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The Geological Institute of Hungary (MÁFI) is currently assessing the suitability of the fractured granitoid rocks of the Mórágy 
Complex, at Üveghuta in South-west Hungary, for the geological disposal of low- and intermediate-level radioactive waste. The potential 
host rock underlies up to 80 m of loess and variegated clay beneath the Geresd Hills. Six deep boreholes were drilled to depths of 
between 300 and 500 m below ground level, during the period from 1997 to 1999. A programme of single-borehole hydrogeological test
ing, conducted during the drilling programme, provided estimates of transmissivity and groundwater heads, together with groundwater 
samples for geochemical analyses.

This paper describes the two hydrogeological interference tests which were performed following completion of the six deep bore
holes at the Üveghuta site, during May and June 1999. These tests provided the first opportunity to assess the character of the hydraulic 
connections between boreholes. The paper begins by discussing the objectives and the approach adopted by the interference tests before 
describing the test configurations and operations.

The primary objectives of the interference tests were to establish the geometric character of the hydrogeological system in the 
Mórágy Complex, and determine the hydraulic diffusivity for as many pathways as possible, within the available testing period.

Groundwater was pumped from two intervals from 104.57 to 82.81, and -86.18 to -107.82 metres above sea level (m asl), located in 
the central borehole (Borehole Üh-22), for 190 and 215 hours, at 1.4 and 9.2 1/min respectively. These Source Zones were selected on 
the basis of their higher than average local transmissivity. The groundwater pressures were recorded in 25 isolated Observation Zones, 
in 5 boreholes (Boreholes Üh-2, Üh-3, Üh-4, Üh-5, and Üh-23), located between 85 and 330 m from the Source Zones, during each 
test.

The groundwater heads derived from the Observation Zones, prior to the test, are examined for an initial assessment of the hetero
geneity of the hydrogeological system. The Source Zone pressure responses are analysed to determine the local conceptual flow model 
and transmissivity. The overall distribution and character of the pressure responses in the Observation Zones are then assessed before 
they are analysed to determine the hydraulic diffusivity. The paper concludes by summarising the implications for the geometry of 
groundwater flow and the diffusivity of the connected parts of the hydrogeological system in region of the Mórágy Complex under inves
tigation.

1. Introduction

The Geological Institute of Hungary (MÁFI) is cur
rently assessing the suitability of the fractured granitoid 
rocks of the Mórágy Complex, at Üveghuta in South-west 
Hungary, for the geological disposal of low- and intermedi
ate-level radioactive waste. Golder Associates were subcon
tracted by MÁFI to conduct, amongst other tasks, the 
implementation and analyses of the hydrogeological testing 
in the potential repository host rock. This paper presents 
the methods, results, and conclusions of the hydrogeologi
cal interference testing. The interference tests are the first 
to be performed in crystalline fractured rocks, in Hungary. 
The interference testing was funded jointly by the European 
Commission and the Hungarian beneficiary, which is the 
Public Agency for Radioactive Waste Management (Puram).

The reconnaissance investigation of the selected poten
tial repository location began with the drilling of four bore

holes, known as Uh-2, Uh-3, Uh-4, and Uh-5, to depths 
between 300 and 380 m bgl, during the period from 
November 1997 to February 1998. The potential host rock 
underlies up to 80 m of loess and variegated clay beneath 
the Geresd Hills (Kokai 1997). The early investigations 
showed that the Quaternary sediments are unsaturated, 
and the water table beneath the hills is relatively deep, and 
generally located within the weathered granites (Balla et 
al. 1997, Harborth and Tungli 1997). Two additional 
boreholes, known as Uh-22 and Uh-23 were drilled to 
depths of 500.77 and 300.48 m bgl respectively, between 
November 1998 and April 1999. All six boreholes are locat
ed within a rectangular area measuring 300 m by 600 m 
(see Figure 1). The boreholes were almost fully cored in the 
granite, and the data acquisition programme included 
extensive wireline geophysical logging and single-borehole 
hydrogeological testing.

