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ABSTRACT

Estimating hydraulic properties of highly heterogens reservoirs is still a problem difficult to wal especially
when available data are few and poorly distributath an estimate is still necessary to developenical models
for resource management of these reservoirs. IiR#priblic of Djibouti, the basaltic reservoirs #re main source
of water supply. Djibouti, the capital city, is esfrlly supplied with water from the Gulf basaltquifer. The
sustainable management of this reservoir is cugrenpriority, since its resources are overexpthit€he objective
of this work is to analyze several geostatisticathnds (ordinary kriging, cokriging and krigingtkviexternal drift)
and compare their performances to estimate theeptiep of highly heterogeneous reservoirs.

The Gulf basaltic aquifer is strongly heterogenedie transmissivity (T, m#/h) data are few andstved mainly
along the coastline. However, several geophysgtalveys were undertaken over this basaltic reserfbipresent,
a great deal of geoelectric data (transverse aggis{ R ohm.m?), almost uniformly distributed, anailable.

Performances of the geostatistical methods aresssdaising the cross-validation procedure. Thdtseshiow that
ordinary kriging, which is a univariate method,tie least suitable method to assess the transiityssifv the

basaltic aquifer. The use of the transverse remistéR), as an auxiliary variable, much more dgnsaimpled than
the principal variable (T), can significantly impethe estimation of T. Comparing the cokriging dnel kriging

with external drift, shows that KED is the bestimastion procedure of the transmissivity of this Hiig

heterogeneous reservoir.

INTRODUCTION

Basaltic volcanic rocks form aquifers which cante@m significant groundwater resources and reptetsenmajor
water supply source (Krivochieva and Chouteau, 200B8e structure of these aquifers can howeverttzngly
heterogeneous and show high variability in resempamperties (Livet et al., 1999 . Sruoga et @02 ; Jalludin and
Razack, 1994), which actually constitutes a reifficdity when one aims at the identification oktfe aquifers. The
resources of these aquifers can accordingly be glyoexploited, resulting in overexploitation and adjty
deterioration.

This situation prevails in the Republic of Djibquai country of 23000 km2 and 650000 inhabitanstéztan the
Horn of Africa at the crossing of the Red Sea dmal Ihdian Ocean (Fig.1). The territory of Djiboigi mainly
covered by volcanic rocks (more than 75%) as altrefuthe Red Sea, Gulf of Aden and East Africaftsri
spreadings. The country undergoes an arid climatk does not possess perennial surface waters. Whtey
resources are almost solely provided by aquifezaté in volcanic rocks.
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Figure 1: Geological setting of the Gulf basaltic aquifer.

The city of Djibouti, capital of the Republic, isigplied with drinking water, abstracted from thelfChasaltic
aquifer. The steady and drastic increase in wagenashds, due to the rapid development of the capitaicularly
during the last two decades, has led to an interesiploitation of this aquifer and has severelyletegl its reserves
and deteriorated its quality (Houssein and Jalludi96 ; Jalludin and Razack 1997). An optimal aunstainable
management of this aquifer must be undertakenderdo prevent an irreversible deterioration ofésources. The
evaluation of this aquifer hydrogeological propestand the elaboration of a management numericdéhzoe the
principal objectives of a large research prograomd¢hed by the authorities. All the transmissivigtad available
since the Sixties were assembled in a databadedida& Razack, 2004). However, transmissivity dafdhe Gulf
aquifer are still few and irregularly distribute(Fig.2). Upscaling these few data at the scalenefdquifer is a
prerequisite, before undertaking a valuable modetask.

This paper is focused on the estimation of thestrassivity of this strongly heterogeneous aquifégth the use of
geostatistical methods (Isaak and Srivastava, 1RB&nidis, 2000). A noteworthy advantage of getistias is that
these estimation procedures take into account gh#das variability of the data. This propriety issential when
dealing with very highly heterogeneous medium sashthe Gulf basaltic aquifer. Three methods arapewed,
ordinary kriging (OK), cokriging (COK) and krigingiith external drift (KED). OK is a univariate esttion

method, which uses only the available data of tliecjpal variable to estimate. COK and KED are Iinaltiate

estimation methods as they use the principal viriabt also one or more secondary variables whietsampled at
much more locations over the study area. In theratase, the principal and secondary variablesldhdisplay

significant correlations.

