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Three-di men sional (3D) geo log i cal mod els are use ful tools in var i ous geo log i cal, min ing and other en gi neer ing ac tiv i ties.
Geo log i cal model shows strati graphic, struc tural and lith o logic set tings of the study area in 3D space, and serves as a 3D
geodatabase for a va ri ety of in put data. The study area is one of the baux ite-bear ing sites, Crvene Stijene, near Jajce
(Bosnia and Herzegovina). Dur ing the last de cades, a num ber of geo log i cal, geo detic, min ing and other data were col lected
through in ten sive geo log i cal re search and min ing (ex plo ra tion), with the aim of find ing and ex ploit ing baux ite de pos its.
There fore, se lected area is a great poly gon for the im ple ment ing and test ing of workflow for the con struc tion of a 3D geo log i -
cal model of baux ite-bear ing field and its ap pli ca tion in cur rent and fu ture re search and min ing. Pre sented workflow in cludes
col lec tion, dig i ta li za tion, or ga ni za tion and vi su al iza tion for dif fer ent types of ex ist ing and new data (600 bore holes, geo log i -
cal maps and cross-sec tions, DEM, struc tural mea sure ments from the sur face, as well as in tun nels and adits) in 3D geo log i -
cal da ta base. For this study, dif fer ent types of geo log i cal ob jects, fault planes and geo log i cal sur faces were mod elled with
dif fer ent in ter po la tion al go rithms. The con structed model is in ter ac tive and it can be eas ily up dated by new in put data from
cur rent re search and ex ploi ta tion ac tiv i ties: bore holes, un der ground min ing ob jects, etc. The 3D geo log i cal model rep re -
sents a rel e vant foun da tion for plan ning new re search and min ing ac tiv i ties. Fur ther more, newly found de pos its and their vol -
umes can be quickly mod elled, con toured and cal cu lated. Pre sented mod el ling workflow is ap pli ca ble to other ar eas and
other min eral re sources.

Key words: 3D geo log i cal mod el ling, Or di nary Kriging, bauxites, Mid land Val ley Move, Jajce, Bosnia and Herzegovina.

INTRODUCTION

Geo log i cal mod els rep re sent a solid back ground, not only
for the vi su al iza tion of geo log i cal data in two and three di men -
sions, but also for data ac quir ing, pro cess ing and or ga niz ing
them into the geodatabase (Wu et al., 2005). Mod els are usu -
ally based on strati graphic and struc tural set tings (pre sented in
strati graphic col umns, var i ous geo log i cal maps and cross-sec -
tions), mea sured struc tural el e ments on the sur face and in un -
der ground min ing ob jects (adits, tun nels), geo detic and geo -
phys i cal data, and bore holes (Zehnder and Allmendinger,
2000; Sirakov and Muge, 2001; Lemon and Jones, 2003; Wu et 
al., 2005). Ap pli ca tion of 3D geo log i cal mod el ling is widely used 
in hy dro car bon ex plo ra tion (e.g., Chiles et al., 2004; Perrin et
al., 2005; Kaufmann and Mar tin, 2008). The de vel op ment of the 
com puter in dus try and soft ware for 3D geo log i cal mod el ling in -
tro duces the op por tu nity for their ap pli ca tion in other fields of
ge ol ogy as well (Xue et al., 2004; Kaufmann and Mar tin, 2008).

To date, many au thors have dealt with the dif fer ent chal lenges
in con struct ing 3D geo log i cal mod els:

– the meth od ol ogy of con struct ing a 3D geo log i cal model
based on var i ous in put data (Mal let 1992, 1997, 2002; de
Kemp, 1999, 2000; Husson and Mugnier, 2003; Lemon and
Jones, 2003; Maxelon and Mancktelow, 2005; Sprague and 
de Kemp, 2005; Dhont et al., 2005; de Kemp et al., 2006;
Zhu et al., 2006; Frank et al., 2007; Caumon et al., 2009;
Zanchi et al., 2009);

– mod el ling of re gional geo log i cal struc tures (Ledru, 2001
and ref er ences therein; Courrioux et al., 2001; Galera et al.,
2003; Wu et al., 2005; Zanchi et al., 2009; Snidero et al.,
2011; Popovs et al., 2015);

– mod el ling of lo cal struc tures and/or min eral de pos its (Fer -
nán dez et al., 2004; Kaufmann and Mar tin, 2008; Wycisk et
al., 2009; Schetsellar, 2013; Vanneschi et al., 2014, Mar -
tin-Izard et al., 2015; Basson et al., 2016).

In or der to plan min ing ac tiv i ties for the ex ploi ta tion of min -
eral re sources, it is re quired to de fine geo log i cal struc ture of the
area, and the spa tial dis tri bu tion and ge om e try of ore de pos its
and waste rock. Lack of thor ough geo log i cal ex plo ra tion usu ally
leads to dif fi cul ties in the de sign and con struc tion of min ing ob -
jects (Vanneschi et al., 2014). The con se quences could be nu -
mer ous tech no log i cal prob lems dur ing the con struc tion, such
as a threat to hu man lives, ma chin ery dam age and an in crease
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in fi nan cial cost of the min ing ob ject. With enough in put data,
3D mod els can rep re sent very ac cu rately the geo log i cal struc -
ture of the area (Caumon et al., 2009; Vanneschi et al., 2014).
Mod els are es pe cially use ful when the ore bod ies are in geo log -
i cally com plex struc tures and/or when they are lo cated at a
great depth. They can also be use ful for more ef fi cient plan ning
of fu ture re search and min ing ac tiv i ties.

