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Application of geostatistical methods for reconstruction of lithological and
mineralogical structure of uranium deposit by interpolating well data

During the development of uranium deposits that use in-situ leaching extraction method,
mineralogical and lithological structure of sub terrain media remains unknown and is limited to the
data along the wells. In order to optimize the development process, the scheme of geotechnological
polygon should be positioned by taking into account lithological and mineralogical characteristics
of the deposit. Given article describes results of modeling of lithological and mineralogical structure
of uranium deposit by using inverse distance weighting and kriging methods, that are widely used
in oil and gas industry. These algorithms are part of interpolation module of geotechnological
simulator software that was developed and integrated to the Institute of High Technology
(KazAtomProm, Kazakhstan) for the purpose of optimization of the processes of uranium deposits
development and production. The results show that these two methods can be practically used in
Kazakhstan’s uranium industry and the comparison show that values of uranium concentration,
permeability coefficient and lithological rock type provided by kriging algorithm are more reliable
and closer as compared with other method when applied on the uranium deposit. The developed
software that focuses on uranium deposits would eventually reduce costs of Kazakhstan’s mines
related to purchasing of costly CAD systems and drilling expensive exploration wells.
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Aikynos [.E., Kypmamnceitir M.B., Tynararaposa M.C.
YHFBI OOUBIHAAFBI MAJIIMETTEP/Al MHTEPHOJSINSIAY aPKbLIbI, TIJIACTTAFbI
MHUHEPOJIOTUSIJIBIK, I€H JINTOJIOTUSJIBIK, KYPBLIBIMBIH KAaNTa KAJIIBIHA KEJTIipy YIIiH,
reoCTaTUCTUKAJIBIK dIiCTEPIi CAJBICTBIPY

YpaH KeH OpHBIH Kep acThl MafiMajay 9/IiciMeH OHIIpy Ke3iHJie IJIACTThIH MUHEPAJIOTUSIJIBIK, TIeH
JINTOJIOTUSLIIBIK, KYPBLIBIMBI O€JITICi3 KOHE TeK YHFBI OONBIHIAFBI MOJIIMETTEPMEH IIIEKTE/ITeH. OHJIEY
MIPOIIECIH OHTAMIAHABIPY VIIMIH Te0TEXHOJOTUSIBIK, TOJUTOH CXeMAChIH OPHAJIACTBIPY OapBICHIHIA
MIHEPAJ KeH OPHBIHIATBI JTUTOJOTHSIBIK, [IEH MITHEPAJIOTHSIJIBIK KYPBLIBIMBIH ecKepy Kepek. bepi-
PeH MaKaJia/ia YpPaH KeH OPHBIHBIH KYPBIJIBIMbIH WHTEPIOJSIINUICHl KAITBIKTHIKKA Kepi ©JIIIeHreH
MEH KPUI'MHI 9/[iCTEPIMEH YKACAJIBIIL, HOTUZKEJIEP] CaIbITChIpbLIral. OChl €Ki 9/1iC MyHail MEH ra3 uH-
JYCTPUSICHIH/IA KeH KOJJIAHbLIAIbl. KeH OpHBIH curnaTTayra apHaJFaH ecenTey ajJropuTMi ypaH KeH
OPHBI YKYMBICBIH OHTAJIAHIBIPFA HETI3JEITeH Te0TEXHOJOTUSIBIK, CUMYJISTOP MOJYJ OOJIBII Ta-
onL1aa6e1. HoTmKecinge, cumarTaarad eKi 9/1ic, ypaH WHAYCTPUICHIHIA KOIAAHYFa OOTaThIH IBIFBIH
kopcerTi. OChl €Ki 9J1i¢ HOTHUKEJIEPIH CAJIBICTHIPY KE3BIHJE YPaH KOHIEHTPAIUSICHIH, OTKI3TIIITIK
KO3 DUIMEHTI MEH JIMTOJOTUSIBIK, TUIITEPI CUAKTHI TayKBIHBICTAPBIHBIH KACUETTEPiHIH WHTEP-
ITOJISAIUSICHI Ke3iHjle KPUTHHT 9ici aca ceHiMJi »KOHe IIbIHJIBIKKA YKAKbIH HOTHU:KeJjep OepeTiHiH
KOPCEeTTi. TabbLIAIHI.