In this study, the availability of a large numbérgeoelectrical data covering the aquifer systeras wxploited as
secondary data in the COK and KED procedures. TliEhasaltic aquifer was subjected to a numbereafedectric
surveys in the Sixties. Accordingly, geoelectri¢adare quite numerous and are distributed almost the whole
area of the aquifer (Fig.3). Comparison of theatdht estimation methods, (OK, COK, KED) is madaag the
cross-validation procedure (Isaak and Srivastag®89;l Clark, 1986). The following points will be ddoped :
statistical analysis of available transmissivity, (fiZh) and transverse resistance (R, ohm.m?) daistical

ARGEO-C3
THIRD EAST AFRICAN RIFT GEOTHERMAL CONFERENCE
Djibouti, 22 — 25 November 2010



regression between T and R data ; variographicyaisabf T and R data; comparison of the three geistital
estimation methods ; estimation of the transmigsivsing the best geostatistical method. .
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Figure 2: Distribution of the transmissivity data
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Figure 2 — Distribution of the transverse resistafiR, ohm.m?) data
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Summary of univariate and bivariate geostatisticahalysis

A few noteworthy features regarding the geostat$tmethods used in this study are highlighted unegter. A
detailed presentation can be found in basic gdsttatreferences (Isaaks and Srivastava, 198%anligis, 2000;
Clark and Harper, 2000).

A geostatistical estimation procedure is twofdMhen the variable of interest is unique (say Z#, first objective
is to describe the spatial correlation between $amppints. This is achieved by calculating the agram, which is
defined by the following equation:

()= E[2 (x+h)-z2 ()] 8

where h=xx; ; E: mathematical expectation. The variogram éslihsic tool for geostatistical analysis. It shoes
spatial variability of the regionalized variablehé'second objective is to provide the best estonatf the variable
Z at unsampled points. Contrary to other estimatEghniques, Geostatistics takes into account tieervable
spatial correlation between sample points to ptetiie variable at unsampled points. The geostagistinivariate
estimation method used in this study is the orginaiging (OK). The kriging estimator (Eq.2) atpaint X is

written:

N
Z*(Xo) = Zr*) = ZAiZ (Xi )
=1 (2]

0 is a linear weighted estimator, N is the numbewalies involved in the estimation within the sbamg
neighbourhood and; are weights. The OK estimator should satisfy twajanconditions, called the unbiasedness
and optimality conditions. These conditions stipailnat the errors of estimate (differences betviberirue values
and the estimated values) should have a mean tmgmeto and a minimum variance. They are writtespectively:

Ez*-2,)=0 3]

Var (Z*-Z,) minimum [4]

In many cases, the principal variable Z is undead) whereas one (or more) secondary variableaai¢able at
much more sample points. In such cases, the segowaadables, which should be correlated with thiagpal one,
can be used to improve the estimation of the goalcvariable Z. Two bivariate geostatistical methodhich use
one secondary variable densely sampled, are impieaién this study : cokriging (COK) and krigingtiviexternal
drift (KED).

Cokriging requires the variogram of the principalriable Z (Eg.1), the variogram of the secondaryaléde Y
(Eq.5) and the cross variogram (eq.6) of both demZ and Y :

W (0)=ZE[(¥ (s )= (9] g

Yar ()= 14, (n) = % E[(Z (x+h)-Z (x)) (v (x+h)-v (x))] 6]

The variogramy(h) oryy(h), as stated above, shows the spatial variatufigne variable, whereas the cross
variogram,yzy(h), shows the spatial covariability of one varahilith the other.
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Cokriging is the multivariate extension of krigitigat allows the inclusion of more readily availalaled
inexpensive attributes in the prediction processe Tokriging estimator is also a linear estimatbrweights
Ai (principal variable) an@; (auxiliary variable) and is written:

N M
Z*(xo)=> Mz, +> BY, [7]
i=1 =1

where Zand Y are the values of variables Z and Y measurediatgoand j respectively ; N and M are the number
of points of measurement of variables Z and Y witthie searching neighbourhood;; andf; are unknown. The
COK estimator should also satisfy the unbiasedaredsoptimality conditions.

