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Abstract. A methodology developed for low permeability fractured media has been applied to understand the hydrogeology
of a mine excavated in a granitic pluton. This methodology consists of (1) identifying the main ground water conducting
features of the medium, such as the mine, dykes and large fractures, (2) implementing them as discrete elements into a three-

dimensional numerical model, and (3) calibrating them against hydraulic data (Martinez-Landa and Carrera, 2005b). The key

question is how to identify preferential flow paths in the first step. Here, we propose a combination of several techniques.
Structural geology, together with borehole samples, geophysics, hydrogeochemistry and local hydraulic tests aided in
locating all structures. Integrating these data yields a conceptual model of the site. A preliminary calibration of the model
was performed against short-term (less than a day) pumping tests, which helped in the characterization of some fractures.
Their hydraulic properties were then used for other fractures that, according to geophysics and structural geology, belonged
to the same families. Model validity was tested by blind prediction of a long-term (4 months) large-scale (1 km) pumping
test from the mine, which yielded an excellent agreement with observations. Model results confirm the sparsely fractured

nature of the pluton, which has not been subjected to glacial loading-unloading cycles and whose waters are of Na-HCO;
type.

1 Introduction

Low permeability fractured media play a relevant role for enhanced geothermal energy and waste management. Their study
is hampered by the contrast between conductive fractures and nearly impervious matrix, which makes it important to account
for heterogeneity. Interest and difficulty have motivated a large number of investigation sites, notably in granites, around the
world: Stripa (Rouleau and Gale, 1985; Long et al., 1991), Aspd (Tsang et al., 1996; Svenson, 2001b) and Forsmark
(Stephens et al 2015, Seroos and Follin 2014) in Sweden; Grimsel in Switzerland (Davey Mouldon et al., 1993; Martinez-
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Landa and Carrera, 2005b): Fanay-Augeres in France (Cacas et al., (1990)); Mirror Lake in New Hampshire, USA (Shapiro

and Hsieh 1991; Day-Lewis et al., 2000); Olkiluoto in Finland (Ko et al, 2015), among others. Most sites are located in

zones affected by the last glaciation, which caused severe deformational and fracturing. Instead, sites in Southern Europe

have suffered much less tectonics. These include El Berrocal pluton (Guimera et al., 1995) or Ratones mine (Martinez-Landa

et al., 2004), both in Spain. This article is based on work conducted at the Ratones Mine, in Caceres province of Spain
(Figure 1), thereby contributing to improve the knowledge on this type of media.

A generally accepted methodology to model low permeability fractured media has not emerged. Several approaches have
been used, but they can be viewed as combinations of two extremes: continuous medium and discrete fracture networks. The
former assimilates the domain to a porous medium, which includes the effect of fractures. The hydraulic conductivity field is
estimated by geostatistical techniques conditioned to actual measurements of hydraulic conductivity and pressure at
observation points (Neuman, 1988; Carrera et al, 1988; Gomez-Hernandez et al., 1999; Day-Lewis et al., 2000; Vesselinov
et al., 2001; Svenson, 2001a; Ando et al., 2003; Illman, and Tartakovsky, 2005; Illman, et al., 2009; Selroos and Follin,
2014; Ko et al., 2015; lllman, 2014).). The latter represent the medium by means of fracture networks that are generated
statistically. This approach is based on the assumption that fractures behave as preferential flow paths (Long et al., 1987;
Cacas et al., 1990; Dershowitz, 1984; Dershowitz et al., 1991; Castaing et al., 2002). A further sophistication from fracture
networks models consists of channel networks models, which represent only the conductive portions of the fractures planes
(Moreno and Neretnieks, 1993). We have been using an intermediate, mixed, approach that consists of representing matrix
and minor fractures as equivalent, possibly heterogeneous, porous medium and simulating deterministically the hydraulically
dominant fractures (Martinez-Landa and Carrera 2005b). The main drawback with this approach is that these dominant
fractures need to be identified and characterized. Strict characterization is only possible in intensely tested environments.
Therefore, one may question the validity of such approach when one needs to predict flow at longer scales. This is especially
worrying in view of the apparent ubiquity of scale effects.