Tyitin ces3aep: WHTEPHOJIANNSI, T€OCTATUCTUKA, KAIIBIKTHIKKA Kepl OJIeHTeH 9ici, KPUTHHT,
ypaH, BapuorpaMma,
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Aitxynos JI.E., Kypmanceititr M.B., Tyuraraposa M.C.
CpaBHeHUE reoCTATUCTUIECKNX METOIOB [IJisi BOCCTAHOBJIEHUS JIUTOJOTUYIECKON U
MHMHEPAJIOTUYECKOI CTPYKTYP ILJIACTA IIyTEM WHTEPIIOJISIINYN CKBAa>KWHHBIX JTAHHBIX

[Ipu paspaboTke ypaHOBBIX MECTOPOXKIEHWUI METOIOM IOI3EMHOIO BBIIEIaYNBAHIS MAHEPAJIOT -
YeCcKOe U JIMTOJIOTMYECKOEe CTPOEHHE MeCTOPOXKIEHUI OCTaeTCs HEU3BECTHBIM M OI'PDAHUYEHO JIMIIH
JAHHBIMU Ha CKBaXKWHAX. JIJIs onTUMHU3AIIH IpoIriecca pa3paboTK HEOOXOIUMO PACIIOIOKUTH CXe-
MY I'€OTE€XHOJIOTMYECKOI'O IIOJIUIOHA C y4YeTOM JIMTOJIOIMYECKOI'O0 U MUHEPaJIOTMYeCKOI'O0 CTPOEHUIt
MECTOPOXKJIEHNI MUHEpaJoB. B JaHHOi cTaThe NMPUBEIEHBI PE3YAbTAThl MOJICJIMPOBAHUS JINTOJIO-
TUYECKOr0 U MUHEPAJIOTHIECKOIO CTPOEHUH YPaHOBBIX MECTOPOK/IEHUs] METOIaMU OOPATHBIX B3Be-
MIEHHBIX PACCTOSTHUI M KPUTHHTA, KOTOPbIe OOIMUPHO IMPUMEHSIOTCH B HeTEra30Boil HHIyCTPUH.
VHoMsiHy ThIE aarOpUTMbl PACUeTa XapPAaKTEPUCTUK MECTOPOXKICHUI ABJISIOTCS MOIYJIEM pa3pabo-
TAHHOI'O ABTOPAMHU €0TEXHOJIOIMTIECKOTO CUMYJIATOPA, CIIYKAIIEr0 JIJIs ONTHMU3AINN PAbOTHI ypa-
HOBBIX MECTOPOXKJIeHN. Pe3yabTaTsl 0TOOpaKaioT, 9TO JIAHHBIE METO/Ibl MOTYT OBITH ITPUMEHEHBI K
YPAHOBOIl UHJyCTPHUH, U B CPABHEHUM JAPYT C APYTIOM, KPUTHHT IIPEIOCTaBIIsieT Oojiee HaJeKHbIE 1
6IM3KMe K PeaJIbHOCTH Pe3yJIbTaThl IIPU WHTEPIIOISAINA TAKUX CBOUCTB TOPO/Ibl KAK KOHIIEHTPAIUS
ypana, K03DQUIMEHT TPOHUIAEMOCTH U JINTOJOTUIECKUI TUI TOPO/IbI.

KitroueBbie cJI0Ba: HWHTEPIOJSAIHS, T€OCTATUCTHKA, METO OOPATHBIX B3BEIIEHHBIX PACCTOSHMUIA,
KPUI'UHI, YpaH, BapruorpaMMa.

1 Problem statement

1.1 Background

According to World Nuclear Association 12% of World’s uranium resources can be attrubuted
to Kazakhstan, which had produced as much as 22830 tonns of uranium by 2014. Since 2009
Kazakhstan has become an undisputable leader in uranium production. Almost 2/5 of planet’s
uranium was produced in Kazakhstan [3].

The in-situ leaching (ISL) is a leading method of uranium production in many countries,
including USA and Kazakhstan. ISL requires injection of various solution into subterrain
porous media in order to dissolve minerals containing uranium, followed by extraction with
help of production wells [4].

