
realized in the EEM form (not shown here), which
contains a zone of significant density decreasing
under the salt, but which is substantially different
from the imitation model; its presence confirms the
existence of a reef body.

The next hypothesis: the depth interval of the
reef development is 35007000 m, the average reef
density is significantly low - up to 2.30-10° kg/m3;
the hypothesis is implemented by the EEM-4 (fig.
18 b).

-21-



Cepisi «[eonoezisi. [eozpadgbisi. Ekonogzisi», eunyck 51

10000

profile distance, m

-2000
o4 F

E. a5 + t = T
= -4000: Eungur salt
5
=

-6000;

-8000

O L
L

—

+ Kungur salt
4o

|

2000{ %

-4000{_—=

2.18 - density of rock, X 10° kg/m?, V1, I, - seismic boundaries

+ b A .
+ Kungur salt
y - + a

Fig. 18. Density models of the Tengiz structure

Comparison of the EEM and the AEM allows
to constrict the predicted estimation of the carbonate
rocks average density to the limit of
2.42+2.48-10% kg/m?® (a very wide range of possible
densities of 2.34+ 2.62-10° kg/m? is given according
to a priori data), which approximates the densities of
the imitation model.

Thus, the most probable hypothesis is that un-
der the salt there is a large reef body like the atoll.
The density decreased zones frame the central part
(lagoon?) of dense rocks within the reef. Check it on
the opposite hypothesis: the reef body is homogene-
ous; the average weighted density of carbonate
rocks that form the body is close to 2.44-10° kg/md.
Figure 188 shows EEM-5. This implementation con-
tradicts the last hypothesis. Thus, the result of imita-
tion modelling is the confirmation of the reef exist-

ence and its heterogeneous atoll structure.

Conclusions. Comparison analyses of the imi-
tation models (IEM) and the most reliable equiva-
lent models (EEM) lead to the following conclu-
sions:

1. In the structural Gl solutions, the direction of
geometry changes in the density boundaries is de-
termined not only by the sign of the anomalies, but
also by the sign of the dangling of the rocks densi-
ties on these boundaries.

2. Absolute values of rock density in density
EEMs or boundaries geometry in the structural
EEMs will not accurately match the imitation one.

3. EEM are qualitatively probable models of
density distribution or boundaries geometry, which
reflect the general, fundamental nature of the section
structure. The achievement of a small final field
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misfit and the rapid convergence of the iterative
process of the GI convergence solution are not criti-
cal: they have a tangible relation for the evaluation
of the EEM proximity degree to real environments.
4. The imitation modelling is based on the
methodology geological efficiency of the informal
sequence of equivalent solutions, which bases on the
formation of hypotheses, their formalization in the
AEM form and the EEM construction, further in the
comparative analysis of the EEM with the subse-
quent definition of the most reliable hypothesis and
corresponding optimal model of the section (OMS).
5. The degree of modeling reliability depends

on the completeness of the use of a priori data, the
possibility of the near-lateral zones including in the
AEM structure. The Gl solution reliability also de-
pends on mastering of the Gl methodology and
techniques and on the properties understanding de-
gree by the interpreter of the wide equivalence of Gl
solutions in its general formulation.

6. The thoroughness of the EEM series analy-
sis, which is aimed at choosing one model or series
generalizing in the form of OEM, first of all de-
pends on the interpreter's experience, because com-
puter technology of 2D/3D direct and inverse prob-
lems solving is just an interpretative tool.
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IMITATION MODELLING TECHNOLOGY FOR GRAVITY INVERSION CASES

Formulation of the problem. A gravity method is aimed at prospecting and exploration of mineral re-
sources which are based on the study of the geological section structure. The task of quantitative interpreta-
tion of the gravimetric materials, which uses methods for solving direct and inverse gravity problems, is the
modelling of a gravity field (direct problem) and geological media’s density structure (inverse problem). The
important features of methods for density structure modelling of complex geological media are geological
content, consistency with a priori data and its subordination to geological hypotheses. It is proposed to ana-
lyze these properties by a imitation technique.

The purpose of the article is to describe the imitation gravimetric modelling method, based on the con-
struction of an informal sequence of equivalent solutions. The purpose of imitation modelling is to study the
properties of gravity inversion in general formulation as well as to assess the degree of detail and reliability
of the methodology and technologies of gravity modelling, which is claimed to be an effective solution to
geological problems.

Methods. Imitation modelling technology and methods of solving gravity direct and inverse problems
for geodensity model of complex geological environment.

Results. The examples of density and structural simulation testing of the informal sequence of equiva-
lent solutions and its computer technologies show that complex interpretation of wells, seismic and gravity
data enables to create detailed density models of geological medium. Studies have also been conducted of
ways to increase the reliability of gravitational modelling.

Scientific novelty and practical significance. It is revealed that the best approximation of the regional
background is an inclined plane, which approximates the observed gravity field along characteristic pickets
over the research areas that are better studied. Also, an increase in the reliability of modelling can be
achieved by rebuilding near side zones in structural type models in an interactive process of solving structur-
al inverse gravity problems. Substantive modelling depends primarily on the experience of the interpreter,
since computer technologies for solving direct and inverse gravity problems are only an interpretation tool.

Keywords: geological section, gravity prospecting, interpretation method, gravity inversion, gravity
field, modelling, a priori model, equivalent model, seismic model, density model.
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