
GEOLOGLCA 1:3 A L CANICA, 19. 3, Sofia, Jun. 1989, p. 97-106. 

An 
(AI 

example of 
Sinn Basin, 

complete study of karst hydrogeology a 
Syria). I. Methodological Principles 

D elcho Mollo v1
, Elly Sark.ees 2 

1Geologica/ Insli/l{[e, Bulgariau Acade111y of Scieuces, 1113 Sofia 
2 General Company for H ydraulic Swdies, Houts, P. 0. Box 752, Syria 

( Accepted /o r publicatiuu September 12, 1988) 

)J. ,wo.t./Oa, 11. Cap1wc - Dpu.trep KO.If ii.ICKCIIO<'O ucc.Jeooaanu.'t <' ru)po,'ev.ru.:uu "opcma (6accei111 A .r Ceu ­
Cuptul) . I. Teopemu'lecKue vcHOabt MellwiJo.w .?u<recKo.:o 1/0oxoiJa. VlcTOYIHfK A Jl CeH HaxOLJ,I1TCi! B uerrTpaJJ bHOH: 
•racT I1 npa6pelKHoro pai1oHa C11p11H. BOL\bl 11CTOYHI1Ka BmfTbiB<HOTCH 6onbW H~1 KapcTOBbiM MaccHBOM, HMew­
llli1M OTMCTKH OT I 0 ,L\0 1500 m HaD, YPOB HeM MOP~!. lfaCTb BO.!.\bl lf3 KapcTOBOrO MacCHBa CTeKaeT B Cpe)..(H3eM­
HOe MOpe. H a Teppi1TOpl111 np11MOPCKOi1 paBHI1Hhl OKapCTOBaliHble H3BCCT11i! KI1 ceHOMaH-TypOHCKOrO 1303pacTa 
nepeKpb!Tbl MO!llHb!M (200-300 m) MepreJJbHb!M 130.!.\0HeflpOHHUaeMbiM KOMflJleKCOM. Ha LJ,HeBHOi1 nOBepXHO­
CTI1 HeT HHKaKHX BH)..(HMbiX npi13HaKOB, KOTOPble MOrJ!H Obi OOIIapy:.t<lfTb MCCTa 110)..\BO)..(HOfO (MOPCKOrO) L(pe­
HalKa. B JTHX ycnOBHi!X OKa3anOCb oqeHb Jtj)cjJeKTHI3HbiM HcnonLJOBatme JiaHHbiX reoTepMK11 11 niJiporeoxH:MHH 
,il.Jli! 11 CCJleJIOBaiiHH L(BH)f(ef!Ri! f10JI1e~ JH blX 130)..1. 

AH aJIIIJ ,iJ.HcjlrpepeHu•mnLHbiX ypaBIICHHfi rcn,1oneperwca H rP •Ii li>TpauHOIIHOi1 .!.\11QJQJYJ IHI noKaJLIBaer, 
'ITO CKOPOCTb ,UB11lKCHHH f10,U1eMHbi X BOA OK ~Hi,I !JaeT OCI!OBHOe 13!ll1i! II HC Ha TC~JnepaTypHbiH 11 fH,UpOrCOXHMI1 'fe­
CK11H pelKHM KapcTOBOr O 6accefiHa. 8bli!CH fiJIOCb, 'fTO B01MO:.KHO HaXO)f(,UeHftC llO,UXOJiil!llHX KPHTepHeB, ,uaiO!llHX 
KJIIO'f K HHTep iJ pt:TUU<HI rCOTCPMH'feCKHX 11 rH,uporeOXHWI'feCK11X pa iJH biX AJUI ueJieH rHAPOL\HHaMHK11 . COBMe­
cniOe paCcMO rpelll lC rHL\PO,UH:fJaMH'feCKOrO, reoTepMH'fCCKOrO lof rH:Ipon::OXIIMH'ICCKOrO npOUCCCOB npcncTaBJJHeT 
cy U.I)IOCTb 11CJ1 0,Jb3YCMOrO Mt:TOL(OJJOrH'I<::<.:oOrO 110,[\XO,Ua. 

Abstract. Tl1e A I Sinn sp ring is located in the ccn1ra l part o f the coastal area o f Syria . It drains off a large karst 
massi f ri sing from 10m to over 1500 m above sea level. Part of the karst runoff wate r i s carried into t ile Med i­
terranean. W i thin t he coastal plain the kar st Cenomanian-Tu ronian limestones arc covered by a thick (200-300 m) 
impermeable marl complex. There are no surface indica tions of likely places of submarine di scharge. Unde r 
the circumstances, the use of geother mal and lly drogeochcmical d ata has proved high ly eff ic ient in studyi ng 
groundwate r flows . 