The core of the problem lies in expensiveness of exploration procedures. So far, uranium
exploration relies solely on well drilling, and on using different probes to determine uranium
concentration in stratum. Due to the costliness of the drilling process and relatively far
distances between wells, interpreting lithological data and uranium concentration between
wells becomes a challenge [8]. Moreover, a hydrodynamical model of leaching solution flow in
subterrain porous media would make it easier to monitor and optimize the production process,
thereby reducing the expenses connected to uranium production. A simulation software that
was developed under Kazakhstan government funding project which gives the ability to
determine various geological and hydrodynamical properties and consists of the following
modules:

1. geological modeling;
2. hydrodynamical modeling;
3. mass transfer module and

4. streamline module.
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The construction of hydrodynamical model relies on existing hydrodynamical properties of
subterrain environment. However, the exact (measured) data is only known at wells, therefore,
geostatistical methods must be used in order to determine these properties in between wells.
Hence, accuracy of hydrodynamical model is directly dependent on accuracy of geostatistical
methods used in calculation. In the context of this article two known geostatistical methods
were implemented: inverse distance weighting interpolation and kriging. While these two
methods are extensively used in oil and gas industry, their application to uranium exploration
and production should be studied.

1.2 Problem statement and research approach

The input data consists of lithological and hydrological information collected from 35 real
uranium production wells located in rollfront deposit in Kazakhstan. Uranium leaching wells
are usually positioned in a shape of hexagon with one production well located in the center
and six injection wells around it [5] (Figure 1.2). The reliability of inverse distance weighting
and kriging methods in the context of uranium resources will be estimated using following
steps:

1. remove one well with its data;
2. interpolate data using respective method;

3. compare results with measured data

35 wells used in estimation are shown in a (Figure 1.2). As an example, a well which is
removed for reliability estimation is circled in red.

2 Existing calculation methods

Several geostatistical interpolation methods exists that can be used to interpret the data
between the wells such as linear interpolation, inverse distance, kriging, Discrete Smooth
Interpolation, Sequential Gaussian Simulation etc |1, 2].

Two of them were developed and applied to the problem: inverse weighting distance and
kriging. Each of mentioned methods has its own specific characteristics that affect results
and performance.

2.1 The inverse weighting distance method

The inverse weighting distance method is based on the assumption that nodes of the grid that
are closer to the calculated node has more influence to the resulting value, rather than nodes
that are further away. In order to calculate the value of the node by using this method, the
following two parameters can be used to adjust the resulting value: the degree of influence
and anisotropy, which defines the effect of the direction on the result (Figure 2.1) [1].

The general formula of inverse weighting distance method is as follows:
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Figure 1-The calculation block covering 35 uranium production wells. The well number 22 is removed

from input and used for result reliability estimation
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Figure 2-The impact of surrounding nodes on the calculated node
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where Z*(x) is the resulting value of the calculated node x, which is being interpolated; Z(x;)
is the value at each node z;; d; is distance between nodes x and x;; p is degree of influence of

Z*(z) = (1)
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the node z; at the value of the node z.
This method is also able to take into account the anisotropy of the media, which is
calculated by the following formula:

d=ale —z:)? +bly — 4:)? + c(z — 2)?, (2)

where a, b and c¢ are the coefficients of anisotropy in each direction.

The advantages of the inverse weighting distance method lies in its simplicity and effective
computational resource use. The method does not take into consideration any statistics
regarding the distribution and shape of the values in media |1, 7].

2.2 Kriging interpolation

Kriging is one of more favored and effective methods of interpolation that is often used in
interpretation of sub terrain data. In comparison to the inverse weighting distance, apart from
anisotropy, kriging defines a mathematical model by which particular points have particular
influence (the weight) on a calculated node. This model is called a variogram [2].

There is a whole family of kriging algorithms that can be applied depending on the
specific characteristics of the case. In the scope of this article Ordinary Kriging was used
which consists of the steps described in following paragraphs.

Firstly, a variogram must be defined by using the following formula:

1(h) = 3B + ) - Z(@) )

where (h) is a value of a variogram function for the distance between nodes equal to h,
and a values Z(x), Z(x + h) at the nodes = and x + h respectively. Function F is describes
arithmetical mean.