Developing equations [3, 4] leads to a system ifitkg (or cokriging) equations written in termstbg variograms
and cross-variogram. Solving these systems yi¢ldd\t weights\; to be used for OK estimation [eq.2] or the N
weightsA; and and M weight§; to be used for COK estimation (Eq. 7). The krigetineate (Eq.2) or cokrigged
estimate (Eq.7) can be calculated.

The variance of the errors of estimate (krigingafaeze) is given as:

N
0% (%) =Var(Z* =2,) = > A% = %)+ Ko
= [8]

where po is the Lagrange multiplier. The expressibthe co-kriging variance can be found in gedstiabl basic
references.

The variance of the errors of estimate is an irtdicaf the confidence to be granted to the krigimgcokriging
estimates. The lower the variance, the higher timéidence.

One should note that OK and COK takes well intaoact : i) the spatial positions of the point todstimated and
the known points; and ii) the spatial variabilitiyitbe variables through the variograms and thessvasiogram.

Kriging with external drift (KED) is an alternativeo co-kriging. In this case, the auxiliary vari@ab¥(x) is
considered as a second random variable and igpreted as a drift or trend that may follow the pifal variable
Z(x) throughout the study area. Z(x) may thus beressed as (Wackernagel 1995):

Z(X)=a+bY(X +R(X [10]

where a and b are constants, Y(x) is the auxiNarable (or drift function), R(x) is a residue.

To be useful the drift function either need to bergwhere known or can be easily and preciselyrpatated
throughout the study area. KED assumes that, rdtier being constant, the mean E[Z(X)]s a function of
location, specifically a linear combination of ashéft function which varies according to location :

E[Z(X)] =a+b Y(X) [11]

The residue R(x) is assumed to be an intrinsicuesi

E[R(X)] =0 [12]

The principal variable Z(x) is then modeled as astationary variable whose non-constant averafyealy
equal to the external drift. The KED estimator o as the OK and COK estimators, satisfy the asdiiness
(Eq.3) and the optimality (Eq.4) conditions.
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Cross validation

The performances of the estimation methods aresssdeusing the cross-validation procedure (Isaaks a
Srivastava, 1989 ; Clark, 1986). This procedure ganmes actual values with estimates and comprigefotlowing
steps : i) eliminate a single value from the datg §) estimate a new value at this location ¥& surrounding
values using OK, COK or KED, iii) calculate the @adterror using (Z - Z;) (actual value-estimated value), and iv)
find out the theoretical error using the estimatigariance (or its square-root, the standard derati This
procedure is repeated for all the data set. Ifethtémation is accurate, the following results stdug obtained : i)
the average of the actual errors should be zer@®JEdj) their variance should be a minimum (Eq.4)) the ratio

of the variance of the actual errors to the aveesgienation (kriging or cokriging) variance (Eq.E3)ould be one :

N N
{%Z(z; —zi)z} %205:1 [13]
i=1 i=1

A standardised W statistic can also be calculatedokows (Clark, 1986) : each actual error is ded by the
appropriate estimation standard error. This W stiatishould then average zero and have a standsidtidn of
one.

GEOLOGICAL AND HYDROGEOLOGICAL SETTING OF THE GULF BASALTIC AQUIFER

The regional geodynamic framework is related toetkggansion of the tectonic plates of Africa, Arahial
Somalia since 30 My, during which the principalcanic series, basalts and rhyolites, that are féomride area of
Djibouti, were laid down (Jalludin, 1993). Basatfisthe Gulf (2.8-1 My), which are the subject biststudy, are
located close to the town of Djibouti (Fig. 1). efhcover a surface of 560 km2 until the town ofafahd the massif
of Bour Ougoul towards the West, and until Hindddroyada towards South-west. They are presentéueifiorm
of a plateaus which go up to 200 meters in altitusieveral principal wadis (temporary rivers), AmioAtar,
Damerdjog and Douda, cross this formation and siomest sculpt canyons whose cliffs exceed severa tén
meters. Many volcanic cones of different sizesvstiee plateaus, in particular in the Southern part.

