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Homos, Ha. — Oyenka ecmecmeeHHbIX pecypcoé mepmaibHbix 600 — lOPMYAUPOBKA, ONBIMHbLE
OanHble, pe3yabmampl. Pa3zpaboTaH METON ONpeAesieHHs. €CTECTBEHHBIX (IMHAMHYECKHX) pe-
cypcoB Q, OTHOCHTEJILHO HEOOJIBIIOTO MECTOPOXKICHUSI TEPMAJILHON BOIBI. MeCTOpOXKIECHNE
SIBJIIETCSL JPEHAXKHOU 30HOU Ir'IAPOTEpMaIbHOM cucTeMbl. [ maporeosornyeckue ycaoBus Takoi
CUCTEMBI IPEACTABJIEHbl CXEMAaTUYHO B BUJI€ BEPTUKAIHHOIO BOAJOHOCHOI'O TOPU30HTA C KPYyro-
BBIM ceueHueM. Ero ymatepajibHas rpaHuIla — HEMPOHUIIAEMa, & HYDKHSS ¥ BEPXHSIS TPaHUYHbIC
HoBepxHOCThHU (¢ mromansmu F,) — nporumaems! (pur. 1). BomoHOCHEIN TOpHU30HT mOJTydaeT
ecTecTBeHHOE nuTanue Q, u3 rrybunsl. OHO pacnpeaesieHO paBHOMEPHO O HIDKHEH MOBEPXHO-
ctu F,. Q, npeHupyercst Ha BepxHeil HOBEPXHOCTH IIPU MOMOIIY €CTECTBEHHBIX HCTOYHUKOB U
(W) CYIIECTBYIOIIMX CAaMOW3JIMBAIOIINXCS CKBXXUH. HacTh MUTAHUS OJHAKO OCTAETCS CKPHI-
TBIM, TaK KaK OHO paclpeliesIeHO HE3HAYUTEJIbHBIMU KOJIMYEeCTBAMU B Pa3JMYHbIX 30HaX I1acTa
WJIM BBUIY IEpETEKaHUS Yepe3 NMepeKPUBAIOIINE OTIIOKEHHUS PEYHBIX TEPPAC, Ie OOBIYHO HAXO-
JIIATCS IPEHaXXHasl 30HA MECTOPOXKACHHUS. biarogaps 3Toi CKpbITOR YaCTH MBITAHUS, €0 001Ias
BequunHa Q, ocTaeTcsi HeusBecTHOH. Iy ee ompeneneHuss MPOBOAUTCS ONBITHAS OTKAayka U3
OJHOM WJIM HECKOJbKHX CKBaXXWH, PACIOJOXEHHBIX MPUOIM3UTEILHO B IEHTPE BOJIOHOCHOTO
ropu3oHTa. OTKa4YKa OCYIIECTBIISIETCS B PEXHUME ABYX IOCTOSHHBIX 1e6uToB Q, n Q,. Kaxmbrit
U3 HHUX JOJDKEH MPEeBHUIIATh BEJIMYMHY €CTECTBEHHBIX pecypcoB MecTopoxkaeHus Q,. Ilpu atux
YCIJIOBHSIX CKOPOCTD OHIKEHUS HAOpa B JAHHOM HAONIOJaTeIbHON CKBAXKWHBI CTAHOBUTCS MO-
CTOSIHHOH ITOCJIe HEKOTOPOTO BPEMEHHU C Hayajla OTKAYKH. 3HAYEHHs ITUX MOCTOSHHBIX CKOPO-
CTell v, U Vv, sABisroTcs QyHKIMel nebura orkauku. Bexuuuna Q, onpenensercs no ¢popmyiam
&) u(9).

B craTthe maHBI HEKOTOPBIE TOMOJHUTEIbHBIE MOSCHEHNS MO MPWIOKEHUIO pa3paboTaHHOM
METOAMKHU, B TOM UYHUCJIE U MPAKTUUYECKOE ONpeleIeHIe eCTECTBEHHOTO pecypca Q, Ha mpuMmepe
KOHKPETHOTO MECTOPOXICHHS TEPMAJIbHBIX BOI.