An analysis of the diffe r ent ial equat io ns of heat transfer and fi lt ra t ion diffu sion has shown tha t ground­
water flow velocity has a m aj o r effect on the temperature and hydrogcoehemi<.:al reg ime in the kars t basin. I t 
has been found that criter ia prov iding t he k ey to interpreting the geothermal and hydrogcochcmical data for 
the purposes of hydrodynamics can be derived. The methodologica l approach used in this study i s essen tially 
a combined treatment o f hydrody namical, geot hermal and hydrogeochemical processe s. 

The powerfu l ka rst spr ing of AI Sinn is loca ted approxim ate ly midway between the tow ns 
of T artu s and Lataheqih. lt is the seco nd large st spring in Syria after Raz a l Ain. Eco no ­
mica lly it is very important fo r th e who le coasta l a rea of Syria pa rt of it s wa ter being used 
for irrigat ion un d anothe r pa rt for supplying a numbe r o f to\vns, villages an d 
indu strial works. Ma ny ex plore rs and surveyors o f the a rea thought that groundwater of 
the kars t basin d ra in s off part ly at the bottom of the M ed ite rranean but no o ne has ye t 
located the points of di sc ha rge or determined the gro undwate r outflow. Submari ne discharge 
of gro undwater is expected a long a front of 20 km, and somewhere a lo ng this strip the re 
arc open cha nn els letting g ro undwater to the sea. The aquifer is covered by a t hick (200-
300 and more meter s) impe rvio us com plex. There a re no direct geological in dicat ion s as to 
the locat io n o f drai nage channel s. 
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That kind of unknowns characte ri zed the si tu a ti on prior to the sta rt of h ydrogeologica l 
explora tion in the AI Sinn basin the ta sk being not on ly to make upjthe g roundwater budget 
in the basin but also to disco\er the pas sages through which groundwater e scapes into the 
sea. Final ly. the karst chan nel s of discha rge were di <,covered a nd reached b y drill-hole s. 
Fountain s o f fresh water spouted a long the coast. T he present pape r describe s th e me rhods 
by whic h t he matter wa s ap proached and which ultimately led to the s ucce ssful co m pletio n 
of hydrogeologica l explora t io n . 

1. Physico-geographical and climatic outline of the bas in 

The A I Sin n basin occupie s an a rea of abo ut 830 ~q . km in the cen tra l part of the Coastal 
Regi on of S) ria. In the west it borders on the Medi te rranean and it s eastern boundar y runs 
a lo ng the ~ urface v.ater shed d ividi ng the El Ghab lowla nd and the Coas tal Regio n. It s north­
ern and so uthern boundarie~ will be defined below. 

Hyp so metric levels in the basin range from zero to 1700 above the sea level. Terrain 
profile ge n e rall y slopes down to th e west. i. e. from the wa ters hed t o the Mediterranea n. 
Th e Coastal P lain is a stri p 2 to 6-7 km wide adjacent to t he <> horc , t o the ea <, t of ''h ich the 
ground climbes rapidly up reac hing heights o f 1500- 1700 mover dis tances o f 18-20 km. 

The mean mu ltiannual sum total of precipitation in the basin is about 1300 mm. Yearly 
di st ributi on is cha racterized by tw o season~ : rainy and d ry. The d ry ~easo n las t s f rom 
Jun e till Octobe r most rainfalls occu r ri ng duri ng th e re st of the yea r. The mean annual air 
tempera ture depend s on the a ltitude . Jn th e Coastal Plain (a t the A I Sinn meteorol ogical 
sta ti o n) it is 19 .6cC , a nd at 1100 m above sea level (the Slen feh meteo ro logica l station) it is 
12.5°C. In winter (December- March), when precipitation is reduced, the mean temperatu res 
are 14.4°C a nd 6.3cC, respectively . 

Many rive rs fl ow ac ross the bas in. All of th em run from the east to the wes t int o the 
Medite rranean. All ri vers cut deeply into the carbo na te serie s for ming very steep slopes 
difficult to cli mb . All r ivers a re seasonal wi th no co nstant flo w. Only afte r rainfa ll s ,,·a t er 
comes down as flood <, urges la stin g seve ra l hour s but afte rward s leavi ng d ry beds. 