The interference testing documented here provides the



Figure 1. Three dimensional visualisation of the borehole locations and the ground surface topography

1. ábra. A telephely domborzatának térbeli képe a mélyfúrásokkal

1 -  gránitfelszín, 2 — közelítő lépték

first opportunity during the site characterisation pro
gramme to investigate the large-scale geometry and proper
ties of the hydrogeological system between the Üveghuta 
boreholes. Ground water was abstracted from two isolated 
intervals in Borehole Üh-22 consecutively, whilst ground- 
water pressures were monitored in Boreholes Üh-2, Üh-3, 
Üh-4, Üh-5, and Üh-23. The primary objectives of the 
interference testing are:

— establish the general geometric character of the 
hydrogeological system in the Mórágy Complex, and

— determine the hydraulic diffusivity for as many path
ways as possible, within the available testing period.

One of the most important objectives is to determine if 
the hydraulically active fracture network behaves as a well- 
connected porous medium or a poorly connected discrete 
fracture network at the scale of investigation. The results of 
the interference testing may be used to reduce the number 
of alternative conceptual models, which can be implement
ed in numerical models of the hydrogeological system. 2

2. Approach

It has proven difficult to establish a correlation between 
the distribution of transmissivity observed during single
borehole tests and specific geological features that may be 
interpolated or extrapolated between or beyond the bore
hole locations. The interference test design therefore takes 
into account the location of the high transmissivity borehole

intervals, but does not make specific assumptions about 
the locations of preferential hydraulic pathways between 
boreholes.

The interference tests were designed to provide the 
optimum data set, within the available time and budget, to 
characterise the nature of the hydraulic connections 
between the Üveghuta boreholes. The general philosophy 
of the interference test design was to set a relatively high 
hydraulic diffusivity threshold, (below which, no measure
ments could be made) and investigate as many source- 
receiver combinations as possible.

The approach that was adopted was to pump consecu
tively, at a constant rate, from a small number of Source 
Zones in one borehole, and monitor the pressure response 
in a large number of Observation Zones in the other bore
holes. A relatively non-selective, contiguous monitoring 
scheme has been adopted. However, the packer locations 
have been selected to ensure high transmissivity zones and 
major structural features are not divided between different 
Observation Zones. Therefore, the interference test design 
facilitates interpretation by either stochastic or determinis
tic approaches.

3. Test configuration and operations

Borehole Uh-22 was selected as the source borehole 
due to its central location (see Figure 1) and the presence 
of suitably transmissive potential Source Zones. In order to



attain the target depth of 500 m bgl in Borehole Uh-22, it 
was necessary to install uncemented technical casing from 
103.60 to 89.39 m asl and from 40.69 to -36.67 m asl (see 
Figure 2). The interval for the Upper Source Zone, is locat
ed over the upper short section of casing from 104.57 to 
82.81 m asl. The single-borehole tests showed this interval 
to have a relatively high transmissivity (>10-7 m2/s). The 
Lower Source Zone is located below the longer deeper sec
tion of casing from -86.18 to -107.82 m asl. Although this 
interval is located beneath all other boreholes except 
Borehole Uh-2, the single-borehole tests showed this inter
val to have a relatively high transmissivity of approximately 
2x lO-6 m2/s.

Inflatable packers were used to isolate the Source Zones, 
and a surface driven positive displacement progressing cav
ity pump, downhole valves, and real time data display and 
acquisition system were use to control and monitor the 
Source Zone flow rate and pressure during the test.

Multi-packer monitoring systems were placed in each of 
the Observation Boreholes. The packers were operated 
through a single inflation line. Two data loggers were placed 
in each borehole, generally above the bottom packer and 
the third packer from the bottom. The data loggers were 
wired to the surface, so that data could be downloaded and 
the data acquisition rate controlled. Each data logger was 
connected to either two or three pressure or pressure and 
temperature transducers. The transducers were all located

in the same Observation Zone as the data logger, however, 
nylon tubes connected the gauge ports to the Observation 
Zones above and below, therefore allowing the relative 
pressure changes to be recorded in up to three Observation 
Zones per data logger.

The 25 available packers were located so that, whenever 
possible, the monitoring zone intervals had an approximate 
equal length of around 35 m. The location of Observation 
Zones was selected to ensure that structural and high 
transmissivity features are not divided between two or 
more Observation Zones. The monitoring scheme has been 
designed to provide a slightly greater density of Observation 
Zones closer to the Source Zones. In general the top two 
thirds of the open boreholes were monitored during the Upper 
Interference Test, and then the monitoring equipment was 
moved down to allow the bottom two thirds of the bore
holes to be monitored during the Lower Interference Test.