The scale effect refers to the apparent increase of hydraulic conductivity or transmissivity as the rock volume increases

(Clauser, 1992; lllman and Neuman 2000; Vesselinov et al., 2001). Explanations for scale effects are multiple. Iliman et al.

(2004) elaborated a thorough discussion about scale effect and its origin, pointing to other issues such as poorly developed
wells (Butler and Healey, 1998) and turbulences in the boreholes (Lee and Lee, 1999). Guimera et al., (1995) argue that long

term pumping tests are performed purposefully in the most conductive intervals, thus implying that they are not
representative. Other authors (Day-Lewis et al., 2000; Meier et al., 1998; Sanchez-Vila et al., 1996) attribute it to the

connectivity among structures. Certainly, the hydraulic conductivity derived from interpreting pulse tests yields information
about the closer vicinity of the borehole. These results in marked differences between values associated to intervals that

intersect any conductive structure and those that are open only in the matrix (Martinez-Landa and Carrera, 2005a). In cross-

hole tests, pumping must be carried out from intervals in high conductivity zones to maintain a significant flowrate for a long
time, but pumping also affects points located in the matrix. If the interpretation of the tests does not take into account the

existence of conductive fractures, their effect will lead to a high effective hydraulic conductivity. As it turned out, Martinez-
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Landa and Carrera (2005) found that this effective conductivity was appropriate for predicting large-scale tunnel inflows.
Yet, such effective conductivity was far larger than any average of small scale hydraulic test, the vast majority of which were
sparsely fractured, hence the scale effect.

The above makes it clear that a good representation of fractured media requires identifying the main water conducting
features. We contend that this is possible by integrating different types of information (geology, geophysics, hydrochemistry
and hydraulics). Accounting for heterogeneity makes it possible to use the models for non-trivial predictions under

conditions different from those during calibration. This has been done in previous works (Carrera et al., 1990; Carrera et al.,

1993, Carrera ad Martinez-Landa, 2001) but always at scales similar to those during calibration. Still, the best indicator of
model robustness lies in its ability to predict changes in flow conditions at scales different from those of calibration. We
conjecture that structural geology and geophysics can be used to identify large water conducting fractures that have not been
characterized by direct hydraulic tests. By assigning to these the hydraulic parameters of similar fracture types that have
been characterized, we would be effectively extending the model scale and potentially modelling a large volume of rock.

The objective of this article is threefold. First, we present a methodology based on the above conjecture and check its
predictive capability. Second, we discuss the scale effects observed at Ratones mine. Finally, we contribute to improving the
knowledge of low permeability, fractured media at the Iberian Peninsula, in Southern Europe.

To accomplish these objectives, field datasets from the Ratones Mine (study of the hydrogeology around an old uranium
mine excavated in a granitic pluton) are used. Datasets proceed from geochemical, geologic-structural, geophysics and
hydrogeological studies that aid in identifying the main structures (heterogeneities), including their position, direction, dip
and extent. A three-dimensional numerical model is constructed then, where the matrix and minor fractures are treated as an
equivalent porous medium and the identified fractures are implemented as two-dimensional planes embedded in the matrix.

This numerical model is then used to calibrate cross-hole tests and to predict the long-scale pumping tests from the mine.

2 Test site
2.1 Geological characterization

The Albala Granitic Pluton is located in the southwest sector of the Iberian Massif (Central-lberian Zone of Julivert et al.
1972). The pluton is a concentrically zoned body, elongated in an N-S direction, with porphyric biotite granites in the rim
and fine-grained two-mica leucogranites in the core (Fig. 1). Ratones is an abandoned uranium mine, located in the central
aureoles of the pluton. Fault zone architecture in the Mina Ratones area has been established on the basis of field geology,
structural analysis, seismic experiments, drill cores (SR1 to 5) and sonic well-log data (Escuder Viruete and Pérez-Estaun,
1998; Carbonell et al., 1999; Escuder Viruete, 1999; Jurado, 1999; Jurado, 2000; Pérez-Estaun, 1999; Marti et al., 2002).