2. Geological structu re and maJor hydrogeological formations 

The AI Sinn basin is a one-sided borst str ucture (Po n i k a r o v, 1964) which, for hydro­
geological purpose s, may be described as a mon ocline. The sequence dip s to th e sout hwest 
at a ngles of 5-20° (Fig. 1). The monocline is com plicated by numerous minor fold s. Many 
faults o f no rth eas tern or northwe stern o ri ent a ti o n cut ac ross the basin . Hydrogeologically, 
two tectonic dislocation s, or more precise ly two swa rm s of tectonic disloca tion s. are most 
important. The no rthern disl ocati on sta rt s just f ro m the A I Sinn spring ex tend in g to the 
no rthea st. Jts amplitude of displace men t exceeds 700-800 m in the coa stal a rea but dec reases 
to the northwest beco min g le ss t ha n 100 m in th e highest part s. T he ot her, so uthern di slo­
cation run s al so northeastwards a long the R ive r Ma rki e val ley (so uth of t he to wn of 
Banya s). It s amplitude is a bout 400 m in the coastal a rea d imi ni shing to the no rthea st as 
in the northern fault. In this v.ay, a stepped se ri e s of three tecto nic blocks for m s th e centra l 
part of the Sy rian Coasta l Region. Th e block in the middle is upthrown relative to the northern 
one, and the southern bl ock is upthrown re lative to the midd le one. The drainage area of 
the AI Sinn sp ring occ upies the central tecto nic block which defines the no rthern a nd so uth­
ern boundaries of the bas in . These a re the two high-amp litude fau lts described. 

The olde st rock s exposed in the basin belong to the Lower Jurassic. All sediment s form­
ing the stratigraphic sequence can be grouped in two large se rie s: o lder th a n Turonian 
a nd younger than Turonian . The f ir st series consists most ly of d o lom ites, limesto nes a nd 
marls. Ma rl s occur in a lmost a ll formations but are best developed i.1 the U p pe r Jurass ic 
sediments and in the Bab J anneh Formation (Aptian). Th e lith ological compos iti o n of rock s 
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Fig. I. Hydrogeological map of the basin (base<.I geologically on Po n i k a r o v, 1963) 
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1 - groundwater in Quaternary deposits; 2- water-impermeable sediments of the Maestrichtian, Paleogene 
and Neogene; 3 - groundwater in Middle Eocene sediments; 4 - relatively impervious Lower Cretaceou s 
sediments; 5 - groundwater in Cenomanian-Turonian karst limestones; 6- groundwater in Jurassic karst 
limestones; 7 -- basalts; 8 - fault; 9 - large amplitude fault; 10 - spring; 1 I -exploratory well and its 
number; 12- direction of groundwater flow; 13- strike and dip of beds; 14 - surface watershed berween 
the El Ghab lowland and the Mediterranean basin 



n this serie s indicate s that karst phenomena are to be expected not only on the surface but 
in depth as well including a lso levels below the Mediterranean floor if there are favourable 
hydrodynamic conditions. The seco nd sedimentary series starts with a thick Senonian im­
permeable complex (300-600 m). Lithologically, its depo sits con sist of marls , marly lime­
sto nes a nd ch alk stones. All the se a re materi a ls resista nt to karst processes. They are over­
lai n by Paleogene a nd Neogene sedimen t s repre sented by a lte rnating marls, chalk , lime­
sto nes a nd sandsto nes which are a ls:) 1c:ststa nt to karst processe s . A si ngle exceptio n is a pa­
cket of Middl e Eocene li meston es wh ich is of restri cted occurrence a nd of no regio nal signifi­
cance. In the Coa stal Plain there arc marine a nd de t rit a l Qua ternary deposi t s up to I 0-15 m 
thick whi ch co nta in some g rou nd wa ter. It , hO\\ever. has n o relati o n to the suppl y a nd fl ow 
p:~tt c rn of karst g roundwate r in th e AI Sinn drain age ba si n. 

The geological s tru ctu re of the ba <; in can be briefl y summarized as follow s. It s ea stern­
mo st a nd hi ghest parts are bu ilt up of the Jurass ic ca rbo nate complex. T o the we st the g round 
slopes dow n, a nd one a fter th e other the sedi me nt s of the Apti a n, Albian , Cenom anian a nd 
Turonia n ( K) ap pear in the geologica l seq w~nce. These r ocks actua lly exha u st th e li st of 
deposit s pe rvio u s to ka r st action. The wes ternmo st part s of the ba sin are occupied o n the 
surface by the wate r-resistant sediment s of the Senn o nian (K), Pal eogene and Neogene . 