Figure 2 shows the details of the borehole completions, 
Source Zone locations, and the Observation Zone locations, 
drawn relative to sea level. The elevations of each of the 
Observation Zones, and the direct linear distance between 
the Source Zones and each of the Observation Zones are 
shown in Table 1. Uncemented technical casing has been 
placed in Boreholes Uh-4 and Uh-5 over intervals that 
experienced borehole instability. In addition some zones in 
Boreholes Uh-2, Uh-4, and Uh-3 have been stabilised 
using an unpressurised cement slurry. Each of the cement-

Figure 2. Summán of the borehole geometry and Source and Observation Zone location 

2. ábra. Ajeladó és megfigyelő szakaszok elrendezése

X  tengely = magasság (m tszf.),Y tengely = távolság a jeladó fúrástól (m), 1 — felső jeladó szakasz, 2 — alsó jeladó szakasz, 3 — cementezett béléscsőrakat,
4 — nem cementezett technikai rakat, 5 — perforált tamponcementezés



Table 1
Observation Zone depths and distances to the Source Zone during the Upper and Lower Interference Tests

Zone
ID Borehole

Üh-2 Oh-3 Uh-4 0h-5 Üh-23
Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower

1
Top (m asl) 187.14 116.07 179.07 143.95 203.65 127.17 192.67 122.95 184.43 150.44
Bottom (m asl) 153.75 82.69 143.18 108.06 165.70 64.14 160.77 72.01 148.59 114.59
Distance (m) 114.20 213.81 141.39 255.29 185.21 251.28 281.50 331.92 194.73 292.05

2
Top (m asl) 152.90 81.84 142.33 107.21 164.85 63.30 159.92 71.16 147.74 113.74
Bottom (m asl) 117.01 45.94 108.05 72.93 127.72 44.06 123.43 42.79 113.47 79.48
Distance (m) 94.09 181.76 128.20 224.59 169.68 220.74 273.22 309.93 184.34 264.77

3
Top (m asl) 116.16 45.09 107.20 72.08 126.87 43.21 122.58 41.94 112.62 78.63
Bottom (m asl) 82.77 11.70 73.92 38.80 64.55 9.42 71.66 14.21 78.76 44.77
Distance (m) 84.75 151.24 124.31 196.68 161.68 203.05 269.00 296.64 180.62 240.43

4
Top (m asl) 81.92 10.85 73.07 37.95 63.70 8.57 70.81 13.36 77.91 43.92
Bottom (m asl) 47.03 -24.03 40.32 5.20 30.87 -20.69 -19.64 -19.64 44.52 10.52
Distance (m) 89.46 123.79 129.66 171.77 167.86 185.19 277.47 284.88 183.50 219.20

5
Top (m asl) 46.18 -24.88 39.47 4.35 30.02 -21.54 43.67 9.67
Bottom (m asl) 11.81 -59.26 -20.41 -20.41 -53.76 -53.76 -23.29 -23.29
Distance (m) 106.47 100.83 150.09 152.84 192.79 171.89 198.98 201.87

6
Top (m asl) 10.96 -60.11
Bottom (m asl) -101.79 -101.79
Distance (m) 162.79 86.06

Summary of test operations during the Upper Interference Test
Table 2

Test Operation Date Time
Upper Interference Test

Install Observation Zone monitoring equipment 1 to 9 May 1999
Install Source Zone test equipment 10 May 1999 10:20
Allow groundwater pressure to recover 10 May 1999 17:35
Perform Slug Test 11 May 1999 09:42
Isolate test interval, observe pressure recovery and prepare for test 12 May 1999 07:30
Pump ground water at a constant rate (1.37 1/min) 13 May 1999 11:21
Isolate test interval and observe pressure recovery 21 May 1999 09:46
Deflate packers and pull out 25 May 1999 16:40

Lower Interference Test
Install Observation Zone monitoring equipment 23 to 30th May 1999
Install Source Zone test equipment 31 May 1999 10:50
Allow groundwater pressure to recover 31 May 1999 17:45
Perform Slug test 1 June 1999 10:14
Isolate test interval, observe pressure recovery and prepare for test 1 June 1999 15:09
Pump ground water at a constant rate (9.19 1/min) 2 June 1999 13:45
Isolate test interval and observe pressure recovery 11 June 1999 12:54
Deflate packers and pull out 16 June 1999 10:31

ed intervals were perforated using explosive charges, prior 
to the start of the interference

The schedule of operations during the interference tests 
is summarised in Table 2. Following installation of the 
Observation and Source Borehole equipment, an initial 
Slug Test was performed in each Source Zone to determine 
a suitable pumping rate. The Upper Source Zone was pumped 
at an average rate of 1.37 1/min for 190.4 hours, and then 
allowed to recover for 101.5 hours. The Lower Source Zone 
was pumped at an average rate of 9.19 1/min for 215.1 
hours, and then allowed to recover for approximately 117.6

hours. The pressure recovery in the Observation Zones 
continued to be monitored after the Source Zone equip
ment had been removed, before recommencing the single 
hole hydrogeological testing on 08:24 on 28 June 1999.