The Gulf basalts are composed of basaltic flowshviittercalation of sedimentary layers, scoria and
paleosoils. They are characterized on the surface Isignificant weathering in balls. The thicknexsthis
formation is very variable because of the playhaf hormal faults and the paleoreliefs highlightgdgkeophysics
(CGG, 1965-1987) and drillings. It must reach Bters at least, in particular near the well PK20.

Basalts of the Gulf lie in discordance on Somadisdits (7.1-3 My) in the South and on Dalha bagaks
3.4 My) and Mabla rhyolites (15 My) in the Wegthis contact is well determined by the geomorphickgcriteria
in the West and South-west.

Several networks of fractures affect the Gulf basdlhe East-West fracturing direction is the nsghificant and
results probably from the first deformations linkeith the pouring of the basaltic formation and evhivould have
been reactivated until recently. The other dimiof fracturing are N140°-150° and NS-N040°. ©h&rops are
characterized by weathering and hydrothermalisneirTéffects are all the more marked as the formaitioolder.
The hydrothermal activities result in secondary eméh deposits and accordingly reduce the pernigabil the

basalts.

The Gulf basaltic aquifer is prone to an intenspla@iation for the drinking water supply of the towef Djibouti.
This exploitation has increased regularly with sleeial and economical development of the Capitdlamounts to
about 35 000 thper day (12.7 millions fper year) provided by 32 wells. The abstractioe & the wells is

included between 20 and 100°m One notes a regular degradation of the qualftyater highlighting the
overexploitation of the aquifer.

Because of the arid climate, annual precipitaticeech only 150 mm on average. The surface of lzabaing
impermeable because of surface weathering, theargehof the aquifer occurs exclusively in the streaeds
occupied by alluvial deposits which represent derinediary aquifer before basaltic aquifer rechddgdludin and
Razack 2004). Recharge of the aquifer has beematsti by BGR (1982) as the equivalent of 5 % of the
precipitations (150 mm). The annual average reeh&gestimated between 10 and 15 millions cubicerseper
year indicating that there might be overexploitatid the aquifer.
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Transmissivity data. Statistical and variographioalyses

Jalludin & Razack (2004) elaborated a databasdl dhiextransmissivity data available regarding @elf basaltic
aquifer and other basaltic aquifers in the Repubfi®jibouti. Since then this database has conistdogen kept
updated. At present, 42 (forty two) data of trarssivity characterizing the Gulf basaltic aquifee available
(Fig.2). The summary statistics of these transwiitysvalues deduced from these tests are provideéthble 1. The
transmissivity values of the Gulf basaltic aquifenge between 0.57m" and 3600 rth’. The average is 402°m*

, the standard deviation is 676 and the variation coefficient is 168 %. These stas emphasize the strong
heterogeneity of this aquifer.

Table 1. Summary statistics of the transmissivityr2/h) database for the Gulf basaltic aquifetuding T values
deduced from pumping test data and estimated famected specific capacity.

. - Standard Coefficient of
maximum minimum average deviation variation (%)
3 600,0 0,5 402 676 168

The frequency distribution of the transmissivityalaet is reported on a log-probability diagrany(Fé 4). Most of
the data are plotted along a line, which indic#ibes the data are lognormally distributed. Nargttest is provided
here. However lognormality of the transmissivitys veidely been demonstrated in the literature (Delime, 1979 ;
Neumann, 1979) and is at present accepted asrarsiafproperty of heterogeneous media.