In this pa per, the workflow for con struct ing a 3D geo log i cal
model of the baux ite-bear ing area Crvene Stijene (Jajce,
Bosnia and Herzegovina) is pre sented with the ap pli ca tion for
on go ing geo log i cal re search and min ing (see Figs. 1 and 2A).
The Crvene Stijene area is geo log i cally very thor oughly in ves ti -
gated. All baux ite de pos its are un der ground at depths of 20 m
or more. Al most all of the mod elled baux ite de pos its are al ready 
com pletely ex ploited, so the area rep re sents a solid poly gon for
3D geo log i cal mod el ling and anal y sis of in ter po la tion al go -
rithms. Avail able in put data in cludes: stratigraphically de fined
footwall (palaeorelief) and hang ing-wall of baux ite de pos its, re -
gional geo log i cal maps (scale 1:25,000), de tailed geo log i cal
maps (1:1000) of in di vid ual de pos its, geo log i cal cross-sec tions, 
top o graphic maps (scale 1:25,000, 1:1000), >600 bore holes,
and >10 km of un der ground min ing ob jects (adits and tun nels).
Adits and tun nels needed to be geo log i cally mapped (faults and 
palaeorelief sur face – i.e. the con tact be tween footwall and
hang ing-wall to baux ite de pos its).

The model in cludes: fault planes, footwall sur face of baux ite 
de pos its, i.e. palaeorelief, top sur faces of baux ite de pos its, and
solid mod els (in di vid ual baux ite bod ies) of baux ite de pos its. Dif -
fer ent geo log i cal sur faces (faults, palaeorelief, baux ite hang -
ing-wall sur faces) were cov ered by a dif fer ent type, den sity and
qual ity of in put data. It was nec es sary to com bine in put data
with dif fer ent in ter po la tion al go rithms to en sure the re li abil ity of
the model. Since solid mod els of in di vid ual baux ite de pos its
were built, it was eas ier to de ter mine their type, max i mum
length, width, thick ness and vol ume. Con structed 3D geo log i cal 
mod els can rep re sent the ba sis for mod els of other baux ite -
-bear ing areas and/or models of other raw mineral resources.

GEOLOGICAL SETTINGS

The baux ite-bear ing area Jajce (Fig. 1) in cludes a num ber
of sites with nu mer ous baux ite de pos its and oc cur rences of Up -
per Albian to Santonian–Maastrichtian age. The Jajce area,
from a re gional geo log i cal per spec tive, is a part of the north -
east ern mar gin of the Adri atic Car bon ate Plat form that ex isted
from end-Early Ju ras sic to end-Early Cre ta ceous times
(Dragièeviæ, 1987; Dragièeviæ and Veliæ, 2002). 

The fun da men tal strati graphic and tec tonic fea tures were
de fined in the Ba sic Geo log i cal Map of Yu go sla via, sheet Jajce, 
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Fig. 1. Geo graph ical lo ca tion of the baux ite-bear ing area Crvene Stijene, Jajce (Bosnia and Herzegovina)



1:100,000 (Marinkoviæ and Ahac, 1975), ex plan a tory notes for
that map (Marinkoviæ and Ðorðeviæ, 1975), and on the geo log i -
cal maps of baux ite-bear ing area Jajce, 1: 25,000 (Dragièeviæ,
1981; Papeš, 1984). To date, there has been a va ri ety of pub -
lished and un pub lished geo log i cal re search pa pers (e.g.,
Tomiæ, 1983; Dragièeviæ, 1987, 1997; Dragièeviæ and Veliæ,
1994, 2002, 2006; Moro et al., 2016). 

The old est rocks pres ent in the area are shal low-ma rine,
finely lay ered white to grey lime stones of Early Cre ta ceous
age, which end with Albian shal low-ma rine white-light grey to
pink lime stones. The end of the Early Cre ta ceous and the be -
gin ning of the Late Cre ta ceous on the car bon ate plat form mar -
gin were char ac ter ized by in tense compressional tec ton ics
and emer sion of re gional im pact (Dragièeviæ, 1987; Dragièeviæ 
and Veliæ, 2002). The emersion lasted from the Late Albian to
the Santonian–Maastrichtian, ~20 My. Dur ing that pe riod,
bauxites formed on the di ver si fied palaeorelief sur face (foot -
wall to baux ite de pos its) in the study area (Fig. 2). They rep re -
sent a typ i cal ter res trial for ma tion. Baux ite de pos its are of di -

verse shape and size, which was pre de ter mined by the
palaeo relief mor phol ogy. Through post-plat form tec tonic pro -
cesses (fold ing and fault ing), the de pos its were brought to the
pres ent struc tural po si tion.