The followin g hydrogeolog ica l fo rmations can be defined o n the bas is of th e lithologi -
cal compos iti o n of rock s in the AI Sinn ba sin: 

- H yd rogeological fo rm a tion o f Cretaceous ca rbo nate complexes; 
- Hydrogeo logical form ation o f Jurassic carbonate complexes . 
The occurrence of more or less continuous marl bed s in t he upper ho rizon s of th e Upper 

Jurassic and in the Apti a n sediment s acts as a kind of hydrau lic insulation between th e two 
main hydrogeological fo rmati o n s. H ydraulic communicat io n between them is possi ble on ly 
a lo ng the larger tectonic dislocations and fi ssure s. 

I n the ea stern and centra l part s of th e bas in the hydrogeologica l fo rmation s o utcrop 
o n the s urface and it is th e re that grou ndwater is formed. In the Coastal Plain t he aquifer s 
of the hydrogeological formation s are covered by a thick impe rmea ble co mpl ex (Fi g. J ). 

The monoclin a l geological structure determ ine s the fo r mation o f a mo nocl in a l hydrogeolo­
gica l bas in. 

3. Theoretica l principles of the methodological approach 

Four type s o f processes take place in a ny hydrogeological basi n: hydrodynamic, geother­
mal , hydrogeoch emical a nd biological p rocesses . Gene ra ll y spea king, the hydrodyna mic, 
geothermal a nd hydrogeochemical proce sses are in terrelated which mean s th a t the pa ra­
meters of any of them affect th ose of the o th er two. The specific hydrogeol ogical conditions 
in the AI Sinn basin are such that the hydrodynamic process is independent o n the other two. 
On the contrary, geothe rmal a nd hydro geochem ica l phenomena are Ia rge ly det e rmi ned by 
hydrodynamic pa ra meters which suggest s th a t g ro undwater dy namic s can be studied by solv­
ing inve rse pro blems of the geothermal and hydrogeochem ica l sys te ms . T ha t li ne of a pproach 
ca nnot be ba sed solely on the general characterist ics o f g roundwater temperature and che­
mical compo sition, it sho uld ra ther employ the laws governing the variati o n of temperature 
and chemical compositio n in time and space derivable only if the problems a re treated in 
terms o f th e theo ry of hea t a nd mass transfer. Therefore. the methodological approac h fo l­
lowed in thi s study is es senti a ll y a combination of hyd rodyn am ic meth ods of studying groun d­
water fl ows with a n ana lysis o f geotherma l and hydrogeochem ical data. 

3. I. Hydrodynamic int erpret at ion of geothermal data 

The use of geother mal da ta in th e ana lysis of g roundwat e r fl ows in the AI Si nn basin has bee n 
dete r mined by the fo ll owi ng spec ific fca tu rc s of the a rea : 

- Elevations a bove sea leve l in crease rapidly from the W(;St to the east reachi ng up to 
1500-1700 mat so me 18-20 km f rom the Coasta l Pl a in : 
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Fig. 2. Hydrodynamic scheme of the fo rmation 
of geothe rmal regime in the coastal_ part of the basin 
1 - trajec tory of groundwater fl ow; 2 - mean 
annual air temperature of 12.5°C 
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Fig. 3. Cooling scheme of the carbonate massif 
according to the LaU\•erier principle of piston-type 
transfe r 

-- The mea n annual air temperature diminishe s from the west to the east following 
the increas ing a ltitude. It is 19 .6°C near the Mediterranea n dropping to 12.5cC at 1100 m 
above sea level ; 

- Groundwater formed upl a nds drai n s off to the Coa stal Plain or under sea level. 
Thu s, the relatively cool mountain g roundwater influences the geothermal regime nea r 
seashore : 

- The ba sin lies in a region of intense tectonics manifested in the presence of nume­
r o us fault s and in neotec tonic rising. 

The combined picture of the se four spec1fic feature s ca n be used to construct a model 
of the geothermal pattern in the ba sin. 1t is based on the pre sumption that the geotherma l 
regim e is dominated by groundwater flows. 

