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Abstract — In Latvia, the Ventspils sea port oil terminal ara is
heavily contaminated by various petroleum products. The
groundwater table of the area must be lowered by lisg a drainage
system. Water that is pumped of from the system mude cleaned
before it is returned to an environment. For a ratter long time
(since 2001), the system has not been used regwardiue to a high
cost of the water treatment. The groundwater tablehas mounted
up to inadmissible levels. The hydrogeological motlehas been
created.

It has been found out that it is possible to use osiderably lower
water withdrawal rates of the steady regime. If nospecial regimes
of restarting are taken, it will take a rather long time for an idle
system to reach its steady state.

Keywords - hydrogeological models, transient and steady motie
contaminated groundwater, drainage system.

I INTRODUCTION

The Ventspils sea port oil terminal area (Fig. ¥
contaminated by petroleum products. The area idiaratd to
lower its groundwater table. Groundwater pumpedfar the
drainage system must be cleaned. The water treatimenstly
and for this reason, since 2002, the system hadeet used
regularly. Groundwater table has mounted up to cejatable
levels. Recently, the local water treatment plaak Hbeen
established and unsuccessful attempts have been takestart
the drainage system.

The hydrogeological model (HM) has been createdhti@in
knowledge how to restart the drainage system amdtbdkeep
low its water withdrawal rates when the steady megiof the
system is reached.

The groundwater table of the area depends mostieasonal
precipitation that alters considerably. For thiasen, observed
seasonal withdrawal rates of the system, in 20Banged from

500 ni/day to 2100 rfiday [1]. The mean withdrawal rate is

about 1300 riiday. This rate exceeds the current capaci

1000 m/day of the water treatment plant.

VENTSPILS

Fig.1. Location of the Ventspils town where the togkological model is used
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Fig.2. The model area with the drainage systenmvatghl monitoring wells
shown

To make simulation simpler, HM accounts only fog thean

seasonal conditions. HM is based on the Groundwdistas
(GV) modelling system [2]. The steady and transiétitl
regimes were used to investigate possibility of dang the
withdrawal rate and system restarting regimes, raacgly. In
Fig. 2, the HM area 2750 m 2200 m is shown. The drainage
system consists of the three blocks I, II, Ill. Theack Il
presents the deepest part of the system and therevell for
collecting drainage water is situated. To obtaidrbgraphs of
the groundwater table for these blocks and for diseharge
well, four virtual observation wells MW1, MW2, MW3/W3a
are introduced. The groundwater flow balance of dr&nage
system is obtained within the polygon, which bolider
encloses the system.
Y The HM plane approximation stdp= 10 m. The 3D finite
difference approximation scheme is used and HM aiost
7 layers: rel, aer, Q1a,Q1lb, Qlc, gQ, Q2 wherdghelground
surface elevation map that is used as the bourwtargition of
the HM top; aer-the aeration zone treated as adbemuitard;
Q1la, Q1b, Qlc-the subaquifers of the unconfinedtguzary
Q1 aquifer (Qla includes the drainage system, Qib @lc
have equal thicknesses and these subaquifers tapellined to
simulate more accurately the spatial groundwatar)fl gQ-the
moraine; Q2-the quarternary confined aquifer. Belipwthe
thick Devonian nr aquitard is located. For thissmg the HM
bottom surface is set impermeable.
schematization is demonstrated in Fig.3 where #rdoal cross
section along the HM borderline is shown.
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Fig.3. Vertical cross section along the model petim
K _ h*xk
. BASIC MATHEMATICS OF STEADY HYDROGEOLOGICAL a, =Kkxm,a, = m ()

MODEL m=z,-2>0i=12.5s

To create HM for the Ventspils oil terminal areame

innovations have been applied. To explain them, bsic \ynerez.,, 7 are the elevations of the top and bottom surfates
mathematics of steady state HM is presented. Toamsition of e i-th geological layerz, represents the ground surface
steady state HM into the transient one is perforfwdhally, gevation Map y, v, With the hydrographical network
within the GV environment. For this reason, matheéeseof the included; m, k are, accordingly, elements of the digital

transient regime is not presented. The HM of steddie solves m, k-maps of the computed layer thickness and pertiigabi
the following algebraic equation system: s— the number of layers.
Ap = -Gy, A=A, +A, (1) The set of z-maps describes full geometry of HMs Ibuilt