The strati graphic hang ing-wall of the baux ite de pos its is
com posed mainly of car bon ate clastics. Lithologically, this
clastic rocks are rep re sented by nu mer ous and di verse litho -
facies types. The most com mon are car bon ate brec cia, conglo -
breccia and con glom er ates (Fig. 3), but there are also, lay ers of
calcarenite, ar gil la ceous micrite and marl in the lithological col -
umn. Fre quent ver ti cal and lat eral changes of these lithofacies
are com mon (see the geo log i cal col umn in Fig. 4). The basal
part of the hang ing-wall transgressive mem ber reg u larly con -
tains coarse-grained lithotypes (they are transgressive and rel -
a tively con cor dant with the baux ite de pos its and the shal -
low-ma rine shelf car bon ates). Youn ger se quences of hang -
ing-wall sed i ments show fea tures of basinal sed i men ta tion, i.e.
a rhyth mi cal al ter na tion of coarse- and fine-grained car bon ate
clastics with a reg u lar pres ence of pe lagic lime stones. The sed i -
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Fig. 2. Albian lime stones – footwall to baux ite de pos its

Fig. 3. Up per Cre ta ceous brec cias and con glom er ates – hang ing-wall of baux ite de pos its
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Fig. 4A – geo log i cal map of the baux ite-bear ing area Jajce (Dragièeviæ, 1981; Papeš, 1984); B – geo log i cal cross-sec tion
through the Crvene Stijene area (Dragièeviæ, 1981); C – de tailed geo log i cal col umn of the Crvene Stijene baux ite de pos its



men ta tion mech a nism was by tur bid ity cur rents, as in di cated by 
nu mer ous tex tures that are char ac te r is tic for turbidite sed i -
ments.

The pres ent-day geo log i cal set tings of the area are the re -
sult of post-plat form struc tural-tec tonic changes, which be gan
at the end of the Cre ta ceous pe riod and con tinue in the pres ent
(Dragièeviæ, 1981, 1987; Dragièeviæ and Veliæ, 2002).

The ma jor struc tural fea tures of the Crvene Stijene struc -
ture are faults (Figs. 4–6). The struc ture is bounded by the
Crvene Stijene-Bešpelj Fault Zone on the west side (CSB in
Fig. 6; 125°/80°/10° – left re verse), which is the most sig nif i cant
fault of the study area (Figs. 4–6). On the same fault, there is a
sec ond striation ori en ta tion (125°/80°/85° – left re verse) that in -
di cates multiphase move ment on the CSB Fault.

The other ma jor fault zone is the Bear Fault Zone with nor -
mal faults (BF in Fig. 6), which is lo cated in the north of the
struc ture. The move ment on this fault is es ti mated at more
than 100 m (based on depths of baux ite and hang ing-wall de -
pos its in bore holes) (Figs. 4–6). The lay ers are hor i zon tal to
slightly in clined (~10°), which in di cates that the struc ture be -
tween these faults is not sig nif i cantly tec toni cally dis turbed
(Figs. 4 and 6).

MATERIALS AND METHODS

The con struc tion of a 3D geo log i cal model con sists of a
se ries of ac tions. The first stage of this pro cess in cludes: col -
lec tion and sys tem ati za tion and in te gra tion of data, field map -
ping of un der ground min ing ob jects (adits and tun nels),
digitization and georeferencing of in put data and plac ing them
into 3D geodatabase. The sec ond stage con sists of the con -
struc tion of geo log i cal cross-sec tions, re con struc tion of fault
sur faces, palaeo relief and baux ite sur faces, re in ter pre ta tion of 
bore hole data and the de vel op ment of baux ite solid mod els
(in di vid ual baux ite bod ies; Fig. 7). The fi nal stage was trim -
ming parts of the sur faces out side the re search area, smooth -
ing the sur faces, and cal cu lat ing the di men sions and vol ume
of the baux ite de pos its. 

INPUT DATA AND PROCESSING

The in put data are dif fer ent ac cord ing to type, res o lu tion,
den sity and qual ity. The data can be sorted as sur face vs. un -
der ground and geo log i cal vs. non-geo log i cal data. Sur face
geo log i cal data in clude ex ist ing geo log i cal maps of the study

area (scale 1:25,000, and scale 1:1000 for in di vid ual baux ite
de pos its), while un der ground data in clude those col lected by
the geo log i cal map ping of un der ground min ing ob jects, bore -
hole data, and pre vi ously pub lished geo log i cal sec tions (Figs. 7
and 8). Non-geo log i cal data are top o graphic maps (scale
1:25,000 and 1:1000), dig i tal el e va tion model, maps of adits
and tun nels, and orthophoto im ages. 

All in put data were first im ported into a GIS da ta base. Old,
hand writ ten geo log i cal maps (Dragièeviæ, 1981; Papeš, 1984,
scale 1:25,000) and maps of adits and tun nels (scale 1:1000)
were georeferenced and dig i ta lized. Fur ther more, the dig i tal el -
e va tion model (DEM) of the ter rain is de rived from top o graphic
maps (scale 1:1000) de vel oped by the Rudnici boksita Jajce
com pany. One of them is used as the top o graphic base of the
de tailed geo log i cal map (Fig. 6) of the study area. This DEM
was the ba sis for as sign ing el e va tions for sur face geo log i cal
data (mea sured struc tural el e ments, geo log i cal bound aries,
faults, bore hole heads; Fig. 8D). The geo log i cal maps (Dragi -
èeviæ, 1981; Papeš, 1984; scale 1:25,000; Fig. 6) were dig i tized
and up dated with new mea sure ments in ArcGIS. Faults, geo -
log i cal bound aries and mea sured struc tural el e ments were dig i -
tized and pre pared for im port ing into Mid land Val ley Move soft -
ware (http://www.mve.com/) and then placed into a 3D en vi ron -
ment (Fig. 8). Ap prox i mately 10 km of un der ground min ing tun -
nels and adits were not pre vi ously geo log i cally mapped (Fig.
8A, B). Con se quently, through this re search, geo log i cal map -
ping of the ac ces si ble un der ground min ing ob jects was con -
ducted to gain a better in ter pre ta tion of faults and bound aries
be tween the footwall and hang ing-wall strata to baux ite de pos -
its (i.e. palaeorelief sur face; Fig. 8).