The geothermal model" s physical meaning is illu strated by two figure s (Figs 2 and 3). 
Groundwater formed in the highe st part s of the ba sin travel s to the deepe st levels (Fig. 2) 
and in the Coa stal Pla in it reaches the lowe rmo st horizons of the aquifer. This scheme has 
a clea r hydrod ynamic meaning. At 1000 m a bove sea level the mean winter air tempera ture 
is 6.3cC dropping lowe r at highe r altitudes. But winter is the season of precipitations and 
of g roundwa te r format io n. The coole st por tion s of grou ndwater a re thus able to penetrate 
the deeper Coastal Plain ho rizon s a nd to reduce their temperature conceivably even 
below the m ea n annual air temperature (19 .6°C). We need now to find how the temperature 
of cool groundwater will change along it s way from the mo untain part of the bas in to the 
Coastal Plain. To an swer the que stion we shall quali ta t ively analyze t he heat transfer dif­
ferential equ a tion for the case of o ne-dimen sio nal flow with bot h conductive a nd convective 
compone nt s. 

It is kn o wn (IT 5I n K o, 1974, and other authors) that temperature di stribution under 
such co nditions 1s given by the differential equation 

(I) 
o2T aT , _ aT 

mo /,-ox2- -v P moe~ ,- q l + q~ . mo C; Pt~ , 

where T is the tempe rature, x- space coordinate, m 0 - aquifer thickness, v - filtration 
ra te, p- \va ter d ensity , c-waterlheat capacity, c 1- rock heat capacity,t-time, p 1-rock density , 
q 1 and q ~ - hea t flow s from the bed s overlying and underlying the zone of active ground-
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water percolation. These hea t fluxes are given by the solutions of differenti a l equations de­
scribing heat transfer above and below the aquifer. In the most general case q 1 and q 2 decrea­
se with time. 

In the literature there are many solutions of equation (I) for a va riety of boundary and 
initial conditions (K a p c n o y & E r e p, 1964). All of them sho w th at tem peratu re va ­
riation s in the aquifer bed (or zone) depend primarily on the rate of filtration. Thi s depen-

dence is expressed by the so-called Peclet number (Pe=~~; I is the filtration bed length along 

the axis x). For instance, an analysis of the Brenner' s solution (Brenner, 1962) shows 
that when Pe numbers exceed va lue s of I 00-150 heat tra nsfer follows the so-ca lled piston­
type tran sfer pattern. The presence of the q 1 and q 2 te rm s in equation (l) lead s to a tempe­
rature pattern which may be called a modified Lauverier scheme. 

Now let u s compare the AI Sinn hydrogeologica l environment with the main proper­
ties of the modified Lauverier scheme. There is no need of quoting analytical solution s si nce 
qualitative analysis is sufficient to answer the question menti o ned already. As shown, the 
basin is characterized by a bundant tectonic dislocations, nume rou s enough to define it as 
highly heterogeneous in term of its filtration properties. Groundwater move s along the 
larger tectoni c dislocations with a ve loci ty reaching or even highe r th a n seve ral tens of meters 
per day (data will be given in the following parts of this paper). In the space between tecto­
nic faults filtration rates are many times lower. lt follows immediately that hea t tran sfe r 
patterns will also differ at and away from the tectonic fa ult s. The logica l principles of that 
difference are shown in Fig. 3. 

An aquifer (or aquifer zone) of initi a l temperature T
0 

is inv aded by water of tempe ra­
ture Tr. With time, co ol ing will advance along the aquifer. Cooling pattern is of the piston­
type at any moment across any section of the bed. Away from the entrance, however, g round­
water tempera ture will g radua lly rise due to the heat influx from the beds underlyi ng and 
overlying the aquifer. In this connection we should point out that the term " piston-type heat 
transfer pattern" is used in the sen se that first, cooling sp read s over a portion of the bed's 
length at some moment of time, and seco nd, the temperature is equal throughout the bed 
thickne ss. The higher the rate of filtration (Y), the better defined piston-type pattern a nd the 
greater the cooling effects. 

Applying the analysis of the scheme shown in Fig. 3 to the specific AI Sinn hyd rogeo­
Jogical environment we arrive at the following principal conclusion: 

- The zones of tectonic dislocations, which are a lso zones of maximum filtration 
rates, are the coolest. And vice versa, if at so me point the groundwater temperature is lo>ver. 
it is a reliable indication that at that point the filtration rate is high and the aquifer is water 
saturated. This is the substance of the principle of hydrodynamic interpretation of hori­
zontal groundwater temperature di stribution. 