The experimental variogram of the log-transmisgiVibgT) is reported in figure 5. It is charactedkzby no drift, a
sill and an autocorrelation between the pointsléav distances It shows that logT has a regionalisadable
behaviour. No nugget effect was depicted which redhat there is no lower scale structure. The ttea model
fitted to the experimental logT variogram is an @xgntial model, whose general equation is :

3h
¥(h)=Co +Cy[1-expC—)] (14)

where G is the nugget effect, C=,@ C, is the sill, a is the practical range (distancevhich 95% of the sill has
been reached) , h is the distance between samplbigs. The nugget effect represents any smalkesdata
variability or possible sampling (measurement anft/cation) errors. The sill indicates the totatisace. The range
is the distance between sampling points at whiehdifl is reached. Beyond the range, the varianeasured
between the data points is independant from theemive data points and there is no longer a catiozl between
the points.

The expression of the exponential variogram of T9gg :

3h
h)=0.0+0.63[1-¢e —_— 15
y(h) [ Xp65168] (15)
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Geophysical prospection and transverse resistanata

Several geophysical studies were undertaken onGthié basaltic aquifer in order to develop the grdwater
resources supply for Djibouttown (BGR 1982, 1996; CGG 19-1987; ARLAB 1984; ISERST 1997
Progressively, these geophysical surveys coveretbstl the whole Gulf basaltic aquifer. The Schlurgke
electrical method (Astier 1971) has been almostusieely applied. For the presentudy, all the available
transverse resistance (R, Ohm.m?) data were cetlecs they are reported in these surveys. Theetegtrical
soundings were not reinterpreted. A number of 3a8sverse resistance data were thus collected. ateeguite
homogaeously scattered over the aquifer surface (Fic

Statistics on the transverse resistances dataiaa o Table 2. The average is 2265 ohm.m?2 andedficient of
variation of 55%.Transverse resistance values \matwveen 235 ohm.m2 and 5400 ohm Low values are
generally significant of the presence of clay matewhile high values would result from imperviobasalts

Table 2. Summary statistics of the transverseteegie (R, Ohm.m?2) database for the Gulf basatfigfar .

Coefficient of

maximum minimun average Standard deviatipn T
variation (%)

5400 235 2168 1257 58

The frequency distribution of the transverse rasist is plotted on a I-probability diagram (Figure 6). As fi
transmissivity, this diagram shows that the trarsweesistance data are lognormally distributeds Tasult is
consistent with those prusly published in the litterature (Razack anda®i, 1988 ; Ahmed et al., 198

The experimental omnidirectional variogramme of tbgarithm of transverse resistance (logR) is pr&sk in
figure 7. It is characterized by no drift, a siichan autcorrelation between the points for low distanceswshg
that the transverse resistance has a regionaleeable behaviour. It also indicates the preserice secon-order
stationnarity for an h of about 6 k
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The theoretical model fitted to the experimentgRovariogram is an exponential model, whose egnasio

3h
h)=0.0+0.081 [1-exp-———
v(h) [1-expt508d!
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REGRESSION ANALYSIS OF LOG (TRANSMISSIVITY ) VS. LOG(TRANSVERSE RESISTANCE)

Previous studies on the relationship between tressévity and transverse resistance investigaterkethtypes of
statistical relationships : linear form T = a + ERponential form T = dband log-log form logT = a+blogR (i.e.
geometrical ) (Razack and Sinan 1988 ; Kosinski Ketly 1981; Heigold et al., 1979 ; Mazac et al98%).
However when the variables are lognormally disteblu a log-log regression yields the best estim@iemtley,
1986 ; Razack and Huntley, 1991).

The log(T) data vs. log(R) data are reported irurkg8. The diagram shows that both variable arealily
correlated. The value of the coefficient of cortiela is R = 0.71, which is quite significant. Suahsignificant
correlation between log(T) and log(R) allows thasuhdertake estimation of the undersampled pradoipriable
(log transmissivity) using the widely sampled aiaxyj variable (log transverse resistance).

Cross validation results and discussion.
The cross validation results are summarized ind 8bIThe following comments can be drawn :

- The errors average (Eq.2) is close to zero. Thesvwalues are provided by OK and KED.
- The errors variance (Eq.3) is the lowest for KED.