Bore hole data, i.e. lithological col umns from cores of 600
bore holes drilled over the last 40 years, rep re sent the most im -
por tant group of in put data (Ta ble 1; Fig. 8B–D). The fol low ing
bore hole ho ri zons were de fined and dig i tized:

– top of baux ite de pos its footwall, 

– top of baux ite de pos its.
It is dif fi cult to ex press the qual ity of in put data nu mer i cally.

Non-geo log i cal data (top o graphic maps, maps of adits and
tun nels, DEM) are very good be cause the area has a dense
geo detic con trol net work. The qual ity of geo log i cal data was
not easy to as sess. Maps and cross-sec tions were made
based on sur face map ping and few struc tural wells (Dragi -
èeviæ, 1981; Papeš, 1984) and dig i tally up dated with newer
data (geo log i cal map in Fig. 4). Based on these maps and
cross-sec tions (Fig. 4), there has been a lot of suc cess in find -
ing bauxites, so the maps are also a solid base for fur ther re -
search. The most ques tion able in put data are bore hole in ter -
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Fig. 5. Crvene Stijene-Bešpelj Fault (CSB a in Fig. 6) mea sured in two placemarks

 A – in adit K-900 (Pl-1 in Fig. 6), B – in the out crop (Pl-2 in Fig. 6)
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Fig. 6. De tailed geo log i cal map of Crvene Stijene (mod i fied af ter Dragièeviæ, 1981; Papeš, 1984)

 CSB – Crvene Stijene-Bešpelj Fault Zone; BF – Bear Fault Zone



pre ta tions. It mostly de pends on the knowl edge of the ge ol o -
gists who in ter preted the drill cores. Bore holes that drilled
bauxites are fore shore re li able in put data in sense of depth to
bauxites and palaeorelief. Lithologically, the hang ing-wall and
footwall to bauxites are very dif fer ent. The hang ing-wall is rep -
re sented by car bon ate clastics (brec cia, conglobreccia, calca -
renites and marls) and the footwall is com posed of shal -
low-ma rine lime stones. How ever, it is not al ways easy to de -
ter mine the bound ary be tween footwall and hang ing-wall
rocks. Brec cias can con tain large clasts, over a metre in size
(see Fig. 3A). The clasts orig i nate from footwall lime stones
and can de ceive the in ter preter that the bore hole was drilled in 
the footwall. In that case, the depth to the palaeorelief can be
un der es ti mated. Also, footwall lime stones di rectly be neath the 
bound ary can be highly karstified (looks very sim i lar to the
hang ing-wall brec cia). In that case, the depth to the bound ary
can then be over es ti mated. Based on the palaeorelief sur face
ge om e try (depth anom a lies are the re sult of false in put data –
in cor rect depth to the sur face) in a 3D geo log i cal model, bore -
hole data will be re vised and re in ter preted. 

METHODS USED

MODEL CONCEPTUALIZATION 
AND BUILDING

The mod el ling pro cess started with the con struc tion of 46
geo log i cal sec tions per pen dic u lar to the struc ture, and 3 geo -
log i cal sec tions lon gi tu di nal to the struc ture. Then, fault sur -
faces, palaeorelief and top of baux ite sur faces were con -
structed. That part was most chal leng ing and time-consuming.

Each of the sur faces was of dif fer ent type and com plex ity
(fault sur faces, palaeorelief sur faces – basal and top sur faces
of baux ite de pos its). They are also de fined by a dif fer ent type,
quan tity and qual ity of in put data (Ta ble 2). For each sur face
type, it was nec es sary to use a dif fer ent in ter po la tion al go rithm
(Ta ble 2). Faults were mostly de fined by in ter sec tions and mea -
sure ments in the adits, while move ments on faults are in ter -
preted based on dif fer ent depths of ho ri zons in bore holes on
both sides of the faults (Fig. 9).
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Fig. 7. Workflow of the mod el ling ap proach
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Fig. 8. 3D view of in put data

A – DEM with bed ding mea sure ments and adits; B – DEM, adits and bore holes; C – trans par ent
DEM with draped geo log i cal map (see Fig. 6), adits, bore holes and geo log i cal cross-sec tions; D –
DEM with draped geo log i cal map (see Fig. 6 geo log i cal cross-sec tions, and bed ding mea sure -
ments)



In terms of ge om e try, palaeorelief sur faces are the most
com plex. In this model, palaeorelief is rep re sented with sev eral
sur faces con fined by faults and the bound ary of the study area.
These sur faces re quire large amount of in put data. There fore,
they were built based on 600 bore holes and geo log i cal sec tions 
in the ar eas where there are few or no boreholes. 