In the Coastal Plai n the aquifer is covered by a thick impermeable complex (exceeding 
200-300 m). Hence, cooling affects zones at depths greater than 200-300 m. ft is interesting 
to find if that cooling may reflect on the su rface laye rs 20-30 m deep. To answer th e ques­
tion let u consider the di agra m on Fig. 4. 

An aquifer is covered by an impervios layer of thickness m. The initial temperature 
across the geological section increases with the increasing depth (the most common case 
in nature). At some moment (t = O) the aquifer is infiltrated by water of temperature T r low­
er than the initial temperature at the respective depth. Tempe rature equalizes acros s the 
entire aquifer thickne ss as follows from the principle of the piston-type heat transfe r. A 
transitiona l temperature distribution arises in the impermeable cover of the aquifer. The 
temperature depression starts migrating upwards until it reaches the ground at some mo ment 
(t0). After that temperature begin s to drop also in the surface I aye rs of the profi le. A sta­
tionary temperature distribution differing from the ini ti a l o ne will be reached after a suf­
ficientl y lon g period (theoretically infinite). The time t0 can be ca lcu lated u si ng a formula 
ta ken from hydrodynamic s (0 ega I I i e r. 1969. and other authors) treatin g th e same 
type of differential equation. viz. 

102 



r-----· . - ·1 

c_:~~2 

Fig. 4. Cooling scheme of the ca rbonate massif in 
a geological profi le with two aquifers 

I - impermeable bed : 2 - bed o f rapid flow o f 
cooler groundwater; J - initia l temperature of the 
massif; 4 - temperat ures during the transi tional 
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the modified geothermal regime 
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Fig. 5. Cooling scheme of a carbonate massif with 
two zones of increased aq uifer permeability 
1 - impe rmeable interval; 2 - interval of rapid 
flow of cooler groundwater; 3 - initial temperature 
of the massif; 4 - transiti onal temperatures; 5-
stationa ry temperature of the modified geothermal 

regime 

where a is the th e rmal diffu sivity of the water impermeable cover. In marls a is of the mag­
nitude of 0 .70 m~ /d. Jf the cover thickncs~ is m -= 300 m , the temperature d ro p wi ll reach 
th e su rface a ft e r a time 

300~ 
tu = j 3 . o,o7 ~98900 days=270 years. 

Geo logica lly , a time t0 of about 270 years is a very sho rt pe riod. Thi s impli es th a t thermal 
proces ses taki ng place a t dep th s of 300 to 500 and more meters refl ect o n the Earth surfa ce 
which provides still a no the r possibility for a hydrodynamic interpretation of geothe rmal 
data. 

The a naly sis of the di ag ram on Fig. 4 ha s led us to two major concl u sions conce rning 
the hydrogeologica l significance of geothe rmal data : 

-- Horizontal temperature di st ributi o n s in th e surface layers (20-30 m) permit trac­
in g o ut zones of active gro und water pe rcolati on in deep- seated aquifer s. In the special 
case o f the AI Sinn bas in , the lower tempe ratures of surface laye r s indicate that the aqui ­
fer of Cenoma ni a n-Tu ro nia n limes to ne s contain s a system of dra in a ge condui t s through 
which g roundwater escapes into th e sea; 

- Tempe rature decrea se in de pth ind icates tha t so mewhere below there are horizons 
of active percolation of cooler wa ter. 

H eat tran sfer in a n a qui fer wa ter-i mpermea ble cover is described by a differential 
equ ati on so lved for many ca ses of hydrodynam ics, heat tran sfer a nd diffu sio n (ill e c T a­
Kon, 1964; Kapcnoy&Erep, 1965 ; IT exoBJ.fli &)K M.IJ:K HX , 1968; and o the r 
authors) . An a naly sis of these solutio n s show s th a t the tempe rature of sufrace layers de­
c reases on ly if a zero boundary conditi o n of th e second kind is met a long the surface. So 
far , physical in te rp retations of thermal processes at the earth surface-at mosphere inter­
face have not conside red the question a bo ut the kind of boundary conditi o n s to be met 
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there. Measurements in the Coastal Pla in provide data showing th at in some areas the sur­
face layer temperature is about 4°C lower than the mean annual air temperature. Thus, it 
see ms justified to con sider a zero boundary condition of the second kind as being truly 
valid for those areas. 

