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Éîòîâ, Èë. — Îöåíêà åñòåñòâåííûõ ðåñóðñîâ òåðìàëüíûõ âîä — ôîðìóëèðîâêà, îïûòíûå
äàííûå, ðåçóëüòàòû. Ðàçðàáîòàí ìåòîä îïðåäåëåíèÿ åñòåñòâåííûõ (äèíàìè÷åñêèõ) ðå-
ñóðñîâ Qd îòíîñèòåëüíî íåáîëüøîãî ìåñòîðîæäåíèÿ òåðìàëüíîé âîäû. Ìåñòîðîæäåíèå
ÿâëÿåòñÿ äðåíàæíîé çîíîé ãèäðîòåðìàëüíîé ñèñòåìû. Ãèäðîãåîëîãè÷åñêèå óñëîâèÿ òàêîé
ñèñòåìû ïðåäñòàâëåíû ñõåìàòè÷íî â âèäå âåðòèêàëüíîãî âîäîíîñíîãî ãîðèçîíòà ñ êðóãî-
âûì ñå÷åíèåì. Åãî ëàòåðàëüíàÿ ãðàíèöà — íåïðîíèöàåìà, à íèæíÿÿ è âåðõíÿÿ ãðàíè÷íûå
ïîâåðõíîñòüè (ñ ïëîùàäÿìè Fd) — ïðîíèöàåìû (ôèã. 1). Âîäîíîñíûé ãîðèçîíò ïîëó÷àåò
åñòåñòâåííîå ïèòàíèå Qd èç ãëóáèíû. Îíî ðàñïðåäåëåíî ðàâíîìåðíî ïî íèæíåé ïîâåðõíî-
ñòè Fd. Qd äðåíèðóåòñÿ íà âåðõíåé ïîâåðõíîñòè ïðè ïîìîùè åñòåñòâåííûõ èñòî÷íèêîâ è
(èëè) ñóùåñòâóþùèõ ñàìîèçëèâàþùèõñÿ ñêâàæèí. ×àñòü ïèòàíèÿ îäíàêî îñòàåòñÿ ñêðû-
òûì, òàê êàê îíî ðàñïðåäåëåíî íåçíà÷èòåëüíûìè êîëè÷åñòâàìè â ðàçëè÷íûõ çîíàõ ïëàñòà
èëè ââèäó ïåðåòåêàíèÿ ÷åðåç ïåðåêðèâàþùèå îòëîæåíèÿ ðå÷íûõ òåððàñ, ãäå îáû÷íî íàõî-
äèòñÿ äðåíàæíàÿ çîíà ìåñòîðîæäåíèÿ. Áëàãîäàðÿ ýòîé ñêðûòîé ÷àñòè ïûòàíèÿ, åãî îáùàÿ
âåëè÷èíà Qd îñòàåòñÿ íåèçâåñòíîé. Äëÿ åå îïðåäåëåíèÿ ïðîâîäèòñÿ îïûòíàÿ îòêà÷êà èç
îäíîé èëè íåñêîëüêèõ ñêâàæèí, ðàñïîëîæåííûõ ïðèáëèçèòåëüíî â öåíòðå âîäîíîñíîãî
ãîðèçîíòà. Îòêà÷êà îñóùåñòâëÿåòñÿ â ðåæèìå äâóõ ïîñòîÿííûõ äåáèòîâ Q1 è Q2. Êàæäûé
èç íèõ äîëæåí ïðåâèøàòü âåëè÷èíó åñòåñòâåííûõ ðåñóðñîâ ìåñòîðîæäåíèÿ Qd. Ïðè ýòèõ
óñëîâèÿõ ñêîðîñòü ïîíèæåíèÿ íàïîðà â äàííîé íàáëþäàòåëüíîé ñêâàæèíû ñòàíîâèòñÿ ïî-
ñòîÿííîé ïîñëå íåêîòîðîãî âðåìåíè ñ íà÷àëà îòêà÷êè. Çíà÷åíèÿ ýòèõ ïîñòîÿííûõ ñêîðî-
ñòåé v1 è v2 ÿâëÿþòñÿ ôóíêöèåé äåáèòà îòêà÷êè. Âåëè÷èíà Qd îïðåäåëÿåòñÿ ïî ôîðìóëàì
(8) è (9).

Â ñòàòüå äàíû íåêîòîðûå äîïîëíèòåëüíûå ïîÿñíåíèÿ ïî ïðèëîæåíèþ ðàçðàáîòàííîé
ìåòîäèêè, â òîì ÷èñëå è ïðàêòè÷åñêîå îïðåäåëåíèå åñòåñòâåííîãî ðåñóðñà Qd íà ïðèìåðå
êîíêðåòíîãî ìåñòîðîæäåíèÿ òåðìàëüíûõ âîä.