Top sur faces of the baux ite de pos its have rel a tively small
ar eas and ir reg u lar shape in com par i son to palaeorelief and
fault sur faces. These sur faces are mod elled based on two
types of input data:

– bore holes which have pen e trated the baux ite de pos its and
imag i nary bore holes cre ated for the better fit ting of shape of 
baux ite top sur faces;

– bound aries of baux ite de pos its from de tailed top o graphic
maps (vis i ble in Fig. 6), which are dig i tized and pro jected
onto palaeorelief sur faces.

To ob tain the shape, size and vol ume (in m3) of baux ite de -
pos its, solid mod els were cre ated be tween palaeorelief sur -
faces and the baux ite top sur faces. These solid mod els show
the shape of the de pos its, there fore the di men sions and vol ume 
(in m3) of in di vid ual de pos its could be eas ily cal cu lated.

Fault mod el ling. The faults were mod elled based on sur -
face fault traces from geo log i cal maps (Fig. 6), mea sure ment of 
struc tural el e ments in the adits and on the sur face, and bore -
holes from both sides of the fault planes (for ex am ple, Fig. 9).
Three fault planes were con structed: 

– the Crvene Stijene-Bešpelj Fault (Fig. 6), strik ing nearly
N–S, is the most im por tant fault of the study area, and it
rep re sents the west ern bound ary of the Crvene Stijene
struc ture. The fault plane was cre ated us ing the Ex tru sion
al go rithm. The Ex tru sion tool can be used to cre ate a sur -
face from a sin gle line (sur face trace or line on a geo log i cal 

cross-sec tion), and a fault mesh from a sin gle fault stick.
In put data for this al go rithm are the sur face trace of the
fault, dip an gle, cur va ture of the plane, and depth of the
pro jec tion. Strike, dip and rake were mea sured on the sur -
face and in the adits (Figs. 5 and 6): 125°/80°/ with rake
10° – left re verse. Ac cord ing to data from the geo log i cal
cross-sec tions based on bore holes from both sides of the
fault, the es ti mated max i mum throw of the CSB fault in this
area is ~140 m;

– the Bear faults, i.e. fault zone con sists of two main nor mal
faults, BF a and BF b (Figs. 6, 8 and 9). The faults planes
were built based on six geo log i cal cross-sec tions and data
from bore holes from both sides of the fault zone (Fig. 9).
Data were in ter po lated with lin ear in ter po la tion al go rithm.
This al go rithm has proven to be sat is fac tory for the sur -
faces of sim ple mor phol ogy and ge om e try that do not have 
sud den changes in strike and dip. The max i mum throw on
the Bear Fault Zone ex ceeded 180 m.

Sur face ho ri zon mod el ling. The first step in sur face ho ri -
zon mod el ling was de fin ing the strati graphic col umn and
choos ing the ho ri zons. For the pur pose of this re search, two
ho ri zons were de fined (Fig. 9) on the de tailed strati graphic col -
umn (Fig. 4).

– palaeorelief sur face – footwall sur face of baux ite de pos its;

– top sur face of baux ite de pos its.

Palaeorelief sur face mod el ling. Karst bauxites were
formed dur ing the ter res trial phases, i.e. emersions. One of the
re quire ments for the for ma tion of bauxites is the di verse
palaeorelief sur face, on which they were formed. Neg a tive
anom a lies in the re lief, such as de pres sions, sink holes, karst
val leys and can yons, are the re sult of pre-baux ite tec ton ics,
ero sion and the karstification of car bon ate rocks. These pro -
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T a  b l e  1

 Bore holes used in the 3D geo log i cal mod el ling pro cess

Bore hole type Num ber of used bore holes

Struc tural bore holes 13

Bore holes drilled for di men sion stone 5 (drilled in 2015)

Pos i tive bore holes on baux ite 171

Neg a tive bore holes on baux ite 411

T a  b l e  2

Geo log i cal ob jects, in put data, and in ter po la tion al go rithms used in mod el ling workflow

Geo log i cal ob ject In put Data type In ter po la tion al go rithm

PS be tween CSB Fault and BF bore hole mark ers and PS lines on geo log i cal
cross-sec tions con verted to point sets – point data Or di nary Kriging

PS north of BF PS lines on geo log i cal cross-sec tions – line data;
bore hole mark ers – point data In verse Dis tance Weight (IDW)

PS west of CSB Fault PS lines on geo log i cal cross-sec tions – line data lin ear in ter po la tion

PS be tween BF PS lines on geo log i cal cross-sec tions – line data lin ear in ter po la tion

CSB Fault fault line on geo log i cal map – line data Ex tru sion

Bear faults fault lines on geo log i cal cross-sec tions – line data Lin ear

Baux ite de pos its top sur faces bore holes, imag i nary bore holes and baux ite de -
posit con tours con verted to point sets – point data Delaunay tri an gu la tion

Baux ite de posit vol umes palaeorelief sur faces and top of baux ite de posit
sur faces – sur face data TetraVolume Be tween Ho ri zons

*PS – palaeorelief sur face; BF – Bear faults; CSB – Crvene Stijene-Bešpelj Fault



cesses re sult in a rel a tively com plex ge om e try of palaeorelief
sur face (footwall of baux ite de pos its). The sur face ge om e try
can then be come even more com plex with sub se quent tec tonic
ac tiv ity (fault ing and fold ing). 