Surface geology was mapped at 1:1000 scale in a zone that include the block where the seismic tomography survey was to

be conducted. The resulting maps include granitic facies, dykes, ductile-brittle shears, fault zones and granitic soil cover
(lehm). The 3-D fault distribution obtained for this area is shown in Fig. 2.
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The post-Variscan structural evolution of the Albala Granitic Pluton has been established on the basis of fault kinematics and
palaeostress analysis in superficial outcrops (Escuder Viruete and Pérez Estaln 1998; Pérez Estaln et al. 2002). This
evolution includes three episodes of brittle deformations related to different stress-field configurations, which cut and
reactivate ductile and ductile-brittle late-Variscan structures:
- The first episode is extensional and produces the intrusion of Jurassic sub-vertical diabasic dykes, aligned following
a NNE-SSW trend. The constant trend of these dykes at regional scale indicates that o3 was sub-horizontal and
WNW-ESE to NW-SE directed.
- The second episode is characterized in the Mina Ratones area, by the development of strike-slip faults with E-W
direction and kilometer thickness.
- The third fracturation episode, post-Hercinian, produced the partial reactivation of the previous WSW-ENE to E-W
structures and dykes as normal and normal-slip faults. (Escuder Viruete and Pérez Estaln 1998; Pérez Estaln et al.
2002).
The main identified structures in the Ratones area (Fig.1 and 2):
- North Fault (NF); N70°E to N8QC°E trend and 55°-65° S dip, diminishing with depth to 30°-40°.
- South Fault (SF); N64°E to N78°E trend and 68 and 82° N dip. Subvertical set of parallel fractures, forming a fragile
transcurrent shear zone.

- Mineralized 27 and 27’ dykes; subparallel and subvertical structures, with a thickness of 0.4-1.8m, composed of a

quartz breccia, cemented by sulphides (Escuder Viruete et al., 2003a; Escuder Viruete et al., 2003b).

- Damage zone; defined by small faults and kinematically related fracture sets and joints. The dikes and other
fractures (as NF and SF) are hosted in an extensively fractured damage zone of hydrothermally altered granite
(fractured belts).

Other relevant brittle structures of minor size are:

- The 474 and 474’ Faults; are two high-dip subparallel structures that trend NO64°E to NO76°E. Both structures
connect toward the W with the 27 dyke.

- The 285 brittle structure; is also a sinistral strike-slipe fault with a NO52°E to NO60°E trend and subvertical dip.

Faults 474 and 285 are younger than the NF; they cut and displace it, so that remains hydraulically disconnected.
The last deformational phase gives us that the stress state at the recent evolution was E-W direction. As a result, the North
and South family fractures are oriented in the most favourable direction, which makes them the best candidates for flowing

flow structures.

2.2 Hydrogeochemical characterization

Rainwater entering into the rock-mine system is saturated in atmospheric O,, which causes (1) the oxidation of metal sulfides

present in the dykes and mineralized fractures, (2) precipitation of metal oxy-hydroxides and (3) the addition of acid to the
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medium. Acidic water causes dissolution of carbonates in fissure fillings, buffering the pH of mine water, and promoting the
precipitation of metals released by sulfide oxidation as metal carbonates (Fig. 3).

In parallel, plagioclase weathering promotes kaolinites precipitation in the shallower areas. The albite becomes Smectites
clays, giving sodium bicarbonate waters in the deeper areas (400-500m deep, borehole SR5) with transit times of tens of
thousands of years (16000 years dated with noble gases).