3. Pre-test groundwater heads

Although the primary aim of this paper is to present the 
results of the interference testing, the large number of 
Observation Zones has facilitated the acquisition of a com-



G ro u n d w a te r  H e a d  (m a s l.)

Figure 3. Groundwater heads determined by pressure monitoring 
system prior to interference testing

3. ábra. Nyugalmi vízszintek az interferenciás kútvizsgálat alapján

X  tengely = magasság (m tszf.), Y tengely = nyugalmi vízszint (m Bf.)

Table 3
Summary of Source Zone analyses

Parameter Value Units

Upper Interference Dual-Porosity Flow
Test Source Zone: Model

Length of Test Section 21.76 m
Constant Rate Withdrawal 1.4 l/min
Transmissivity lxlO-7 m2/s
Wellbore Storage lxlO-4 mVkPa
Skin -4.6 ( - )
Omega 0.03 ( - )
Lambda 1.5X10-5 ( - )

Lower Interference Vertical Fracture Flow
Test Source Zone: Model

Length of Test Section 21.64 m
Constant Rate Withdrawal 9,2 l/min
Formation Transmissivity 6xl0-7 m2/s
Fracture Transmissivity 2xl0 '5 m2/s
Wellbore Storage lxlO '7 m3/kPa
Fracture Half Length 136 m

prehensive data set of groundwater head data. This infor
mation is useful when conceptualising the region of the 
hydrogeological system influenced by the interference 
tests, and is therefore presented here.

The Observation Zone monitoring equipment was 
installed between 3 and 12 days before the start of pumping 
during the interference tests. Cross-flow between parts of 
the open borehole with different groundwater heads prior 
to interference testing, and displacement during packer 
inflation can both alter the pressure in the vicinity of the 
Observation Zones. The majority of Observation Zone 
pressures were observed to recover to a value close to the 
static formation pressure prior to the start of the pumping. 
However, given the time period available for the interfer
ence testing, it was not possible to allow all of the 
Observation Zone pressures to recover completely. The 
majority of Observation Zone pressures (37/50) showed 
negligible or small trends (0 to 0.5 kPa/day) prior to the 
start of each of the interference tests. This implies that the 
measured pressures were close to the static formation pres
sures. A smaller number of Observation Zone pressures 
(9/50) contained medium size trends (0.5 to 1 kPa/day), 
and a few (4/50) contained pressure trends which have 
been categorised as large (> 1 kPa/day).

Figure 3 shows the profiles of groundwater, heads 
against depth for each of the Observation Zones. The dis
tribution of groundwater heads determined by the monitor
ing system validates the pattern of heads determined dur
ing the single-borehole tests. Two of the most striking char
acteristics of the groundwater head profiles shown in 
Figure 3 are the change in the vertical hydraulic gradients 
in Boreholes Üh-5 and Üh-23, and the low heads in 
Borehole Üh-2.

4. Analyses of source zone data

The transient pressure responses acquired from the 
Source Zones have been analysed using the type curve 
matching techniques employed in the oil industry code 
known as Interpret/2 (Scientific Software-Intercomp 1994). 
This code incorporates a number of analysis tools not in 
common use in the field of hydrogeology, which include 
multiple event superposition ( G r in g a r t e n  et al. 1980), 
pressure derivative type curves (B o u r d e t  et al. 1983), and 
automated non-linear regression. The results of the analy
ses are summarised in Table 3.