where ¢ is the solution vector (heads) at nodes of HM ;gridncrementally: g—z,—...—zs5 by keeping the thickness of the i-
A - the symmetric sparse matrix of the geologicalimment th layerm > 0. If in some areamy= 0 then the i-th layer is
presented by the xy-layer system containingiscontinuous. To prevent “division by zero” in tha
horizontal &, - transmissivity) and  vertical{ — vertical calculation of (2)m=0 must be replaced lay> 0 (for example,
hydraulic conductivity) elements of the grig; - the boundary ¢=0.02 metres). In GV, only the z-maps serve as th
head vector.y,,, v, and y,,, - subvectors on the HM top, geometrical ones (no m-maps accepted).
bottom and borderlines, accordinglyG —the diagonal Two tasks of the HM creating are the most burdemsones:
matrix (part ofA) assembled by elements, linking the nodeebtaining the right distribution for the infiltratn flow B on
where ¢ must be found with the ones wheyeis given;s - the the HM top; building the set of z-maps.
boundary flow vector. For reported HM, the first task was considerablgeea By

By using the 3D finite difference approximationetkyz grid using they,, —map, a feasible infiltration flow was obtained, as
of HM is built using fixhxm) - sized blocksK is the block a part of the solved system (1). When, is used, the flow

plane sizemis the variable thickness of a layer). Paer = Fire passes through the aeration zone:
The elements, a, of Ay A, (Or gy, g, of G) are computed by
using the following formulas: Bt =Coer Ve — 01) 3)
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wheregq, is the computed head (subvectogpdfor the firstQq,
aquifer; G4 (diagonal submatrix oB) contains the vertical ties
O.r Of the aeration zone connecting,, with ¢g.. The
expression (3) reflects the usual result of HM, mhthe
w -condition is applied. As a rule, even the firshraf HM
provides good results f@,e that can be easy calibrated.

Because (3) includes the vecias; (groundwater table), the
infiltration flow (alters if the distributionpg changes under
influence of the drainage system discharge flost@ady and in
transient regimes of HM.

In GV, an ordinary drain is simulated, as a specaae of the
v -type condition [2]. For HM considered, the regiroé a
flooded drain is necessary. Such a case is notahaiin the
GV system. To overcome this drawback, along a fabdrain
line, a high hydraulic conductivity of the Qla deuiis used.
This method is not an exact one, but it enablesinwlate a e
flooded drain of HM.
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Fig.4. Groundwater table [m asl] of the Q1 aquifero drainage system exists
. RESULTS FOR THE STEADY REGIME OHM

The steady regime of HM was used for investigating
possibility to apply lower drainage withdrawal iate

In Fig. 4, the groundwater tabley, of the Q1 aquifer is
shown when no drainage system exists. In the sglg of the
block I, the maximum of the groundwater table tsiaied. It is
caused by the infiltration flow. Boundary conditoof the y -
type are fixed for the Q1 and Q2 aquifers, on th&1 H
borderline. The groundwater flow is more intensethie Baltic
sea direction and towards the Venta river (soutkita of HM).

No flow enters the HM area through its borderline.

In Fig. 5, the groundwater tabley is shown if the drainage
system is in the idle state (no water is pumped foun the
system). There all drains of the system are floodtalvever,
the flooded drains alter considerably they—distribution
(compare gq; of Fig. 4 and Fig.5), because they act like
shortcuts with respect to the body of the Qla lajiére po;
distribution of Fig. 5 is rather similar to the otat exists in the ™ ™ ™ **
real drainage system [3]. The distribution of Figg@pplied, as
the initial condition, for the transient model whewe problem
of restgrtlng the dralnggg sygtem is considered. ) If all blocks are used (Fig. 6) then most drainshef block |1

In Fig. 6, thegq, distribution is shown when the drainage, o o acting (g= 68 ni/day). If the block IIl is switched out
system is in the steady state and no flooded di@i@present.

. ~ ; (flooded) then the rates gnd g of the blocks | and Il become
The modelled discharge rate q=1338fay is close to the mean higher and the total discharge rate q = 78ay (Fig. 7). It

observed one 130C¥day. The depression cone of the system IS\eans that such a value may be used when the statty
caused mainly by the block IIl. Part of the draifishe blocks II regime will be applied after restarting of the syst

and Il are switched out, because the groundwatdetis below
them. It means that the discharge rate may be Iaiven
1336ni/day.