These sodium bicarbonate waters are typical of granitic water with relatively high residence times. Groundwater circulating
through granites in the Hesperian Massif is sodium bicarbonate type, which may be significant for the waste disposal in this
type of rocks (Gomez 2002, Gomez et al, 2006). This is different from the chemical compositions of groundwater in granitic
formations in other parts of the world as in the Hercinian granitic in the Chardon U mine in France (Beaucaire et al., 1999)
and in the Canadian (Frape et al., 1984) and Scandinavian (Blomqvist 1999) Shields, where the major ions are chlorides and
sodium.

Hydrogeochemical studies aid to identify water conducting fractures. Water flowing through fractures is chemically marked

by water-rock interaction along the flow-path within the medium (Perez del Villar et al., 1999; Gomez et al., 1999; Gomez et

al., 2001; Gomez, 2002). This enables to identify some fractures and potential connections. Fig. 4 shows an example of the

diagraphies and records of a multiparametric device (temperature, electrical conductivity, pH, redox potential, dissolved
oxygen) in borehole SR1, down-gradient the mine. These data are used to identify the intersection with dyke 27, where water
flows from the mine, as indicated by chemical parameters and changes in the upwards velocity of flow within the borehole
(flowmeter log).

2.3 Hydraulic characterization

As discussed above, geology and geophysics give an insight into the physical configuration of the fracture network.
Structural geology and geochemistry help in identifying which of those fractures may be water conducting. Simple borehole
hydraulic tests (pulse tests, slug test, constant head tests), provide the location of these structures and their hydraulic
conductivity. Large scale connectivity can be identified by means of cross-hole tests and hydrochemistry, if there is a
chemical tracer in the water.
The hydraulic conceptual model of the system is largely based on the hydraulic extent of the fractures and their connectivity.
This is why a hydraulic testing survey was designed. Different types of measurements were used:
a) Development pumping, carried out in all boreholes SR, consisted of pumping with open borehole to withdraw all
drilling materials.
b) Chemical sampling pumping of NF in borehole SR2, of SF in borehole SR4 and some intervals of SR5. Time,
flowrate and interval pressure were measured. These data were used as hydraulic test data.

Also, specifically designed hydraulic tests have been conducted:
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c) Pulse, slug and constant head single hole tests were conducted at short intervals in boreholes SR3, SR4 and SR5. The
three tests were performed between two packers separated at a constant distance and a system of pipes and valves to

allow the injection or extraction of very low water volumes with high precision (Ortufio et al., 2000).

d) Cross-holes tests. Three of them were planned. For this purpose, the boreholes were divided into intervals, which
were hydraulically isolated by packers. The position of packers was determined to isolate the structures that had to be
tested. Each interval was equipped with a pressure outlet and a water injection/extraction point.

d.1) North test: pumping interval S14-1 (first interval of S14 borehole, numbered from bottom to top). Was
designed to characterise the dyke 27 upgradient the mine.

d.2) East test: pumping interval SR3-1, which intersects the NF, like SR2-2. After pumping for 9 days, there
were no responses at any observation point. After interpreting the seismic profiles in a subsequent stage (Pérez-

Estadn, 1999; Marti et al., 2002) it became apparent that there is no possible hydraulic connection between these

points because the NF is cut and displaced by Faults 474 and 285 (see Fig. 2).
d.3) South test: pumping interval SR4-1. Located in the discharge zone of the mine, pumping within the South
Fault (SF). This was the only test in which all observation points reacted to the pumping.
The hydraulic characterisation begins with a single hole test (pulse, slug, and constant head). The calibrated
parameters give insight into the transmissivity field around the boreholes, and enable to identify the most conductive
intervals. Cross-hole tests are then conducted in these ones to identify connectivities.

All hydraulic tests have been interpreted with Theis’ method (Theis, 1935). This model assumes that the medium is

homogeneous and isotropic, thereby integrating the effect of heterogeneities into the matrix. In cross-hole tests, these
preliminary interpretations are done separately for each recorded drawdown curve, which yields a couple transmissivity-
storage (T-S) for each observation point (Fig. 5). Note that estimated T’s range over one order of magnitude, whereas the
estimated S’s, which are presumed nearly constant, range over almost five.