The analyses began with an examination of the pressure 
recovery data on a log-log diagnostic plot of pressure 
against time, and the derivative of pressure with respect to 
a function of time. The shape of the log-log diagnostic plot 
for the Upper Interference Test Source Zone is characteris
tic of a dual-porosity response. In essence a dual-porosity 
model assumes that the bulk of the flow occurs within the 
fractured regions, whilst the bulk of the storage comes 
from thé “matrix” (or the “background” fractured) 
regions. During pumping, the initial flow comes only from



Figure 4. Lower Interference Test, Source Zone pressure response

4. ábra. Az alsó interferencia teszt jeladó szakaszának 
nyomásdiagramja

X tengely = abszolút nyomás (kPa), Y tengely = (nap/hónap/év), 1 — szi
vattyúzás, 2 — nyomásemelkedés, 3 — jeladó szakasz nyomása
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Figure 5. Lower Interference Test, log-log type curve match fór the 
Source Zone pressure response

5. ábra. Az alsó jeladó szakasz záró nyomáskiegyenlítődési 
fázisának diagnosztikai görbéje

X tengely = nyomásváltozás (kPa), Y tengely = eltelt idő (óra), 1 — 
nyomásváltozás, 2 — nyomásváltozás deriváltja, 3 — hiányzó kúthatás és 
gáthatás adatok, 4 — 1/4-1 /2 meredekségű lineáris emelkedés, 5 — radiális 

áramlásra utaló stabilizáció

the larger fractures, and as time progresses, the matrix 
begins to contribute to the flow. The “omega” term (see 
Table 3) represents the ratio of the fracture storativity to 
the overall storativity of the system. The derived value is 
relatively small, which is typical for naturally fracture for
mations. The “lambda” term is related to the relative trans
missivity of the matrix to the fracture region.

The Source Zone pressure response during the Lower 
Interference Test and the log-log diagnostic plot are shown 
in Figures 4 and 5. A significant feature on the log-log plot

is the V i to Va slope in the mid-time derivative. This is char
acteristic of a high transmissivity vertical fracture. The 
transmissivity of the fracture is interpreted to be over two 
orders of magnitude higher than the transmissivity of the 
larger formation.

5. Description of observation zone data

Natural groundwater pressure fluctuations due to earth 
tides and atmospheric pressure variations were recorded by 
the monitoring system during the interference testing. 
Figure 6 shows an example of the groundwater pressures 
(converted to heads) recorded in Borehole Uh-2, during 
the Lower Interference Test. The diurnal and semidiurnal 
pressure fluctuations of the order of 0.05 to 0.15 m seen in 
Figure 6 are due to earth tides. Earth tides occur due to 
lunar and solar gravitational forces, which produce period
ic dilation and compression of the rock mass resulting in 
groundwater pressure fluctuations. It can also be seen from 
Figure 6 that small fluctuations in the groundwater heads 
are coincident with atmospheric pressure fluctuations (e.g. 
higher heads on 10/6/99 and lower heads on 22/6/99). The 
maximum variation in the atmospheric pressure during the 
interference testing is equivalent to approximately 0.25 m.

When the natural pressure fluctuations were considered 
it became apparent that no responses were recorded to the 
Source Zone signal in any Observation Zone during the Upper 
Interference Test. However, during the Lower Interference 
Test, definite responses to the Source Zone signal occurred 
in all five Observation Zones in Borehole Uh-3 and the 
bottom four Observation Zones in Borehole Uh-4.

Figure 7 shows a three dimensional visualisation of the 
pressure responses during the Lower Interference Test, 
viewed from the south-east. The responding Observation 
Zones are located above and to the south-east and south
west of the Source Zone. Tables 4 and 5 present a quantita
tive summary of the drawdown and recovery information 
in those Observation Zones that responded. Slightly greater 
drawdowns were recorded in the upper three Observation 
Zones in Borehole Uh-3 compared to the lower three. 
However, given that many Observation Zones did not 
respond there is a remarkable similarity between the size 
and character of the responses that were observed. The pat
tern of drawdown in the responding zones, and the lack of 
responses in other Observation Zones at equivalent dis
tance from the Source Zone, indicates a strongly heteroge
neous system.