For the con struc tion of a re li able model of such sur faces, it
is nec es sary to have a large amount of in put data (es pe cially
bore holes) and com plex in ter po la tion algorithms.

Palaeorelief con sists of four sur faces, whose bound aries
are rep re sented by the Crvene Stijene-Bešpelj and Bear faults
(Fig. 6) and the study area bound ary. Each palaeorelief sur face
in the model is de fined by a dif fer ent type, den sity and qual ity of
data. There fore, dif fer ent data pro cess ing and in ter po la tion al -
go rithms were nec es sary for each sur face. 

For the in ter po la tion of the sur face be tween the Crvene
Stijene-Bešpelj and Bear faults, the fol low ing data were used:
palaeorelief ho ri zons from 554 bore holes, and palaeorelief lines 
on geo log i cal sec tions, which were trans formed into a se ries of
point data sets. Only in ter po la tion al go rithm, within the Move
soft ware, that gives re al is tic out put for this amount and qual ity
of in put data, was Or di nary Kriging (Figs. 10 and 11). Vario -
grams were cal cu lated au to mat i cally based on spa tial dis tri bu -
tion of in put data; grid ge om e try and ani so tropy (Fig. 10). Di -
men sions of cells within the in ter po la tion grid were set to 2 ×
2 m, that gives high res o lu tion of the cre ated model with re spect 
to the size of the study area. To ob tain as much in put data as
pos si ble, 46 geo log i cal cross-sec tions, with in ter preted palaeo -
relief ho ri zons, were cre ated. Those in ter pre ta tion lines were

trans formed into point datasets (Fig. 11A) and used with bore -
hole ho ri zons as in put data for the sur face in ter po la tion. In ter -
pre ta tions from sec tions con trib uted the most in the mar ginal
area and in the ar eas where bore holes were ab sent. The re sults 
ob tained from other in ter po la tion al go rithms were not sat is fac -
tory, pri mar ily due to the com plex mor phol ogy of the sur face
(Fig. 11).

The BF Zone con sists of two nor mal faults, BF a and BF b.
Based on bore hole data from both the hang ing-wall and the
footwall of the BF Zone, six geo log i cal sec tions were made to
de fine the palaeorelief sur face be tween BF a, and BF b (Fig.
12). This sur face is con structed by line in ter po la tion, with lin ear
in ter po la tion al go rithm, the same way as the BF were made. Af -
ter line in ter po la tion, the cre ated sur face was crop ped by BF a
and BF b fault planes to fit space be tween the faults. A rel a tively 
small amount of in put data and sim ple sur face ge om e try make
the re sults of this in ter po la tion sat is fac tory.

There are 46 bore holes in the area north of the Bear faults.
The rel a tively small num ber of bore holes and their ir reg u lar
spa tial dis tri bu tion make re sults of any in ter po la tion al go rithm
un sat is fac tory. There fore, 13 geo log i cal sec tions were cre ated
be tween the bore holes, in which the palaeorelief sur face was
in ter preted (e.g., Figs. 9 and 12). Palaeorelief in ter pre ta tion
lines (line data) on cross-sec tions, along with bore hole mark ers
(point data), were used for the con struc tion of the sur face with
In verse Dis tance Weight al go rithm. Grid ge om e try pa ram e ters
were set to cell di men sions of 5 × 5 m. The rea son for the larger
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Fig. 9. Geo log i cal cross-sec tion per pen dic u lar to the Bear faults
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Fig. 11. Palaeorelief sur faces with main faults; DEM was turned off on im age B for better vis i bil ity 
of palaeorelief sur face

Fig. 12. Palaeorelief sur face north of the Bear Fault Zone with cor re spond ing in put data
 (bore holes and geo log i cal sec tions)



cells for this sur face was a smaller spa tial den sity of in put data
(Figs. 11 and 12). Sur face mor phol ogy is rel a tively sim ple with -
out large and sud den changes in depth. Sim i lar re sults were ob -
tained by Or di nary Kriging al go rithm. The only dif fer ence in in -
ter po la tion pro cess was that prior to in ter po la tion it was nec es -
sary to con vert palaeorelief in ter pre ta tion lines from geo log i cal
sec tions into point data sets, and then ap ply Or di nary Kriging al -
go rithm.

For the palaeorelief sur face east ern from the CSB Fault
there were only six bore holes. Still, the sur face was con -
structed, mostly for as sess ing the move ment on CSB Fault.
Per pen dic u lar to the CSB Fault, through these bore holes, geo -
log i cal cross-sec tions were cre ated. These were the ba sis for
the lin ear in ter po la tion of line data with lin ear in ter po la tion al go -
rithm. An gle of this sur face (vis i ble in the col our changes in Fig.
11A) cor re sponds to the struc tural mea sure ments along the

CSB Fault (Pl-1 and Pl-2 in Fig. 6). Max i mum ver ti cal move -
ment on CSB Fault in the re search area, based on this small
amount of data, was es ti mated on 140 m. 