From the viewpoint of vertica l temperature distribution across the geologica l profile 
there is another scheme which merits scrutiny (Fig. 5) . Prior to the effects o f filtration o n 
the temperature pattern, the geothermogram would be a straight or almost st raight line of posi­
tive gradient. At so me moment t0 = 0 cooler groundwater flows into two karst channels 
located at differen t levels and separated by an impervious bed. The cooling effect of ground­
water will re sult in a transitional tempera ture regime a long th e geo logical profi le. After an 
infinitely lo ng period the temperature pattern will reach a new stationary state. The transi­
tional regime is characterized by temperatures higher in the impermeable parts of the pro­
fil e than in the karst channels. Therefore, in interp reting geothermog rams posi tive tempe­
rature anomali es should be all otted to impermeable parts of the sectio n. Here, we restrict 
the ana ly sis to two kar st channels but the same can be done with a greater number o f con­
duits with analogous results -all impermeable intervals wil l correspond to positive tem­
perature a nomalies. 

The treatment here is valid for the AI Sinn basin where groundwater cools the mass if. 
There are areas where groundwater heats the rocks. The same reaso nin g is valid for them, 
too . Interpretati ons should only allow for the fact that zones of active groundwater percola­
tion would be associated with increased temperatures of the ma ssif. Thi s conce rn s both 
vertica l and horizontal temperature distributions. 

3.2. Hydrodynamic interpretation of hydrogeochemical data 

The hydrodynamic interpretation of hydrogeochemical data is comparatively more diffi­
cult than th at of geothermal data. The main reason is the g rea t influence of aquifer rocks 
on the groundwater chemical composition. Nevertheless, there are many cases in which 
the analy sis of the basic equations of filtration diffusion demonstrate s the controlling role 
of the filtration rate. If so, then still another group of method s for studying g roundwate r 
flows can be added to hydrodynamics. 

The formation, distribution and temporal variation of salt contents in g roundwate r 
arc described by a system of differential eq uati ons rigorou sly derived in te rm s of the so­
called filtrati on diffusion. We shall consider the special case of one-dimensional g round­
water flow (Eo 'i e Be p, 1979, and other authors) 

(3) 
.12M .1M .1M .1N 

D - - - v - - = n-- -/- n--
.1x2 .:}x d t ot ' 

where M is the groundwater mineralization, D - the coeffic ient of molec ular diffu sion 
in the aquifer, n - the act ive poro sity of aqu ifer, v - the velocity of g roundw ater flow, 
N- the quantity of matter capable of feedin g sa lt s into the groundwater flow (this point 
will be discu ssed in greater detail below) . 

There are many analytical solutions of the diffe rential equation (3). It is difficult to re­
fer the reader to all sources but we recommend instead two stu dies summarizi ng the kn own 
solutions (Be p 11 r 11 H & ill e p :>K y K o B, 1969; Eo 'i e Be p et al., 1979). The exist­
ing solutions, however, could not assi st us in solving ou r problem without a logical analy­
sis of the separate term s in equation (3). In our ca se, the seco nd term on the ri ght in (3), 

n .1~ , is the mo st important. In the environment studied here, salts are fed into the ground­

water flow by di ssolution of rocks. The existing studies concentrate mostly on the di sso­
lution of chlorides and sulphate s, i. c. readily soluble salt s. They are concerned with so il 
desalination, a case in which the salt content (N) is a finite and kn ow n qu a ntity. Dissolu­
tion of carbonate rock s ha s also been studied but in such co ntex t s the re sult s are diffic ult 

to u se in analyzing the relative contribution of the n ~~- term in equation (3). 
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In the study of filtration leaching of saline soi ls (8 e pH r H H, I 957), the process 
kinetic s is described by the equations 

(4) - ap(M 11 - M)J N 

for disper sed salt particle s 1n soi l, a nd 

(5) 

for sa lt crusts coating soil particle s, where ar is the dis solution rate constant, M !l -the 
concentration of the saturated solution, M - the actual concentration of solution. 
It has been theoretically proved and experimentally verified (8 e p H r H H, I 957) that the 
dis solution rate constant (up) depend s on the velocity of groundwater flow (v), the varia-
tion being of the type ap=f(/~). 

Dissolution of carbonate rock s differs considerably from salt leaching of soil. The 
most important features of the process are: 

- The amount of matter to be dissolved (N) is practically limitless ; 
- The carbon dioxide content of groundwater is the main factor in carbonate rock 

dis solution . Water is enriched in carbon dioxide from the atmosphere and from the soil 
horizon s. The faster it infiltrates the carbonate massif, i. e. the higher it s velocity, the more 
aggressive its action . 