Figure 8 shows the pressure responses (converted to 
heads) recorded in Borehole Uh-3. It can be seen on 
Figure 8 and in Tables 4 and 5 that the lag-time to the start 
of recovery after the end of pumping was much longer than 
the lag-time to the initial drawdown after the start of pump
ing. The rate of recovery was also much slower than the 
rate of drawdown in all responding zones. In general, the 
fact that the initial pressure decrease occurs more quickly 
than the pressure recovery, supports the inference that the
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Figure 6. Groundwater heads recorded in Borehole Üh-2 during the Lower Interference Test

6. ábra. Az Üh-2 fúrásban észlelt nyomásértékek az alsó interferenciateszt során

X tengely = potenciálszint (m tszf.), Y tengely = eltelt idő (nap/hónap/év), l — abszolút nyomás, 2 -  légnyomás, 3 — potenciálszint, 4 — szivattyúzás kezdete,
5 -  szivattyúzás befejezése, 6 -  következő teszt kezdete

Figure 7. Three dimensional visualisation of the pressure responses during the Lower Interference Test 

7. ábra. Az alsó interferenciateszt során észlelt nyomásválaszok térbeli elrendeződése

1 — gránitfelszín, 2 -  felső jeladó szakasz, 3 — alsó jeladó szakasz, 4 -  domborzat, 5 -  leszívás



Summary of drawdown information for responding Observation Zones
Table 4

Zone
ID

Inter-zone
Distance

(m)

Drawdown, 
at end of Pumping 

(kPa)

Maximum
Drawdown

(kPa)

Maximum 
Drawdown 

(% Source Zone)

Lag-Time to Start o f Drawdown 
(hrs)

3L1 255.29 49 60 5 22
3L2 224.59 49 60 5 23
3L3 196.68 47 59 5 21
3L4 171.77 36 49 4 32
3L5 152.84 27 45 4 38
4L2 220.74 44 62 5 35
4L3 203.05 52 73 6 22
4L4 185.19 55 74 6 21
4L5 171.89 53 67 6 22

Table 5
Summary of recovery information for responding Observation Zones

Zone
ID

Inter-zone
Distance

(m)

Drawdown, 
at end of recovery 

(kPa)

Maximum
Recovery

(kPa)

Maximum 
Recovery 

(% Drawdown)

Lag-Time to Start o f Recovery 
(hrs)

3L1 255.29 48 12 20 123
3L2 224.59 48 12 20 123
3L3 196.68 48 11 18 121
3L4 171.77 45 4 8 258
3L5 152.84 42 2 5 260
4L2 220.74 47 15 24 118
4L3 203.05 60 13 18 145
4L4 185.19 63 11 15 146
4L5 171.89 50 17 25 123

Data for “end of recovery” is selected at 08:24 on 28,h June 1999 when single hole testing recommenced.

Figure 8. Groundwater heads recorded in Borehole U h -3  during 
the Lower Interference Test

8. ábra. Az alsó interferenciateszt során észlelt nyomásválaszok az 
Ü h -3  fúrásban

X  tengely = potenciálszint (m tszf.), Y tengely =idő (nap/hónap/év), 1 — 
szivattyúzás kezdete, 2 — szivattyúzás befejezése

rock in the vicinity of the Observation Zones is better con
nected to the Source Zone than to the larger rock mass. 
This type of response is consistent with a dual-porosity con
ceptual model, and will be discussed further in the context 
of the Observation Zone analyses.

It can be seen from Tables 4 and 5 that the largest and 
quickest responses observed in Borehole Üh-3, occurred 
in the upper three zones, furthest from, and much higher 
than the Source Zone. Slightly larger and quicker draw
downs occurred in the middle two responding zones in 
Borehole Üh-4, but these zones also experienced slightly 
smaller and slower recoveries in comparison to the upper 
and lower zones in Borehole Üh-4.

The overall comparison of responses confirms that the 
behaviour of the hydrogeological system is heterogeneous, 
and does not correspond to the pattern of responses 
expected in a porous medium. The Observation Zones are 
almost entirely located above the Source Zone, and there
fore it is difficult to assess the anisotropy of the system. 
The fact that the largest and quickest responses did not 
occur in Observation Zones with elevations most similar to 
the Source Zone does suggest greater connectivity in a sub
vertical orientation. However, it is important to note that 
the anisotropy indicated by the responding zones is less sig
nificant than the heterogeneity suggested by the compari
son of responding and non-responding zones as a whole.

A qualitative comparison between the location of 
responding zones and the borehole interval transmissivity, 
derived from the single-borehole tests, revealed that 
although there is a possible tendency for responses to occur



in regions of the boreholes with higher transmissivities, 
there is no simple relationship. Some responses occur in 
more distant zones with smaller local transmissivities, 
whilst responses do not occur in some closer zones with 
higher local transmissivities. It is therefore inferred that it 
is the average hydrogeological properties of the entire flow 
path that influence the pattern of responses, and there is 
no simple relationship between these and the transmissivi
ty determined from a single-borehole test.