Top sur face of baux ite de pos its mod el ling. Top sur -
faces of baux ite de pos its were al most im pos si ble to model
based on the avail able in put data. A rel a tively small num ber of
bore holes that pen e trate baux ite de pos its were not enough for
the sat is fac tory mod el ling of ge om e try of the top sur face of
bauxites (Figs. 13A and 14A). There fore, it was nec es sary to
col lect more in put data. Con tours of baux ite de pos its from de -
tailed top o graphic maps (in the back ground of geo log i cal map
in Fig. 6) were used as ad di tional in put data. Con tours were dig -
i ta lized, pro jected onto palaeorelief sur faces and con verted into 
point datasets (Fig. 13B). Still, the re sults of in ter po la tion, with
any al go rithm, were un sat is fac tory for bauxites with com plex
ge om e try. The main rea son for this was a small num ber of bore -
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Fig. 13. Ex am ple of in ter po la tion re sults be fore and af ter ex pand ing of the in put data set

A – in ter po la tion based only on bore hole data; B – in ter po la tion based on bore hole, imag i nary bore hole and con tour data



holes with too much space be tween them, or too much dis tance 
from the bound ary con tour (Fig. 13A). As a re sult, imag i nary
bore holes were made, for each de posit on which the depth to
the baux ite was de ter mined by arith me tic mean be tween the
two clos est bore holes (Figs. 13B and 14B). For all the de pos its,
a to tal of 240 imag i nary bore holes were made (Fig. 14B). Sur -
faces were then mod elled with the Delaunay Tri an gu la tion in -
ter po la tion al go rithm and they were fur ther pro cessed with the
Smooth al go rithm, to smooth out the edges and peaks. The re -
sults were sur faces, which cor re spond to the ge om e try, and
bound aries of bauxites (Figs. 13B and 15). The top sur faces of
bauxites were trimmed by palaeorelief sur face us ing the split
tool, so their bound aries per fectly fit on the palaeorelief sur face
(Figs. 13B and 15).

Baux ite solid mod els. Last phase of the mod el ling pro -
cess was build ing solid mod els of each in di vid ual baux ite de -
pos its. The sol ids were made in di vid u ally for each de posit us ing 
the Vol ume º Cre ate TetraVolume Be tween Ho ri zons tool. It is 
only nec es sary to de fine the bot tom and top sur face, the length
of cell sides (the small est pos si ble was cho sen: 5 m) and the
name of the solid model.

The pro ce dure was re peated for each de posit (Figs. 7, 16
and 17). Once the solid mod els of bauxites were built, we had
di rect in sight into the baux ite de pos its shape, type, size and vol -
ume (soft ware cal cu lates it au to mat i cally). 

RESULTS

Geo log i cal mod el ling in three di men sions re quires large
amount of in put data. There fore, mod els can be very use ful in
solv ing sci en tific and en gi neer ing prob lems but chal leng ing to
build. The ap plied meth od ol ogy in cludes in te gra tion, dig i ta li za -
tion, sys tem ati za tion and vi su al iza tion of dif fer ent types of data
(600 bore holes, geo log i cal maps and cross-sec tions, DEM,
struc tural mea sure ments from the sur face and in the tun nels
and adits) in 3D geodatabase. In the mod el ling workflow, dif fer -
ent types of geo log i cal ob jects were mod elled with dif fer ent in -
ter po la tion al go rithms. The in ter po la tion al go rithm used in the
mod el ling de pends on the com plex ity and ge om e try of geo log i -
cal ob ject, as well as the type, quan tity and qual ity of in put data.
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Fig. 14A – palaeorelief sur face with pos i tive bore holes on baux ite; 
B – palaeorelief sur face with all pos i tive bore holes on baux ite, and imag i nary bore holes



For ex am ple, palaeorelief sur faces (footwall sur faces to
bauxites) are cov ered with data from bore holes (point data),
geo log i cal sec tions (line data) and a com bi na tion of both. Bore -
hole qual ity was as sessed based on palaeorelief sur face ge om -
e try. Anom a lies of the sur face depth can be the re sult of an
over/un der-es ti ma tion of depth in the bore hole, es pe cially if the
ano m aly is not pres ent in neigh bour ing bore holes. These bore -
holes are then re in ter preted. 

The palaeorelief sur face be tween the CSB and BF has the
most com plex mor phol ogy, and it is cov ered with the great est
num ber of in put data, so it was in ter po lated with Or di nary Kriging. 
North of the Bear Faults, there were in suf fi cient bore hole data,
and the bore holes are ir reg u larly dis trib uted. For this rea son, it

was nec es sary to cre ate a mesh of geo log i cal cross-sec tions be -
tween the bore holes, and then use the IDW al go rithm. The sim i -
lar re sult was achieved with the Or di nary Kriging, how ever, fur -
ther op ti mi za tion was re quired af ter in ter po la tion. The sur faces
and fault planes with the small est amount of in put data (BF a and
b, palaeorelief in the Bear Fault Zone be tween BF a and BF b
and palaeorelief west of the CSB Fault) are in ter po lated based
on con structed geo log i cal cross-sec tions us ing the lin ear in ter po -
la tion al go rithm. The CSB Fault is de fined by struc tural mea sure -
ments on the sur face and in the adits, and with the fault trace on
the sur face (vis i ble in Fig. 6). The fault plane was cre ated us ing
the Ex tru sion al go rithm, which builds a plane from the fault trace
into the depth at a de fined an gle. The top sur face of baux ite de -
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Fig. 15. 3D model of palaeorelief and baux ite de pos its in the Crvene Stijene area



posit re quired the most pre lim i nary work, i.e. ex pand ing the in put
data set with imag i nary bore holes (Fig. 13) and baux ite de posit
boun d ary con tours. Due to the ir reg u lar bound aries and small di -
men sions, Or di nary Kriging and IDW did not give sat is fy ing re -
sults (Fig. 13). The best re sults for baux ite top sur faces were
achieved with the Delaunay Tri an gu la tion al go rithm and gen tle
smooth ing of the in ter po lated sur face. 