These highly variable storativities provide information about the connectivity between pumping and observation points
through fractures. A good connection is reflected in a fast response (i.e., high diffusivity, T/S). As discussed in the
introduction, the estimated T reflects large scale conductivity. Therefore, the estimated storage coefficient will be low for
observation points well connected to the pumping interval (Meier et al, 1998). The dykes and NF and SF are accompanied by
systems of minor fracturing that form part of a higher transmissivity zone situated around these structures. Points S10 and
SR1-3, which display the lowest S values (Fig. 5) are connected to the pumping point through these fracturing belts. In the
3D numerical model, this connectivity has been simplified by simulating fracture planes referred to as “fracture S10” to
connect point S10 to the pumping interval SR4-1, and “fracture SR1-3” to connect point SR1-3 to SR4-1.

The remaining observation points have as lower response (i.e. higher S) to the pumping. Observation points S5 and SR1-2
intersect the dykes 27’ and 27, respectively. A priori, it could be thought that these should have a better response to the
pumping. Drawdowns between both points are limited by the influence of the mine cavity, which acts as a constant head

boundary.
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3. Numerical model

A three-dimensional numerical model has been constructed to interpret the South cross-hole test, taking into account the
water conducting features. Fig. 6 displays a plan view of the features introduced in the model. The granitic matrix has been
divided into two zones, depending on the degree of characterisation of the whole area. On the one hand, the internal matrix
represents, in detail, all the fractures identified around the mine in great detail. On the other hand, the external matrix does
include all the structures (because they have not been identified). The external matrix has larger hydraulic conductivities than
the internal matrix, because it includes the effect of the unidentified fracturing.

The model reaches up to 600m depth to include all measurements (SR5 borehole reached 500m depth) and all units. The
most shallow layer is formed by two-dimensional elements and represents the lehm, which consists of altered, disaggregated
and washed granite (much like granitic sand) with a high hydraulic conductivity. This layer drains rapidly in humid seasons,
so that carries no water in dry seasons. The altered unit reaches 20-m depth, according to geophysics and borehole samples.
It is highly weathered, but conserves the granite structure. Its hydraulic conductivity and porosity are higher than those of
unaltered granite, due to the decomposition of feldspar. The fractured granitic unit could be identified by geophysics, and
corroborated by the hydraulic characterization of a 500m deep borehole (Fig. 7), which was drilled in the matrix, far from
the mine. At this depth, there is a reduction in hydraulic conductivity, which was almost constant up to this horizon. In this
unit, the granite does not behave like the altered unit, but its fracturing index is high and, therefore, its effective hydraulic
conductivity is higher than the non-deformed granite. Finally, the non-deformed granitic unit, contrarily to the other units,
has lower fracturing index and effective hydraulic conductivity.

Both, the matrix effective hydraulic conductivity and specific storage, decrease with depth. The upper units (lehm and
altered granitic unit) are treated as separated hydraulic conductivity zones. A constant hydraulic conductivity is also adopted
in the bottom portion of the model (below 350m) (Fig. 7). The lineal relationship proposed by Stober (1997) is adopted in
between. Storativity drops linearly by one order of magnitude between the surface and the bottom (600m deep), based on the
results obtained from hydraulic tests.

A zoom in the central part of the model (Fig. 6, right) shows the structures included explicitly in the model. Both matrix
zones and fractured belts are simulated by means of three-dimensional elements; fractures are reproduced with two-
dimensional elements (lines in the figure); finally, boreholes are introduced as one-dimensional elements (points in the
figure).