An examination of the large-scale structural model 
revealed no obvious relationship between the location of 
the proposed structural features and the location of the 
responding zones during the Lower Interference Test. It 
was therefore concluded that at this stage of the site char
acterisation programme it is not possible to derive a deter
ministic model of the connectivity of the hydrogeological 
system based on the structural model.

6. Analyses of observation zone data

The spatial distribution of Observation Zone responses 
during the interference tests suggests a complex pattern of 
interconnection between the boreholes. The proportion of the 
total water abstracted from the Source Zone that induces 
any individual Observation Zone drawdown is unknown, 
and the transmissivity and storativity cannot be calculated 
independently. Only the diffusivities (transmissivity divid
ed by storativity) have therefore been calculated by assum
ing the length of the flowpaths to be the linear distance 
between the Source and Observation Zones. In reality, the 
flowpaths may be tortuous, and therefore the distance 
could be greater.

As no responses were measured in any of the 
Observation Zones during the Upper Interference Test it 
can be assumed that the radius of influence was limited to 
the region closer to the Source Zone than the nearest 
Observation Zone. An estimate of the maximum diffusivity 
can therefore be derived based on the closest distance to 
each of the Observation Boreholes and the test duration 
(i.e. the minimum possible lag-time). The maximum diffu
sivity values calculated by this method lie between 0.003 
and 0.04 m2/s for Boreholes Uh-2 and Uh-5 respectively.

The analyses of the pressure data from those Observation 
Zones that responded during the Lower Interference Test 
were performed using similar methods to the analyses of 
the Source Zone data. The distance between centre of the 
Source Zone and each of the Observation Zones has been 
assumed to be the direct linear distance (see Table 1).

Figures 9 and 10 show the type curve match on the log- 
log plot to the pressure and pressure derivative, and the 
simulated pressure match to both the drawdown and recov
ery data for Observation Zone 3L1. A simple homoge
neous radial flow model was found to be a good match to 
the drawdown data, but produced a poor match between 
the simulated pressure and the slow recovery data. A dual
porosity flow model was therefore selected, which provid-

E I o p s e d  t i m e  ( h  r  s )

Figure 9. Lower Interference Test, log-log type curve match for 
Observation Zone 3L1 pressure response

9. ábra. A 3L1 észlelési szakasz záró nyomáskiegyenhtődési 
fázisának diagnosztikai görbéje

X tengely = nyomásváltozás és deriváltja (kPa), Y tengely = eltelt idő (óra), 
1 — nyomásváltozás, 2 — nyomásváltozás deriváltja, 3 -  hatásidő

Figure 10. Lower Interference Test, simulation of Observation 
Zone 3L1 pressure response

10. ábra. A 3L1 észlelési szakasz nyomásváltozása

X tengely = nyomásváltozás (kPa), Y tengely = eltelt idő (óra)

Table 6
Summary of Observation Zone analysis results

Observation 
Zone ID

Diffusivity 
. (nP/s)

Omega
( -)

Lambda
( -)

3L1 0.021 0.35 2.2xl0'6
3L2 0.016 0.32 3.1X10-6
3L3 0.012 0.30 4 .2x l06
3L4 0.006 0.20 6.4xl0-‘
3L5 0.004 0.22 9.1X10-6
4L2 0.017 0.46 6-lxlO-6
4L3 0.013 0.31 7.2xl0-6
4L4 0.010 0.32 5.3X10-6
4L5 0.011 0.40 6.6xl0-6



ed a good match to both the drawdown and recovery data. 
The analysis results are summarised in Table 6.

7. Discussion and conclusions

The main conclusions with regard to the geometric 
character of the hydrogeological system in the Mórágy 
Complex are summarised in Figure 11.

Both the Upper and Lower Source Zones responded in 
ways associated with discrete features, i.e. dual-porosity 
and fracture flow. The highest transmissivity parts of the 
hydrogeological system therefore appear to be associated 
with channelised flow.

The single-borehole test data have previously indicated 
heterogeneity on a scale less than 10 m. However, the dis
tribution of groundwater heads and responses determined 
during the interference tests, have indicated there is still 
significant heterogeneity present up to scales of 100s of 
metres. It can therefore be inferred that the hydrogeologi

cal system is dominated by flow in a hierarchical fracture 
network.