In Fig. 7, thepg, distribution is presented when q=700day.

7400 7600
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Fig.5. Groundwater table [m asl] of the Q1 aquife¢he drainage system is idle

V.
The regime of restarting the drainage system istriduesient

RESULTS OF THE TRANSIENT REGIME OHM

The drains of block Il are flooded and drain of thlocks | and
Il are not switched out.

In Table 1, withdrawal rates for various regimes thé
drainage system are given [3]. Three steady stgames are
considered: the whole system, the block Ill onlythaut the
block I11.

one. In Fig. 8, the modelled recharges rates arengihat are
needed to restart the system. During the first didnesrates must
exceed 50000ffday. It is not possible to keep them because the
maximal possible discharge rate of the systegq200ni/day

and the current capacity of the treatment plamtL§00ni/day.

In Fig. 8, thegraph q=1336riday of the steady state regime is
also shown.
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Fig.6. Groundwater table [m asl] of the Q1 aquife¢he drainage system is in

steady state regime, q=1336 m3/day
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Fig.7. Groundwater table [m asl] of the Q1 aquife¢he drainage system is in
steady state regime q=700 m3/day

TABLE 1
WITHDRAWAL RATES FOR VARIOUS REGIMES OF DRAINAGE SY$EM

N Regime Total ratg Block | | Block Il | Block il
0. [m%day] | [m%day] | [m%day] | [m%day]
1. | whole system 1336 354 68 914
2. block 11l only 1099 0 0 1099
3. | without block 700 434 266 0
11l
4. | whole system 2638 724 364 1550
in transient
regime  after
100 days

Regimes 1, 2, 3 for steady regime.

In Fig. 9, graphs of the cumulative volume of desgfed water
are shown for the transient and steady regimesinBut00
days, 740 thous.frand 133.6 thous.rmust be pumped out for
the transient and steady regimes, correspondifigiigse results
explain why attempts to restart the drainage sydtewe not
been successful. No notable results can be obtaineal short

time, if a small discharge rate is used to reshertsystem.

30
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Fig. 8. Water withdrawal  [ffday] when the drainage system operates in
transient and steady regimes
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Fig. 9. Total volume of water [thous’jpumped out when the drainage system
operates in transient and steady regimes

In Fig. 10., hydrographs of the virtual monitorimglls are
presented, for the classic transient regime (thadetransient
discharge rates used). It takes (200 - 300) days tfe
groundwater table, approach its steady state
(q = 1336 nYday).

In Table 1, the transient rates are given after d@{s. The
total transient discharge q = 2638/day is about two times
larger than the steady state one (133@iay).

To evaluate various versions of restarting, of sistem by
using the two stage regime is used: 1) 400 tholsyma forced
discharge rate; 2) a reduced rate that supportgriiendwater
table practically unchanged during 400 days. Tleet stalue
400 thous.m was taken by considering the transient water
volume of Fig. 9 where about 740 thoud.ai water must be
pumped out to get over the most intensive transiiainage
discharge period (100 days). The reduced rate v@iage 2)
was found experimentally. In Fig. 11, hydrograpbs three
regimes are presented: (1000/700); (2000/11000qA®00) —
(forced rate rfiday / reduced rate day). It follows from these
results then by using forced discharge rates, ¢start time of
the system can be considerably reduced. If thastigategime
(1000/700) is used then about 400 days are needagdproach
the quasi steady state.

The real pump-out system can keep rather largehdige
rates. This fact causes the idea of using a peabdiischarge
regime, if it is possible to accumulate about l@ugim3 of
contaminated water in tanks. For example, during alay
10 thous.m3 is pumped out and accumulated. Durimg t
following four days no water is pumped out and acclated