Structures included in the model (Fig. 8) through two-dimensional elements preserve their azimuth, dip and interception
points with the boreholes. In general, they are Subvertical, except for the NF, which is leaned in the surface and cutted,
displaced and tilted by fractures 474 and 285. The mine is also treated with two-dimensional elements, because it

corresponds to the mining of part of dykes 27 and 27” (planar structures).
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3.1 Model calibration of the cross-hole south test

Once the conceptual model is built and the numerical model implemented, a cross-hole test conducted downstream the mine
(South test) is calibrated. As initial parameters, those obtained from interpretation of the test with Theis’ model are taken.
The interpretation model of the South cross-hole test works with drawdowns. That is, initial drawdowns are zero and all
prescribed fluxes, but the pumping, are set to zero. The model boundaries have been placed at a distance large enough to

impose a zero drawdown condition. Table | summarises the results obtained alter calibrating the test.

Table 1: Parameters obtained alter calibration of the South cross-hole test. Units are written in m and sec, but the right dimensions
(associated to the scale of each structure in the model) are explicitly defined. Transmissivity values indicate which it changes with depth:
the first value holds for the upper 250m (constant parameter), the second value applies to the bottom of the domain —both for the matrix
and the fractured belts. The storativity of the “fractured belts lehm” is negligible in the model (1.0-10-30), to prevent the artefact that water

might be withdrawn from that zone.

PARAMETERS (m and s) DIMENSIONS TRANSMISIVITY STORATIVITY
Matrix 3D 2.1.10"/7.7.10™ 1.1.10°
Fractured Belts 3D 1.5:10%/1.5.10™ 1.0-10”
Mined Dykes 2D 0.1 2.7-10°
Dykes 20 6.4-107 1.0-10”
$10 Fracture 20 1.07-10° 1.0-107
285 Fracture 2D 2.0-10° 1.0-107
South Fault 2D 1.9-10° 1.0-10”
SR1:3 Fracture 2D 1.1-10° 1.0-10°7
Lehm 2D 1.8-10° 3.6:10°
South Fault-Maderos Str. 2D 1.8107 1.7-10™
$10 Borehole 1D 1 4.310°
S5 Borehole 1D 1 4.310°
SR4-2 Borehole 1D 1 4.310°
Altered Unit 3D 26107 4.310°°
Fractured Belts Lehm 2D 1.9.10* 1.0-10°%

DIMENSION--> 1D: K (m-s?), Ss (m™); 2D: T (m?s™), S (--); 3D: K (m<s-1), Ss (m-1)
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Fig. 9 represents the resulting fits. Pumping point is SR4-1, intercepting the SF. Observation points S10 and SR1-3 respond
rapidly to the stress, since they are connected to the pumping point through small structures that form the fractured belts
(simplified in the model as fracture S10 and fracture SR1-3), which intercept the SF. The remaining observation points are
not that well connected with the pumping point. PM is the mine well, whose response is completely damped by this.
Observation points S5 and SR1-2 cut dike 27’ and 27, respectively, close to the mine.

The pumping withdraws water mainly from the superficial layer (lehm), draining it through the bed of Maderos stream,
where water flows sub-superficially. Also, water comes from the mine and the altered granitic unit through the fractures (SF,

fractured belts, dykes) towards the pumping point.

4 Scale effect

Fig. 10 represents the hydraulic conductivities obtained from all hydraulic tests as a function of the scale. Transmissivities
derived from the tests are divided by the length of the pumped interval to convert them into conductivities. The scale of the
test is determined by the rock volume affected by each test; it can range between a few centimetres (pulse tests) to some 10’s
of meters (cross-hole test SR4-1).

As commented above, the tested intervals do not coincide in all types of tests. In the case of pulse, slug and constant head
tests, they were conducted sequentially with the same interpretation. But they do not coincide with packed off intervals for
the cross-hole tests, which were chosen so as to isolate the main structures from the matrix and minor fractures. However, it
is still possible to compare the calibration parameters with the results of homogeneous and isotropic models (interpreted
before using Theis model), since larger scale tests also involve the rock volume of lower scale tests.