- The average of the Wi statistics is close to zewb its standard deviation close to one for the ghous.
Best values are however related to OK and KED.

- The ratio Errors variance/estimation variance (B)i4 close to 1 for the 3 methods.

The correlation coefficients between observed ardlipted values of log(T) are not significant foK (Rok(obs,
pred) = 0.10] and COK [Rk(obs, pred) = 0.13]. The highest correlation isvgted by the KED procedure
[Rkep(obs, pred) = 0.50].

Table 3 Comparison of the cross-validation performanc@sgithe OK, COK and KED estimation procedures

OK COK KED
R(obs, pred) 0.1 0.1 0.5
W Average 0.04 0.34 0.08
W SD 1.05 1.16 1.08
Error Average 0.04 0.24 0.06
Error SD 0.78 0.79 0.69
Error Variance (1) 0.61 0.62 0.48
Estimation Variance (2) 0.52 0.46 0.41
(D/(2) 1.2 1.3 1.2

Accordingly, the cross validation clearly demontgsathat OK and COK are the least performing estoma
methods. Cokriging, though using a densely sampledliary variable, does not provide in this studlye best
estimation, contrary to what was observed in previstudies (Aboufirassi & Marino, 1984).

The best estimation of the logT is provided by KeD procedure. The use of logR data, as auxiliaayiable,
proved quite useful when performing estimation g${fD.

Estimation of the logT of the Gulf basaltic aquifarsing KED

Estimation of the Gulf basaltic aquifer log(transsivity) using KED has been carried out on a grithva mesh
size of 1 km x 1 km. As transmissivity is assumsatropic, the KED is performed with a moving neighthood
that uses a circle radius search. The KED procegdurduces an unbiased estimation of logT. Thishes hest
estimation of logT that can be presently achiewanl,the basis of the available transmissivity arahdverse
resistance data.
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Figure 10. KED variance associated with the estimatiorogfTl

Figure 9 shows the distribution of the transmidgiviT, m2/h) throughout the Gulf basaltic aquiferEhis
distribution is obtained by backtransform of théireated logT distribution using KED. This estingatiwill be
used in forthcoming numerical modeling works of thef basaltic aquifer.

Figure 10 shows the estimation variance associaittdthe estimation of logT. The higher the varienthe more
uncertain the estimation of logT. The figure resdawever that the places where the estimatioighdyhuncertain,
are rather few. This might be due to the densatypbad auxiliary variable (transverse resistancehR.m?) used
with KED.
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CONCLUSION

The determination of the transmissivity fields iseocof the most critical issue to which the hydalggists are
faced. An attempt has been undertaken on the bhgisoelectrical properties to estimate the trassivity field of

the Djibouti basaltic aquifer using geostatistipabcedures. Three estimation procedures have bempared,

ordinary kriging (OK), cokriging (COK) and krigingith external drift (KED). OK is a univariate methaas it uses
only the data of the principal variable, while C@Kd KED are bivariate method as they use the data auxiliary

variable, which can be much more densely samplad the principal variable. The auxiliary variabked in this
study is the transverse resistance.

The main findings of this study are summarizedodlews :

1. Transmissivity (T, m?/d) and transverse resistdfR;ehm.m?) are lognormal variables.
2. Both variables are spread over several orders ajnitale, revealing the strong heterogeneity of the
aquifer.
3. A significant statistical relationship was foundween logT and logR, along with a correlation cioéfht
R=0.71.
4. The geostatistical procedures estimation perforeaneere assessed using cross-validation. This test
showed that the best logT estimates are provide<Hiy.
5. An estimation of the logT of the Gulf basaltic dguiwas performed on a regular grid of 1 km x 1 km
using KED.
The geostatistical approach proved useful to pl@wa reliable estimation of the log(transmissivity)the Gulf
basaltic aquifer. This approach incorporates aldkailable data on transmissivity and transveesestance. This

transmissivity estimation will be used as an inpuforthcoming modelling of this important aquifehe water
resources of which need to be optimally managed.
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