By choosing several distances h and by calculating the value of a variogram for all
nodes located at that distance, it is possible to find an approximate model, that describes
dependence of a variogram from the distance between nodes. The following three models are
frequently used [2]:

1. Spherical model

sill(3h — 2 h<a
B) — 22~ 243 = 4
(k) {sill h>a (4)

2. Exponential model
~(h) = sill(1 — e &) (5)

3. Gaussian model

n2

v(h) = sill(1 — e «2) (6)
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In all cases described above sill becomes variogram’s upper limit, a (also known as range)
is a value along the axis h, after which the variogram ends its fluctuations. In other words,
influence of nodes that are located at the distance further from a, is so insignificant, that it
can be neglected. The value of sill can be manually picked up, or determined by the following
formula:

sill = 0, = E(x — E(x))?, (7)

where o, is variance.
As an alternative the function of variogram can be substituted by a function of a co-
variogram:

C(h) = C(0) —v(h); C(0) = o, = sill. (8)

Secondly, weights must be calculated for each node. In the process of measuring value for
the unknown node the weight of influence A; must be calculated for each other known node
by solving this matrix equation:

C($1 - ZEI) C(I’l - (L’g) c. C(l‘l - ZL’n) 1 )\1 C(I - xl)

Czg —x1) Clxg—x9) ... Clxg—x,) 1] | Ao C(x — x9)

Clzp —x1) Clxy—ax2) ... Clrp—x,) 1] | C(x —zp)
1 1 1 ol | u 1

Lastly, the value at the node must be calculated. After all weights were successfully
calculated the value at the node x is determined by the formula below:

Z*(z) = ZAZZ(%), (10)

where the condition )" | A; = 1 is mandatory.
In comparison to other interpolation methods, kriging results a has lesser deviation from
the from the actual value [6, 2, 7].

3 Results evaluation

Figure 3 illustrates the results that were achieved by implementing the aforementioned
method (well with data removal). Charts include results acquired from kriging and
inverse distance methods. Results were collected for both filtration coefficient and uranium
concentration (left and right charts respectively). On both charts results of both interpolation
methods can be compared with real data measured with appropriate equipment. Chart on the
left shows filtration coefficient by well height, whereas chart on the right illustrates uranium
concentration on the same well.
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According to International Atomic Energy Agency rollfront uranium deposits that a
prevalent in Kazakhstan are defined as “zones of uranium-matrix impregnations that crosscut
sandstone bedding and extend vertically between overlying and underlying less-permeable
horizons” [9]. Expectedly, filtration coefficient would be minimal close to the top and bottom
impermeable bedding, which is evident on Figure 3. Starting from around 253 meters depth
to 277 meters depth the results start to diverge. At the beginning, Inverse distance method
in particular, gives higher discrepancy from measured data rather that Kriging method.
While being smooth it was unable to predict spikes in filtration coefficient. Around heights
260 and 270 Kriging provided relatively comparable spikes. For filtration coefficient, total
estimation error of Kriging was less than of Inverse Distance with values equal to 85.2 and
93.3 respectively.
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Figure 3-The calculation block covering 35 uranium production wells. The well number 22 is removed

from input and used for result reliability estimation

For uranium concentration estimation both methods were proven as unreliable which can
clearly be seen on the right chart of Figure 3. Both Kriging and Inverse Distance methods
were unable to predict the abnormal rises and dips in uranium at wells. The total estimation
error of Kriging was again lower that of Inverse distance with values equal to 0.42 and 0.61
respectively.
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4 Conclusion

Overall Kriging provided slightly more reliable results than Inverse Distance. In general,
filtration coefficient results did not have high deviation from measured data. It is clear,
however, that the data provided to Kriging is insufficient for relatively precise uranium
concentration estimation. Chemical, geological and hydrodynamical parameters should be
used in interpolation in order for Kriging or any other method to produce reliable results.

While interpolation methods used for uranium deposits can be improved the technique of
removal of input data from one well can be reused in future. This technique gives ability to
test various methods for their reliability, and provides opportunity to compare them with each
other. This work was accomplished within the "The development of information technologies
to improve the efficiency oil, gas and uranium production"project under financial support
from Ministry of Education of Republic of Kazakhstan.
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