The dispersion of hydraulic conductivity values for each test diminished with the scale, due to the fact that, when the
medium is treated as homogeneous, it includes the hydraulic conductivities of the main structures in the effective
conductivity, i.e. it is more homogeneous.

The right part of Fig. 10 shows the hydraulic conductivity values obtained after interpreting the South cross-hole test with a
three-dimensional numerical model. This 3D model represents the main features of the medium heterogeneity in an explicit
way (fractures, mine and different units of the granite, depending on its hydraulic behaviour). In the next section, the
numerical model is presented and their results discussed, but it is included here to compare these results from the perspective
of scale effect. Points represented in the Fig. 10, for this cross-hole test, do not represent different results at different
observation points, but the conductivity of the main fractures, fracturing belts, altered unit, lehm and matrix. Fracture
transmissivities are transformed into conductivities by assigning them a unitary width (dividing by interval lengths). This
results in larger conductivity values for the fractures and dykes, whereas the lower values correspond to the matrix elements,
whose conductivity depends on the fracturing index.

In sum, the lower values of hydraulic conductivity are associated to pulse tests for points situated within the matrix. These

values are consistent with the conductivity estimated for the matrix in 3D heterogeneous model. The increase in hydraulic
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conductivity with scale is due to the contribution of fractures to the effective conductivity when interpreting the tests by

means of homogeneous models.

5 Blind prediction

A four month pumping test from the mine was carried out with an average flowrate of 0.0025 m®.s™. All boreholes were
used as observation points (Fig. 11). As for the interpretation of the South cross-hole test, all observations have been
introduced as drawdowns calculated from the measurements registered prior the start of the pumping (assumed steady state).
The model adopted the calibrated parameters of the analysis of the SR4-1 cross-hole test, and those obtained from the
hydraulic characterization for structures not involved on this cross-hole tests. Fractures not affected by any test were
assigned the transmissivities of characterized fractures that belonged to the same family, according to structural analysis.
Results of the blind prediction (i.e. without calibration) are shown in Fig. 11.

Overall the fit of this blind prediction is excellent. Despite this, it seems that the calculated specific yield for the South cross-
hole test model is too high. It can be due to the fact that the whole hydraulic characterization of the zone was done during the
winter season and within a wet interanual cycle, so that the entire zone was fully saturated. In the prediction, it can be
observed that most of the water comes from the lehm, which is a very conductive layer and has a high specific yield (3.6-10
%), whilst the altered unit specific yield is set at 4.6-10° m™. The mine pumping was carried out in summer, when
piezometric heads are lower and the upper units are unsaturated.

A model calibration has also been completed, but it is not shown, to verify this hypothesis. Numerical results tend to reduce
the storage coefficient of the lehm (4-107°) and to increase the specific yield of the altered unit (1.3-10* m™). This artefact is

needed to be able to withdraw water from the altered unit, which is the actual storage unit in dry periods.

6 Discussion and conclusions

The main objective of this work has been to demonstrate that structural geology and geophysics techniques, together with
hydrochemical and hydraulic data, can help in identifying the main fractures that conduct most of the groundwater flow.
Values of transmissivity were estimated at different scales by considering the medium as homogeneous. When plotting these
values against the representative field scale we observed a progressive increment of transmissivity with the scale. This scale
effect can be attributed to the main fractures because all observations can be explained by incorporating such dominant
fractures explicitly into the model. In fact, this model yielded an excellent fit to a 4 months long pump test that provoked
responses in all observation points.