Abstract. A method is worked out for the assessment of natural (dynamic) resources Q, 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 F, (fig.
1). The lower surface of the area is influenced by uniformly distributed constant recharge Q,
coming from the depth. Q, is drained over the upper surface by natural springs and/or by existing
flowing wells. Some part of recharge Q, 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 Q, remains unknown. For determining its value a pumping
test is carried out with two constant discharges Q, and Q,. 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 Q. 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 v, and v, are functions of the pumping rate.
The value of Q,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.
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Objective and its quantification

A subject of assessment are groundwaters of rela-
tively small thermal deposits representing drainage
zone of a hydrothermal system (ITeTpoB u np., 1998).
The total outflow of the system Q, is represented usu-
ally by natural springs (or by its catchment equip-
ment) with discharge Q, or by man made flowing
wells having total rate of flow Q,. In many cases part
of Q, 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 Q, and it
forms the unknown component of Q.

For steady state conditions the upper description
can be summarized as

1) Q=Q,*Q, +Q,.

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

The quantities Q,and Q, can be measured during
the hydrogeological prospection but the presence of
a hidden component Q, in (1) means that the total
natural resource Q, 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 F (F, is the catchment or recharge area of
the thermal deposit), with impermeable lateral bound-
ary — (0H/0n) = 0; (H — piezometric head, n — direc-
tion, normal to the lateral boundary) and permeable
upper and lower boundaries with surface F, and ra-
dius R;. The lower boundary is influenced by a con-
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stant recharge Q,, which is uniformly distributed over
the surface F; — 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, Bouesep, 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 (Q, = 0), some
time after the beginning of the pumping the draw-

o
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Fig. 1.



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

1
2) v=—Q,

@) V=g 0
where W — 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 Q. In such a
case when a pumping is applied two variant are pos-
sible:

1. Variant 1

It satisfies the condition Q < Q,. Then steady state
flow arises, which is out of the scope of this paper.

2. Variant 11

It refers to the condition

G) Q>Q

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

1
@ v= TFd(Q—Qd).

Applying (4) for two different discharges Q, and Q,
we receive

1
5) v, = E(Ql -Qy)

1
(6) vV, = E(Qz _Qd).

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

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

(7) D= UF,.
After dividing the two equations we get
CQz _ Ql
8 = —
®) Q==¢
where
\
9 C= —.
\%

2
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= u .

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

D
(11) F,= —.
0

Results

The method outlined here for determining the natu-
ral resources of thermal aquifer Q, 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
IT 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: Q, = 104 1/s = 8985.6 m?/d during
about 36 days (from Mach 21 up to April 26, 1990)
and Q, = 150 1/s = 12960 m*/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 s, in well DSH-1,
caused by the rate of flow Q, = 104 1/s. Only data
from the last 9 days of the pumping are included
because of the expectation of appearance of a linear
relationship s, = 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) v, = ST' = 0.1143 m/d.

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

* Yoros, Y., Ilerpos, ILCt. 1991. OGpaboTBane Ha pe3yi-
TaTUTe OT | eTanm Ha ONMTHONPOMMIIUIEHOTO OCYIIaBaHE Ha
I-Bu Mpamopen xopu3oHT (norosop Ha 'MI-BAH ¢ T'OPYb-
CO, Manan ot 1982 u 1987 r.). Apxus TOPYBCO, Manan;
Iletpos, II. Cr., Motos, Un., bennepes, An., Xpuctos, Bi.,
Tamapos, Ct. 1998. IIpeonenka Ha pecypCcUTe Ha reorep-
masiHa eHeprust B bwirapus (Jorosop Ha MOCB c T'eosor.
uHcT. Ha BAH ot 1998 r.). Apxus MOCB.
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Fig. 2.

Fig. 3.
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dependence s, = F(t) practically is also linear one
and consequently

13) v, = st — 0.2348 m/d.

Then according to formula (9) we obtain

0.1143
(14) C =z—‘ = = 0.487

2

and after that applying (8) —

_(0.487x150) 104

(15) Qu=""g g7 1 —060-331/s~5200m’/d.

The quantity Q,~ 5200 m?*/d = 60 /s represents the
total natural resource of the thermal aquifer we are
looking for.
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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:

12960 — 8985.6
= =" " = ~ 2
(16)D=pF, = (o =~ =32982.57~33000 0.