Abstract. A method is worked out for the assessment of natural (dynamic) resources Qd of
relatively small thermal deposits representing drainage zone of a hydrothermal system. The
hydrogeological conditions in such a system are schematized by a vertical circular aquifer with
impermeable lateral boundary and permeable upper and lower boundaries with surface Fd (fig.
1). The lower surface of the area is influenced by uniformly distributed constant recharge Qd
coming from the depth. Qd is drained over the upper surface by natural springs and/or by existing
flowing wells. Some part of recharge Qd stay hidden because of its distribution as a small quan-
tities in different parts of the aquifer and/or because of the leakage trough the materials of the
river terrace, where the drainage zone normally is located. Because of this hidden part of the
natural resource the total quantity of Qd remains unknown. For determining its value a pumping
test is carried out with two constant discharges Q1 and Q2. The pumping well or wells has to be
located approximately in the middle of the aquifer. Each one of the two discharges must be
greater than the total recharge Qd. Under such condition the velocity of drawdoun of piezometric
level in one observation well becomes constant after some time elapsed from the start of the
pumping. The values of these constant velocities v1 and v2 are functions of the pumping rate.

The value of Qd is determined according to formulas (8) and (9).
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In the paper are given some complimentary explanations for application of the methodology
including an example of determining the natural resources of one thermal deposit.

Yotov, I. 2008. Assessment of natural resources of thermal aquifers — formulation, test data,
results. — Geologica Balc., 37, 1—2; 79—84.

Kew words: hydrothermal deposits, natural (dynamic) outflow, pumping test, piezometric
level, storage coefficient.

Objective and its quantification

A subject of assessment are groundwaters of rela-
tively small thermal deposits representing drainage
zone of a hydrothermal system (Ïåòðîâ è äð., 1998).
The total outflow of the system Qd is represented usu-
ally by natural springs (or by its catchment equip-
ment) with discharge Qn or by man made flowing
wells having total rate of flow Qa. In many cases part
of Qd stay hidden because of its distribution as a
small quantities in different parts of the aquifer or
because of the leakage into the materials of the river
terrace, where the drainage zone is located. This hid-
den part of the resources is denoted by Qh and it
forms the unknown component of Qd.

For steady state conditions the upper description
can be summarized as

(1) Qd = Qn + Qa + Qh.

In a particular case, when the flowing wells are
absent, Qa = 0 and then Qd = Qn + Qh. If compli-
mentary flowing wells are introduced in the deposit
the component Qà can be increased but the total nat-
ural resource Qd redistributes between the compo-
nents of (1). As a result the quantity Qd stay constant
but the discharges Qn and/or Qh diminish respec-
tively on the account of the increased Qà.

The quantities Qn and Qa can be measured during
the hydrogeological prospection but the presence of
a hidden component Qh in (1) means that the total
natural resource Qd is unknown quantity. They are
formed mainly in fissured intrusive rock massifs, in
their metamorphic mantles or in volcanic rocks. Of-
ten the drainage zone is composed by carbonate
materials.

Hydrogeological schematization

The relatively small thermal deposits are widely dis-
tributed in sought Bulgaria. They can be approxi-
mated as a vertical circular aquifer with cross sec-
tion area Fd (Fd is the catchment or recharge area of
the thermal deposit), with impermeable lateral bound-
ary — (∂H/∂n) = 0; (H — piezometric head, n — direc-
tion, normal to the lateral boundary) and permeable
upper and lower boundaries with surface Fd and ra-
dius Rd. The lower boundary is influenced by a con-

stant recharge Qd, which is uniformly distributed over
the surface Fd — Fig. 1. A method for determining
the water resources of the aquifer for such condi-
tions is given by Yotov (2002, 2004). For applying the
method the following data are needed:

— steady state drawdoun data in three observation
wells, located at different distance from the pump-
ing well. For some particular cases a variant of two
wells is used where one of them is the pumping one;

— steady pumping test Q = f (s) under 4—5 differ-
ent constant discharges Q with corresponding con-
stant drawdoun s.

In the present paper this methodology is enlarged
including nonsteady state drawdoun data from
pumping tests.