to
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Fig.10. Hydrographs [m asl] of virtual monitoringle for the drainage system [masi] MW 3
in transient regime 11
10.5 Lﬁ\
water is cleaned. The mean discharge rate durirdpys is U \\\““‘-—-h____ -
2000 m3/day. N ]
In Fig.12, results of the regime (2000/1100) aespnted for = SN——_]
the continuous and for the periodical drainage hdisge 9 P
versions. It follows from the graphs of Fig. 12ttin@ notable 85 ;
difference exists between the continuous and peabdegime. B e
For the monitoring well MW3a (discharge well), patisns of 0 100 200 300 400 500 BOD  TOD  BOOD
the hydrograph exist. However, their mean integadlie equals masi]
with the one for the continuous discharge. MW_3a
11
V. FLOW BALANCE OF THE DRAINAGE SYSTEM 105 P
For various regimes of the drainage system, by gusin 10 T
instruments of the GV program, the flow balancetiod Q1 a5 \ S
aquifer has been obtained. The balance was comateithe . \ T
area of the polygon which borderline encloses th&indge y B
system (Fig. 2). Results for light regimes of thestem are 85
presented by Table 2. 8 -
If the idle drainage system is flooded (the case thg 0 100 200 300 400 500 600 70D BOO
infiltration flow 330.83 nYday (Q.top) is spent by the outward ~ —— ¢=1000/700m3/day —— ¢=2000/1100m3/day g=4000/1B00m3/day

lateral flow — 310.5383 ffday (total perimeter flow) an by the
flow — 20.3083 rifday towards the gQ aquitard {Cbottom).
Within the Q aquifer, the flows of subaquifers;QQu, , Qic
demonstrate their spatial nature. Due to the outvilamws, the
idle system presents a source of contaminationKgg8).

For the steady system (the case 2.), the withdreratd
ow= 1336.00 Mday is cowered by the infiltration flow
711.95 n¥day, by the incoming lateral flow 627.61/day and
by the small outward flow — 3.56%day towards the gQ
aquitard. The acting drainage system preventsalagpreading
of contaminated groundwater (see Fig. 6).

The case 4 presents the recommended steady rediee w
the withdrawal rate is reduced from 1338day to 700 rfiday.

Fig. 11. Hydrographs [m asl] of virtual monitorimglls for flooded drainage

system in transient regime if 400 thoudshwater is pumped out during the
first forced stage for three two stage regimescéd withdrawal rate/reduced
rate)

For the theoretically possible transient regimee (transient
discharge rate of Fig. 8 used), the flow balancgiven for the
100th day (the case 3). The withdrawal rate2$38.00 myday
is balanced by the infiltration flow 664.47Mtay, by the
incoming lateral flow 1410.66 #day by the small outward flow
— 2.58 ni/day towards the gQ aquifer and by the transient
release flow 565.45 ¥day. If the time 4>, the system will
reach the regime of the case 2.
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TABLE 2
Imast]) o FLOW BALANCE [M*/DAY] OF Q; AQUIFER FOR VARIOUS REGIMES OF
1:% e e o e DRAINAGE SYSTEM
106 |— ____'__—"_—_h_.__._:':'::.:‘:_____,_
104 ——m—— B = Sub- Top Bottom Peri- With- Tran-
W= e B S B e aqui metre drawal sient
.;1‘5, T e 50 T R fer rate release
95 |—— N S | S — 1. idle regime of flooded system
] R | S N S O B Q1 330.83 | -113.26] -217.57 0.0 0.0
e == i Qut 113.26 -4454]  -68.72 0.0 0.0
ag — R I ™ Quc 44.54 -20.30 | -24.24 0.0 0.0
’ 2. steady system (I+11+111)
100 150 280 250 300 Qu 711.95 153.08] 470.97] -1336.0D 0.0
Qx | -153.08 36.95 116.13 0.0 0.0
[m asi] MW-2 Quc -36.95 -3.56 40.51 0.0 0.0
e —— == = = = 3. transient system after 100 days
08 —— — = = = = Q1 664.47 635.71] 1055.73 -2638.00 282.00
e = = Er e ) I Qu | 63571 | 228.73] 265.37 0.0 141.6]
o ) EAI B S S Y . Qi | -228.73 -2.58 89.56 0.0 141.75
W 4. steady system g=700m3/day
Ly o Qi | 50255 | 1531 [ 182.14] -700.04 0.0
o4 | A | Qut -15.31 -5.72 21.03 0.0 0.0
82 | —— —_— — — — — Quc 5.72 -13.29 7.57 0.0 0.0
" Eg =t — o = i days 5. steady system gq=1000m3/day
' Q1 576.15 74.79 349.06]  -1000.0p 0.0
100 150 200 450 300 Qu -74.79 11.03 63.76 0.0 0.0
[m asi] Quc -11.03 -10.29 21.32 0.0 0.0
11 MW _3 6. transient system g=1000m3/day after 400 days
108 Qs 446.57 164.92] 265.88] -1000.00  122.6B
106 Qu | -164.92 61.11 42.49 0.0 61.32
10.4 Quc -61.11 14.67 14.67 0.0 61.33
1.2 7. transient system q=2000m3/day after 200 days
glg —_ Q. | 477.36 | 512.99] 618.66] -2000.00  381.9p
g et == Qu | -521.99 | 22071 110.23 0.0 191.01
o4 Q. | -22071 | -12.40 42.05 0.0 191.06
9.2 8. transient system q=4000m3/day after 100 days
9 Qs 502.31 | 133170 1127.45 -4000.d0 103854
B8 s Qu | -1331.70 | 593.73] 21852 0.0 519.4%
100 150 700 250 00 Qe -593.73 -9.64 83.85 0.0 519.52
st MW 3a
19115 The cases 7 and 8 present the restart variantshvapply
105 forced withdrawal rates 2000°tday and 4000 fday, if the
ig-g cumulative volume of discharged groundwater is #afus.m.
10 For the both cases, the transient release flows@rgaratively
g-g { i NAnna s sarAA AR AAAAAAAA large if compared with the case 6. It means thainduthe
a4 AR AT AR AR AR AARL) following 400 day period of keeping constant redlice
8.2 ! '! H ” withdrawal flows rather complex transient processest take
o days place.
100 150 200 250 300