Significant pressure responses only occurred during the 
Lower Interference Test, in Boreholes Üh-3 and Üh-4 to 
the south-west and south-east of the Source Borehole. 
These responses occurred in locations with similar ground- 
water heads and small vertical hydraulic gradients. No sig
nificant responses occurred in regions to the north and 
south, where different heads and significant vertical 
hydraulic gradients exist. It may be inferred that there is a 
region within the west to east, central portion of the site 
that may have a higher connectivity. Connectivity is a term 
often used in the description of the hydrogeology of frac
tured rocks to describe the combined influence of geometry 
and transmissivity. Higher connectivity implies a greater 
number of fracture intersections and/or transmissive flow- 
paths.

One of the most significant features of the responses 
observed during the Lower Interference Test was the very 
slow pressure recovery, compared to the drawdown. This

Non-responding (1) 
Observation Borehole

Responding (3) 
Observation Borehole

Source Borehole (2)

from metres to 100s metres (7)

Well connected to 
Lower Source Zone (8)

Well connected to 
Upper Source Zone (9)

Poorly connected to 
Source Zones (10)

N o t e :  B a s e d  o n  h y d r o g e o l o g i c a l  d a t a  o n l y  ( 1 1 )

Figure 11. Main features of the conceptual geometry of the hydrogeological system

11. ábra. Az üveghutai telephely elvi áramlási modellje

X tengely = nyomásváltozás (kPa), Y tengely = eltelt idő (óra), 1 — megfigyelő fúrás válaszreakció nélkül, 2 — jeladó fúrás, 3 — megfigyelő fúrás 
válaszreakcióval, 4 — fokozott K -N y irányú kapcsolatok, 5 — fokozott függőleges irányú áramlási kapcsolatok, 6 — ritka, nagy transzmisszivitású fő 
vízvezető szerkezetekhez kapcsolódó kiterjedt, egybefüggő repedéshálózat, 7 — néhány méter — néhány száz méter kiterjedésű, egymástól hidrodi- 
namikailag jelentősen különböző térrészek, 8 — az alsó jeladó szakaszhoz jól kapcsolódó repedések, 9 — a felső jeladó szakaszhoz jól kapcsolódó repedések, 

10 -  a jeladó szakaszokhoz gyengén kapcsolódó repedések, 11 — az elvi modell kizárólag a hidrogeológiai adatokon alapul



can be explained by the presence of sparse poorly-connect
ed high transmissivity fractures connected to frequent well- 
connected lower transmissivity fractures. Following the ini
tial drawdown in the sparse, high transmissivity, but low 
storativity fracture network, the rate of pressure recovery is 
limited by the rate of flow from the dense, low transmissiv
ity, but high storativity “background” fracture network.

Another significant characteristic of the Observation 
Zone responses during the Lower Interference Test, was 
the remarkable similarity between those zones, which did 
respond. This suggests that connected regions of the hydro- 
geological system have similar hydrogeological properties 
within the investigated region.

The differences in hydraulic gradients in the upper and 
lower sections of Boreholes Üh-23 and Üh-5, and the lack 
of responses in the upper section of Borehole Üh-4 may be 
explained by the existence of features with a spatially limit
ed horizontal component and contrasting transmissivity. 
However, it should be noted that this conclusion is derived 
without explicit reference to geological data, and therefore 
requires qualification.

The differences in the characteristics of the groundwa
ter heads to the north and south of Borehole tfh-22, and

the similarity in the heads and interference test responses in 
Boreholes Üh-3 and Üh-4 during the Lower Interference 
Test suggest enhanced west to east connectivity, within the 
investigated region.

Examination of the location of proposed geological 
structures has shown that there is no clear relationship 
with the pattern of responses during the interference tests. 
It has also been shown that there is no simple relationship 
between the transmissivity measured during single-bore- 
hole tests and the pattern of responses in the Observation 
Zones.

The diffusivities estimated from the pressure responses, 
during the Lower Interference Test, lie between 0.02 and
0.004 m2/s. The highest and lowest diffusivities were estimated 
for the flowpaths to the upper and lower Observation 
Zones in Borehole Üh-3, respectively. The diffusivity esti
mates for the flowpaths to responding zones in Borehole 
Üh-4 lie between 0.017 and 0.011 m2/s.

It can be concluded that interference testing conducted 
in the Üveghuta boreholes has successfully provided data 
of appropriate quality to refine our knowledge of the geo
metric character and the diffusivity of the hydrogeological 
system within the Mórágy Complex.
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