Analytical formulation

It is known (Muskat, 1946, Áî÷åâåð, 1968, 1976) that
during the pumping with constant discharge Q from
a single well located in the center of the circular
aquifer (Fig. 1) without any recharge (Qd = 0), some
time after the beginning of the pumping the draw-

Fig. 1.
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doun at each aquifer point increases with constant
velocity v described by

(2)  v = Q
F
1

dµ
,

where µ— storage coefficient of the aquifer.
Under the natural conditions the flow in thermal

deposits is steady one in the frame of the correspond-
ing season fluctuations of the recharge Qd. In such a
case when a pumping is applied two variant are pos-
sible:

1. Variant I
It satisfies the condition Q < Qd. Then steady state

flow arises, which is out of the scope of this paper.
2. Variant II
It refers to the condition

(3) Q > Qd

which is the case considered in the paper. Then the
flow during all the period of pumping is nonsteady
one. For such conditions on the basis of balance rea-
sons instead of (2) we can write

(4) v = )QQ(
F
1

d
d

−
µ

.

Applying (4) for two different discharges Q1 and Q2
we receive

(5) v1 = )QQ(
F
1

d1
d

−
µ

(6) v2 = )QQ(
F
1

d2
d

−
µ .

The dependences (5) and (6) show that the constant
drawdoun velocities are produced by the correspond-
ing parts of the two discharges Q1 and Q2, which ex-
ceeds Qd. By analogy with the conditions for appli-
cation of the basic formula (2), in this case the con-
stant velocities v1 and v2 also appear some time after
the beginning of the pumping.

The system (5)—(6) represents two equations with
two unknown — Qd and

(7) D = µ Fd.

After dividing the two equations we get

(8) Qd  = 
1C
QCQ 12

−
−

,

where

(9) Ñ =  
2

1

v
v

.

Formula (8) represents the solution of our task, de-
fined in the beginning, for the assessment of the nat-
ural resources of relatively small hydrothermal de-
posits.

After subtracting  (5) from (6) we obtain

(10) D = 
12

12

vv
QQ

−
−

.

When the complex parameter D is already known,
we can use formula (7) to determine the surface of
the aquifer area Fd if the storage coefficient is also
known:

(11) Fd = 
µ
D

.

Results

The method outlined here for determining the natu-
ral resources of thermal aquifer Qd and the complex
parameter D will be illustrated on the basis of the
results from pumping test carried out in thermal de-
posit Erma reka, sought  Bulgaria, in 1990. The ther-
mal aquifer consists of karstifyed and cavernous
marble body (cupola) distributed among Precambrian
gneiss complex in a depth more than 450 m. In the
border between the marbles and overlying gneisses a
thick quartz-cavernous zone is formed. In this zone
II Rudoupravlenie of “Gorubso”, Madan with the
participation of Geological Institute, Sofia, carried
out a long pumping test from wells VPS-1, VPS-2
and VPS-3, drilled from underground horizon 300*.
The wells penetrate the quartz-cavernous zone of the
so cold “I marble horizon” of the deposit. The pump-
ing test from the thermal aquifer consists of two flow-
ing  discharges: Q1 = 104 l/s = 8985.6 m3/d during
about 36 days (from Mach 21 up to April 26, 1990)
and Q2 = 150 l/s = 12960 m3/d (from July 11 up to
August 8, 1990). In the mention periods the draw-
doun of piezometric level is measured in a number
of observation wells. For illustration we will use data
from observation well DSH-1. Because of the close
distance between the flowing wells compared to their
distance from the observation well DSH-1, all three
exploitation wells are assumed to work as one well,
located at 863 m sought of  the flowing wells.

On Fig. 2 is shown the drawdoun s1 in well DSH-1,
caused by the rate of flow Q1 = 104 l/s. Only data
from the last 9 days of the pumping are included
because of the expectation of appearance of a linear
relationship s1 = F(t) in this period. And indeed  the
regression equation in Fig. 2 shows practically such
linear dependence. The last one indicates that the
velocity of drawdoun is

(12) v1 = 
t

s1  = 0.1143 m/d.

On Fig. 3 is shown the final stage of the drawdoun s2
in well DSH-1, caused by the rate of flow Q2 = 150 l/s.
From the regression equation one can see that the

* Éîòîâ, Èë., Ïåòðîâ, Ï.Ñò. 1991. Îáðàáîòâàíå íà ðåçóë-
òàòèòå îò I åòàï íà îïèòíîïðîìèøëåíîòî   îñóøàâàíå íà
I-âè ìðàìîðåí õîðèçîíò (äîãîâîð íà ÃÈ-ÁÀÍ ñ ÃÎÐÓÁ-
ÑÎ, Ìàäàí îò 1982 è 1987 ã.). Àðõèâ ÃÎÐÓÁÑÎ, Ìàäàí;
Ïåòðîâ, Ï. Ñò., Éîòîâ, Èë., Áåíäåðåâ, Àë., Õðèñòîâ, Âë.,
Ãàøàðîâ, Ñò. 1998. Ïðåîöåíêà íà ðåñóðñèòå íà ãåîòåð-
ìàëíà åíåðãèÿ â Áúëãàðèÿ (Äîãîâîð íà ÌÎÑÂ ñ Ãåîëîã.
èíñò. íà ÁÀÍ îò 1998 ã.). Àðõèâ ÌÎÑÂ.