VI. CONCLUSIONS

Fig. 12. Hydrographs [m asl] of virtual monitorimglls for flooded drainage The hydrOgeomgical model for the ol terminal ahes been
sy%.tem'in)t/rangier?t regime (2000/1100) of Fig?fiEWater discharge is ’ created and used. The followmg reSUIt.s have bm@d:
periodical and continuous 1. To lower the water treatment cost, it is possibleeduce the
withdrawal rate of the drainage system from 13%6ay to
If the realistic restart withdrawal rate q =-100&dmy is used 700n7/day.
(the case 6), then after 400 days the lateral imcgmand 2. If the withdrawal rate 1000 Yday (the current capacity of

——periodical regime —— COUntinous regime

transient release flows are 323.0%day and 245.28 ffday, the water treatment plant) is used for restartirggdrainage
accordingly. If the time > oo, the system will reach the regime system, it will take at last (400 - 500) days t@m@ach the
follows: 323.04nday— 434.14 nVday and quasi steady state regime.

245.28 nYday— 0.0 ni/day, respectively. The infiltration flow 3. The restart time may be reduced if forced withdlanates
of the steady system (case 5) will increase fro.%2 ni/day are used during the initial restart period.

to 576.15 n¥day. The small flow passing through the.Q
bottom will change its direction: 14.6 Pfuiay— -10.29 ni/day.
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Latvijas jiras osi Ventspii pazemedidens ir pieamots ar naftas produktiem. Lai pazeatiniidens imeni, iefkota dreazas sistma. Udens, kuru izskng no
sisEmas, ir fiatira no naftas produktiem. Jau samilgu laiku (kop$ 2001. gada)Sisema netiek izmantota reduil augstotdens afriSanas izmaksugfl Tapec
pazemesidens imeyi sasniegusi nepjaujami augstasévtibas. Nesen pabeigta it atiriS8anas iefetu izbive un veikti pirmie nesekigie neginajumi atkal
iedarbirat drerizas sistmu. Iziadijas, ka So sismu atkal iedarbiat nav vienkrsi. Tika izveidots hidrgeolaziskais modelis (uz signas Groundwater Vistagibes)
ar kura padzbu bija frod atbildes par drédas sistmas iedarbiiSanu un uzt@Sanu: atrast optiatu drerizas sistmas staciofiro reimu; saskaot So refmu ar
attiriSanas un at&neSanas iefrtu iesggjam; ka iedarbirat drerizas sistmu (reimi, laiks u.c.)? Galvenie mod&hnas rezudti iegiti nestacioaram dreazas
reZmam ar appludigtam dreram. Veikti tdens pismu detalizti apiekini dreraZas sistmai staciofiraja un nestacicérajos refmos. To anate dod iesfju no\ertet
daZdu drerazas sistmas dartbas variantus. Konsgis, ka var izmantot makasudens atdknéSanas jaudas staciyam reZzmam. Lai atjaunotu dr@das sistmas
darlibu, ir jarekinas ar lielu laika parinu. Izpetiti dazadi reAmi sisemas daribas uzskSanai un dazi no tiem ieteikti praktiskai izmaratodi.