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



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 Q, and Q,. 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 Q, of the thermal
aquifer. This is required in order to realize the con-
dition (3), which for the two discharges Q, and Q,
can be written as Q, , > Q. 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 Q, in (1) are al-
ready included in the pumping discharges Q, or Q,.
The absence of the real sources Q, and Q, can be
seen by regime observations but these observations
can not give any evidence of the case Q, = 0. The
only way to prove the absence of Q, is through the
total absence of Q, 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
v, or v, the most probable water temperature will be
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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 Q, as well as with Q,.

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 Q, and Q, no change of water
temperature is detected in the period of the con-
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Ha. Homoe — Oyenxa na ecmecmeenu Xuopomepmaii pecypeu — NOCMaHo8Kd, ONUMHU OaH-
Hu, pesyamamu. PazpaboTeH e XuIpoInHAMUYEH METO] 3a OIICHKA Ha €CTECTBEHUTE (TMHAMMY-
HH) pecypcn Q, Ha OrPaHUYEHHU IO pa3Mep XUAPOTEPMAIHA HAXOAMIIA. 3a Ta3! HeJl XHUIPOreo-
JIOXKKHUTEC YCJIOBUA CE€ CXEMATU3HUPAT KbM BEPTUKAJICH KPBI'OB IJIACT C HEIPOHUIIA€Ma CTPaHUYHA
rpanuna. Bepxy miacra ot nbpia6o4ynHa BB3AEHCTBA IIOCTOSHHO NOAXpaHBaHe Q,, KOETO ce ape-
HUpPA B PAMKUTE Ha HAXOJIMIIETO YPe3 €CTECTBEHU M3BOPH, UPE3 EBEHTYAJIEH HEM3BECTEH (CKPUT)
1e0uT, pa3ToBapBalll Cce B 30HATA HA APEHUpaHE U(WJIM) Ype3 CAMOU3IINB OT MPOKAPAHU EKCILIO-
aTallMOHHY WJIM NIPOYYBATEJIHN COHIAXHU. 3a onpeneisiHe Ha Q, ce MpOBexX/ia ONMUTHO BOLOYEP-
NeHe OT €AVH WUIM HSIKOJIKO COHJIaXa, Pa3MOJIOKEHU MPUOIM3UTETHO B HEHThpPa HA KPBrOBHS
miacT. B enquH HaOMrogaTeNIeH COHAAX Ce IPOCJeIsiBa HECTAIMOHAPHUSAT MPOIEC Ha MOHM)KABaHE
Ha MUE3OMETPUYHOTO HHUBO. BO,I[O"ICpHCHeTO € C IBa IIOCTOsSIHHU I[C6I/ITa, KaTO BCEKHU OT THAX
Tps0Ba ga 6bae mo-rojsimM ot BeanunHaTa Q. IIpy ToBa yci0BHE H3BECTHO BpEME Cliell HAYaIO-
TO Ha BOOOYCPIICHETO NUE30OMETPUYHOTO HUBO B Ha6J'IIO,£[aTCJ'IHI/IH COHOAaX CC€ IMOHMXAaBa C IIOCTO-
SIHHa CKOPOCT, 3aBUCelIa OT AebuTta Ha Bb3aeiicTBue. CToitHOCTTa Ha Q, ce onpexnens oT hopmy-
J1a (8) 1 3aBHUCH OT BCJIMYMHUTE HA ABAaTAa NOCTOSIHHU ,HC6I/IT3, U IPCAU3BUKAHUTE OT TAX NOCTOSH-
HU CKOPOCTHU HA NMOHMIXKXCHHUE Ha IMUE3OMETPUYHOTO HUBO HA NOA3EMHHUTE BOOU. B cratusara ce
JaBaT U HIKOU OOII'BJIHUTECIIHU IIOSICHCHMUS, HGOGXOI[I/IMI/I 34 NPUIIOXKCHUETO HA METOOUKATA, B
TOBA YUCJIO ¥ IPAKTHYECKO ONpPENeIsTHE Ha €CTECTBEHMsI pecypc Q, IO IaHHM OT KOHKPETHO
XUAPOTEPMAIHO HAXOIUIIIE.