11 Geologica Balcanica, 1—2/2008
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Fig. 2.

dependence s2 = F(t) practically is also linear one
and consequently

(13) v2 = 
t

s 2  = 0.2348 m/d.

Then according to formula (9) we obtain

(14) Ñ =
 

2

1

v
v

 = 
 

2348.0
1143.0

 = 0.487

and after that applying (8) —

(15) Qd = 
 

1487.0
104)150x487.0(

−
−

 = 60.33 l/s ≈ 5200 m3/d.

The quantity Qd ≈ 5200 m3/d ≈ 60 l/s represents the
total natural resource of the thermal aquifer we are
looking for.

Having in mind formula (4) and the hydrogeo-
logical conditions in the area we can say that the
natural resource of Erma reka thermal deposit of
about 5200 m3/d is separated between the discharge
of thermal springs Therme in the region of river Ilid-
za, Greece and the hidden drainage in the region of
the deposit itself.

Determination of other quantities or parameters
are not included as objectives of this paper. Any-
how, let us mention that applying the formulae (10)
and (11) we can obtain the value of the complex
parameter D:

(16) D = µFd = 
 

1143.02348.0
6.898512960

−
−

 = 32982.57 ≈ 33000 m2.

After that in order to determine Fd we have to know
the storage coefficient µ. In connection with this as-
sessment we want only to mention here that the value
of µ is dependant of water temperature and there-

Fig. 3.
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fore it specifies the storage property under the real
aquifer temperature.

Requirements for applying
the methodology

The most important requirements include:
1. Two wells have to be drilled in the deposit —

pumping one and observation one. The pumping well
has to be located approximately in the center of the
aquifer and the observation one — in a place which
is optimal for characterization the velocities v and
the aquifer constants.

2. To carry out pumping test from the central
well with two constant discharges Q1 and Q2. The
duration of the pumping test has to ensure the ap-
pearance of at least 4—5 days long constant veloc-
ity of lowering of the piezometric level in the obser-
vation well.

3. Each of the two pumping discharges must be
greater than the natural recharge Qd of the thermal
aquifer. This is required in order to realize the con-
dition (3), which for the two discharges Q1 and Q2
can be written as Q1, 2 > Qd. If it is not fulfilled, some
time after the pumping start steady state flow will
take place and the period with constant velocities,
needed for applying the methodology, will not ap-
pear. In practice the presence of such constant ve-
locities means that in the corresponding periods there
are not visible or hidden sources in the aquifer and
as a result all the components of Qd in (1) are al-
ready included in the pumping discharges Q1 or Q2.
The absence of the real sources Qn and Qa can be
seen by regime observations but these observations
can not give any evidence of the case Qh = 0. The
only way to prove the absence of Qh is through the
total absence of Qd as a necessary condition for re-
ceiving linear change of drawdoun some time after
the start of the pumping. All the upper explanation
means that the two discharges engage the total flow
area with corresponding overall lowering of the pie-
zometric level. Then during the periods of constant
v1 or v2 the most probable water temperature will be

the constant one and therefore the flow process can
be assumed as isothermal one. This must be confirmed
by the data of constant water temperature during the
pumping with Q1 as well as with Q2.

In the drainage zone the thermal waters gener-
ally are in some contact with cold ground waters or
surface waters. The interference between the worm
and cold waters affects the determination of the
thermal aquifer resources. However, as it was men-
tion before, in the paper is examined the scheme of
fig. 1, which is without the presence of cold aquifer
and therefore it is accepted that interference with
cold aquifer doesn’t exist. Having this in mind for
the present we will only mention that fig. 1 describes
the real practical case when during the pumping
with rate of flow Q1 and Q2  no change of water
temperature is detected in the period of the con-
stant velocities v1 and v2. If there is not such tem-
perature changes, it can be assumed, that the quan-
tity Qd is representative for the natural resource of
the thermal aquifer.

The interaction between worm and cold waters
(worm and cold aquifers) requires to take into ac-
count a number of possible variants, which could be
an object of further examination.