AiiBap Cnansunbu, Slnuc nanren, MaTa Jlane, Kacnap Kpaykiuc. Moaesb JpeHaKHO# cHcTeMbl /15l 3arPsI3HEHHOM 103eMHOI BO/IbI

IMoa3emMHbIe BOABI HAa TEPPHTOPHH MOpPCKOro mopra Benrcrmc (Jlatust) 3arps3HeHsl HE(TSHBIMH MPOXYKTAMH. J[JIsi TOHMXCHHS YPOBHS ITOA3EMHOI BOIBI
HOCTPOCHA APeHaXHasi cucTeMa. Boja, KoTopasi OTKQuMBAeTCs U3 CHCTEMBI, J0JDKHA OBbITh OYHIEHA OT He(TAHBIX NpoxykToB. [IpomomkutensHoe Bpems (c 2001.
roja) 3Ta CHCTEMa HE HCIOJB3YETCs PEry/spHO MO NMPUYMHE OONBIINX 3aTpaT Ha OYHCTKY BOAbI. 1109TOMY ypOBHHM IOA3EMHOI BOIBI ZOCTHIIIH HEIOITyCTHMBIX
3HadeHHH. HemaBHO OCTPOEHBI MECTHBIE CHCTEMBI JJISI OYUCTKHU BOJBI M OBLIN IPHHATHI Oe3yCIEIIHbIE IOMBITKY 110 BO30OHOBICHUIO PaboThl ApeHaxka. Oxa3anocs,
4TO 3TO BO30GHOBJICHHE HE SBISETCS MPOCTOI 3aaueil. bbuta mocTpoeHa ruaporeosornyeckas Mozaens (Ha 6ase cucremsl Groundwater Vistasy; nomomibro KoTopoii
OBLIO HEOOXOIMMO MOTYYHUTh OTBETHI [0 PEMICHUIO CIEAYIOIINX 3a4a4: HAHTH ONTHMATbHBIA PEXKUM JPEHAKHON CHCTEMBI B CTAIHIOHAPHOM PEXHME; COINIacOBaTh
9TOT PEKHUM C BO3MOXXHOCTSIMH CHCTEM OYHCTKH W OTKA4YKU BOJbI; OIPEACINTH KaKk BO30OHOBHUTH paboTy apeHaxka (pexuMsl, BpeMs u ap.)? OCHOBHBIC pe3ysIbTaThl
HOJTy4YCHBI JUISl HECTallMOHApHOTO PEeXHMa C 3aTOIUICHHBIMM JPCHAaMHU. BBINOJIHEHBI AeTalbHBIC PacyeThl MOTOKOB MOJA3EMHOW BOJBI JUIS CTallIOHAPHOTO M
HECTAI[HOHAPHOTO PEXKUMOB IPEHAXKHOH CHCTEMBL. AHAIN3 3TUX PacuyeToB JaeT BO3MOKHOCTD OLCHUTH 3()(EKTUBHOCTD PA3INYHBIX BAPHAHTOB PAaOOTHI JPEHAKHOU
CHCTEeMBl. BBIICHEHO, YTO MOXHO YMCHBIIHTh OOBEM BOJIBI, KOTOPHIH OTKAYMBACTCS U3 JAPEHAXKa B CTAI[IOHAPDHOM DEKHME. YCTaHOBICHO, YTO IIPOLECC
BOCCTAHOBJICHHSI PabOThI JPEHAXKHON CHUCTEMBI OyZleT NPOJOIDKUTENbHBIM. VccienoBaHbl BapHaHTBI BOCCTAHOBIICHUS PAabOThI CHCTEMBI M HEKOTOpBIE U3 HHUX
PEKOMEHIOBAHBI AIS IPAKTUYECKOTO IIPUMCHEHHUSL.
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