Once the footwall and hang ing-wall sur faces were con -
structed, baux ite solid mod els were sim ple to build. With the
Vol ume tool and the TetraVolume Be tween Ho ri zons al go rithm, 
the solid model was built for each in di vid ual de posit. With the
con structed model, it is easy to vi su al ize de pres sions in the
palaeorelief sur face, which are the pre con di tion for baux ite de -
pos its for ma tion. In ad di tion, the spa tial dis tri bu tion of baux ite
de pos its, their mor phol ogy and ge om e try, size and shape, can
all be visualized in the 3D model. 

In the study area, there are six types of baux ite de pos its:
len tic u lar, can yon-like, graben type, sink hole type, can yon like 
with a sink hole at the end, and tectonized (baux ite types ac -
cord ing to Bárdossy, 1982; Ap pen dix 1* and Fig. 18). De pos its 
L-1 and L-5 are rel a tively close to the CSB Fault, which ob vi -

ously had im pact on their cur rent elon gated ge om e try (Fig.
18). De posit L-2 is sit u ated along the Bear faults and its ge om -
e try could also be in flu enced by the fault. De spite that, its ge -
om e try is char ac ter ized as len tic u lar or graben type (Fig. 9).
The most com mon bauxites are of sink hole type. Their ge om -
e try de pends mainly on the ge om e try of the palaeorelief, i.e.
the shape of the de pres sion in which the bauxites were de pos -
ited (Figs. 11 and 18). Fur ther more, few de pos its (L-14, L-15,
L-18 and L-19; Fig. 18) are “can yon-like” de pos its. Their ge -
om e try and thick ness in di cate that they are formed in palaeo -
-can yons. The thick nesses in di cate that the can yon height
could ex ceed 15 m. Fur ther more, L-3 and L-6 also have a
“can yon-like” ge om e try with a sink hole at the end (Fig. 18).
These ge om e tries in di cate that the sed i men ta tion mech a nism
for these bauxites de rives mainly from wa ter streams. There
are a few baux ite de pos its that were too small for solid model
con struc tion (L-8a, 410 and 411/18). These de pos its are clas -
si fied as baux ite “nests” or “bags”. 

In Ap pen dix 1 there are vol umes cal cu lated based on a 3D
model and from the study on re serves for each in di vid ual de -
posit. In the study on re serves, the vol umes were cal cu lated by
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Fig. 16. Solid mod els of bauxites with adits and tun nels

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1396

https://gq.pgi.gov.pl/rt/suppFiles/25827/


the method of par al lel ver ti cal sec tions. For most of the de pos -
its, the vol umes from the 3D geo log i cal model are slightly
higher as com pared to those from the study on re serves. That
can be ex plained in such a way that the 3D model has a higher
res o lu tion than the par al lel ver ti cal sec tion method. It is hard to
quan tify which method is better, but for min ing pur poses, both
give a satisfactory result. 

CONCLUSIONS

The pa per pres ents the ap plied workflow for con struct ing a
re li able high-res o lu tion 3D geo log i cal model based on va ri ety of 
in put data. The workflow can be ap plied in solv ing sci en tific
prob lems of palaeogeographic re con struc tion of baux ite de pos -
its based on their ge om e try and ge om e try of palaeorelief sur -
face, and in ter pre ta tion of sedimentological and struc tural evo -
lu tion of the area. In put data, like bore hole logs, geo log i cal
maps and cross-sec tions, can be op ti mized and re in ter preted
with re spect to spa tial ge om e try of geo log i cal bod ies in the

model. There fore, in put data can be re as sessed and im proved,
es pe cially the bore hole logs. The model also rep re sents the ba -
sis for plan ning on go ing re search and min ing ac tiv ity. Based on
this model, de vel op ment of new adits and tun nels can be
planned with re spect to faults, fault zones and rock types in the
hang ing-wall and footwall to baux ite de pos its. There fore, the lo -
ca tion and length of the roof sup port can be es ti mated, as any
other ge ol ogy-re lated dif fi cul ties dur ing min ing. Fur ther more,
newly found de pos its could be quickly char ac ter ized by con -
tour ing which as sures eas ier vol ume cal cu la tion of de pos its.
The con structed model is eas ily upgradable with new data. This 
is im por tant be cause there are con stantly on go ing re search ac -
tiv i ties: plan ning, locating and drilling boreholes, constructing
the underground mining objects, etc., which can be easily
imported into the model.

The next phase in the mod el ling workflow would be the de -
vel op ment of a 3D geo log i cal model of two neigh bour ing baux -
ite-bear ing ar eas, Bešpelj and Poljane. Mod elled area of this
size would be suited for more re gional palaeogeoraphic and
tec tonic in ter pre ta tion of the area. 
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Fig. 17. Mod el ling workflow for the 3D model of the baux ite bear ing-area Crvene Stijene
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Fig. 18. 3D solid mod els of baux ite de pos its
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