4. During the two regimes of pumping it is neces-
sary to measure and correct (and register) the dis-
charge in order to guarantee its constant values Q1
and Q2. The piezometric level in observation well
(wells) and the temperature of the pumping water
has to be also measured.

5. If in the deposit exist more than one observa-
tion wells they have to be object of the same observa-
tion like the first well. The obtained velocities v1 and
v2 must be averaged in order to characterize more
representatively the total flow area.

6. After stopping each one of two discharges or at
least the last one, we have to measure the recovery of
piezometric level. These data are not needed for de-
termination of the resources according to the pre-
pared here methodology, but they can be used even-
tually for determining the aquifer hydraulic constants
taking into account the thermal impact of the aqui-
fer over the water temperature in the well tubing.
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Èë. Éîòîâ — Îöåíêà íà åñòåñòâåíè õèäðîòåðìàëíè ðåñóðñè — ïîñòàíîâêà, îïèòíè äàí-
íè, ðåçóëòàòè. Ðàçðàáîòåí å õèäðîäèíàìè÷åí ìåòîä çà îöåíêà íà åñòåñòâåíèòå (äèíàìè÷-
íè) ðåñóðñè Qd íà îãðàíè÷åíè ïî ðàçìåð õèäðîòåðìàëíè íàõîäèùà. Çà òàçè öåë õèäðîãåî-
ëîæêèòå óñëîâèÿ ñå ñõåìàòèçèðàò êúì âåðòèêàëåí êðúãîâ ïëàñò ñ íåïðîíèöàåìà ñòðàíè÷íà
ãðàíèöà. Âúðõó ïëàñòà îò äúëáî÷èíà âúçäåéñòâà ïîñòîÿííî ïîäõðàíâàíå Qd, êîåòî ñå äðå-
íèðà â ðàìêèòå íà íàõîäèùåòî ÷ðåç åñòåñòâåíè èçâîðè, ÷ðåç åâåíòóàëåí íåèçâåñòåí (ñêðèò)
äåáèò, ðàçòîâàðâàù ñå â çîíàòà íà äðåíèðàíå è(èëè) ÷ðåç ñàìîèçëèâ îò ïðîêàðàíè åêñïëî-
àòàöèîííè èëè ïðîó÷âàòåëíè ñîíäàæè. Çà îïðåäåëÿíå íà Qd ñå ïðîâåæäà îïèòíî âîäî÷åð-
ïåíå îò åäèí èëè íÿêîëêî ñîíäàæà, ðàçïîëîæåíè ïðèáëèçèòåëíî â öåíòúðà íà êðúãîâèÿ
ïëàñò. Â åäèí íàáëþäàòåëåí ñîíäàæ ñå ïðîñëåäÿâà íåñòàöèîíàðíèÿò ïðîöåñ íà ïîíèæàâàíå
íà ïèåçîìåòðè÷íîòî íèâî. Âîäî÷åðïåíåòî å ñ äâà ïîñòîÿííè äåáèòà, êàòî âñåêè îò òÿõ
òðÿáâà äà áúäå ïî-ãîëÿì îò âåëè÷èíàòà Qd. Ïðè òîâà óñëîâèå èçâåñòíî âðåìå ñëåä íà÷àëî-
òî íà âîäî÷åðïåíåòî ïèåçîìåòðè÷íîòî íèâî â íàáëþäàòåëíèÿ ñîíäàæ ñå ïîíèæàâà ñ ïîñòî-
ÿííà ñêîðîñò, çàâèñåùà îò äåáèòà íà âúçäåéñòâèå. Ñòîéíîñòòà íà Qd ñå îïðåäåëÿ îò ôîðìó-
ëà (8) è çàâèñè îò âåëè÷èíèòå íà äâàòà ïîñòîÿííè äåáèòà è ïðåäèçâèêàíèòå îò òÿõ ïîñòîÿí-
íè ñêîðîñòè íà ïîíèæåíèå íà ïèåçîìåòðè÷íîòî íèâî íà ïîäçåìíèòå âîäè. Â ñòàòèÿòà ñå
äàâàò è íÿêîè äîïúëíèòåëíè ïîÿñíåíèÿ, íåîáõîäèìè çà ïðèëîæåíèåòî íà ìåòîäèêàòà, â
òîâà ÷èñëî è ïðàêòè÷åñêî îïðåäåëÿíå íà åñòåñòâåíèÿ ðåñóðñ Qd ïî äàííè îò êîíêðåòíî
õèäðîòåðìàëíî íàõîäèùå.