Considering the specific features of carbonate rock dis solution we conclude that the 
kinetic equation (5) is better suited to describe the process. We should note at once that 
equation (5) applied to the dis solution of carbonate rock s lead s to results which differ at 
least in two ways from those for so il desalination. First, the dissolution rate constant is 
related to the velocity of groundwater flow by a different type of function. Second, the in­
finitel y large quantity of N prevents the occurrence of the second dissolution phase as defin­
ed by Verigin. The process will always remain in its first phase, i. e. the matter being dis­
solved is inexhaustible. 

After this a na ly sis we transform the differential equation (3) into 

(6) 
c)2 M c)M oM 

D - · -v---·· n---na (M - M). 
Ox 2 ox ot P 11 

Omitting discussions of the analytical solutions of equation (6) we shall analyze two ca s es 
of appreciable influence of groundwater flow velocity on groundwater mineralization . 

Let u s consider a carbonate ma ssif containing karst zones at different level s one above 
the other. Groundwater moves rapidly in the kar st zones whereas in the water-resistant zo­
ne s inbetween it s velocity is many times lower. At high flow velocitie s the conductive con-

tributi on to mass transfer (o ~2

x"';) is negligibly small. Furthermo re, the convective remo-

val of salts ( v ~~) prevail s over the supply of salts through di ssolution (n Up (M 11 - M)). 

Hence, groundwater will be le ss mineralized in the kar st zones. At low groundwater flow 

velocities, the relative contributions of the terms (o ~2

x~) and (n ap(M 11 - M)) become great-

er. At the same time the convective removal of sal t s ( v 
0
:) decreases. All this re sults in a 

relatively higher groundwater mineralization in the water-resistant horizon s of the carbo­
nate massif. In practical te rm s, the arguments above impose constraints on the po ssible 
interpretations of logging data. Thus, a reduced groundwater mineralization (increased 
electric resistivity. re spectively) infers extensive kar st zones. This a nalysis is valid for the 
AI Sinn basin. In. a different hydrodynamic and hydrogeochemical environment the sa me 
rea soning may lead to a different interpretation of logging data. In the Mhardeh area , for 
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instance (M o II o v, Sa r k i s, 1987) karst zones show at times increased mineralization, 
at others reduced mineralization. This means that the specific hydrogeological conditions 
should always be considered. 

The coastal part of the basin represents a specific hydrogeochemical environment. 
In the marl cove r of the aquifer in the Cenomanian-Turon ian lime stone se rie s, groundwater 
is practically stagnant, or if it flow s it s velocity is very low. Salts are exchanged in this cover 

chiefly by conduction (influence of the D ~
2

x~ term in equation (3)). In the Cenomanian-Turo­

nian limestones, salts are ta ken up by karst flows which creates conditions for a vertical 
conductive salt transfer in the marl cover de sc ribed by a diffe rential equation analogous 
to that in conductive heat transfer. Therefore, fo rmula (2) can be u sed to estimate the period 
of time (t0) during which vertical salt tran sfer will sp read throughout the water-resistant 
cover and mineralization of surface groundwater will start to get lowe r. For a coefficient 
of molecula r diffusion D = IO- -l m2 /day, t0 = 70.10a day s= 190 000 years. The hydrogeoche­
mical process is considerably slower th an the geothermal one yet, over a comparatively 
short period of geological hi story, the effect of kar st zones in the Cenomanian-Turonian 
sequence may reach the surface reflecting on groundwater mineralization there. Therefore, 
the hydrogeochemical behaviour of groundwater in the surface layers may serve as indication 
of the hydrodynamic situation in depth. 

The so-called double poro sity hydrogeochemical effect has been observed in the AI 
Sinn basin (Mo n n o s, 1987). It consists in a specific variation of groundwater chemical 
composition in time. Water is of hydrocarbonate-sodium co mpo sition during summer and 
autumn changing to hydrocarbonate-calcium compo sition during winter and spring. This 
hydrogeochemical effect is directly related to the nature of karst and to the extent of it s de­
velopment, and is determined prima rily by the neotectonic elevation of the a rea. Neotecto­
nics more or le ss hastens or reta rd s hydrodynamic processes, therefore the double poro­
sity hydrogeochemical effect may at least supply u seful indications concerning the hydro­
dynamic structure of the underground flow . The effect, if present, suggests that the bulk of 
groundwater flows along large karst channels. 

Translated by I . Vesse/inov 
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