The fact that such a long pump test was predicted using only short term (less than a day) tests supports both the use of
seismic geophysics and structural geology to identify the dominant fractures and their explicit incorporation into the

groundwater flow model (mixed approach).
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Results also confirm the conjecture that Southern European granite plutons display low hydraulic conductivity. This,
together with the low aggressivity of their sodium bicarbonate groundwater makes them appropriate for hosting nuclear
waste.
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Figure 1: Geological map of Albald Granitic Pluton with location of the Mina Ratones area (ENRESA, 1996; Escuder Viruete and
Pérez Estaun, 1998).
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Figure 2: Fault zone architecture of Mina Ratones area obtained from structural, seismic, core and well log data (Escuder Viruete
and Pérez Estaun, 1998; Carbonell et al., 1999; Escuder Viruete, 1999; Pérez Estatn, 1999, Escuder-Viruete et al, 2001). The main
identified structures are the NF, the SF and the 27 and 27’ Dykes. Other relevant brittle structures of minor size are 474 and 285
Faults.
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Figure 3: Groundwater hydro-geochemical behaviour model of the Aquifer-Ratones Mine system (modified from Gomez, 2002)
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Figure 4: Chemical and geophysical logs recorded at borehole SR1, which helped identifying: dyke 27 and fracture SR1-3. The
chemical logs only display the effect of dyke 27, because all upper water (including SR1-3) is mine water. The effect of both
structures can be noticed in other logs, especially in the gamma log, due to the fractures fillings. Flowmeter measurements at the
borehole vertical, with an upwards flow of 3 rpm (pumping) indicate that, below 56 m depth, there is little water flow up to the
intersection with dyke 27. This provokes a water inflow with upwards circulation. The same applies to a lesser extent to fracture
SR1-3.
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Figure 5: Results from preliminary interpretation of the South cross-hole test (pumping at SR4-1). Transmissivity and storativity
are derived by fitting each borehole drawdowns, one-at-a-time, using Theis’ model. Degree of connectivity is derived from the
estimates of storage coefficients. T varies from 4 to 64-10-5 m2-s-1, while S ranges from 1 to 53-10-3. We take S estimates to reflect
connectivity. A small S (fast response) implies good hydraulic connection between pumping and observation wells. This suggest
that best connections take place between the pumping interval and points S10 and SR1-3, whilst points S5 and SR1-2, and,
especially point PM, were damped by the mine influence (which behaves as a constant head boundary).
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Figure 6: Model geometry. The model consists of two areas. The “external matrix™ area is treated as an equivalent porous media
without explicit fractures, because the main structures have not been identified. At the local level (right picture), the main
structures are explicitly taken into account, including the fractures, dykes 27, 27’ and SR3, and the mine itself, which is excavated
in both dykes. The structures are represented by means of two-dimensional elements. The Maderos creek is embedded in the SF.
Projections of the boreholes that are closer to the mine are represented by a black dot on surface and by an arrow pointed to the
borehole end.
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Figure 7: Schematic vertical section representing variations in data derived from the hydraulic characterization of borehole SR5
(500-m deep) indicate that hydraulic conductivity changes with depth. This fact was studied by Stober (1997). The model uses a
modification of Stober’s equation: hydraulic conductivity is kept constant up to the base of the fractured granitic unit (200 m),
then changes with depth down to 350 m. From there, it remains constant down to the model bottom.
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Figure 8: Main structures implemented in the model as planar structures. They are defined by two-dimensional elements. The
model honors surface traces and dips. Downwards extension of these structures is performed with the aid of geophysics, structural
geology and intersections at boreholes. The NF is the more vertical one at its upper section, and it is cut and disconnected by faults
474 and 285 towards the South. The mine is also represented by means of two-dimensional elements, because it results from the
exploitation of the dykes. The SF is zonated at the surface, in order to reproduce the altered zone in which the stream is embedded,

where most of the water flows.
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Figure 9: Results (line) obtained after calibrating the SR4-1 cross-hole test data (dots) with the three-dimensional model. All
graphs maintain the vertical scale to ease a comparison among the responses.
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Figure 10: Transmissivity values obtained from interpretation of hydraulic tests performe
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d at varying scales in different holes and

intervals. In general, transmissivity grows with the scale, except for the cross-hole test, which was performed in the highly

transmissive portion of the site.
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Figure 11: Blind prediction of the long term pumping of the mine (point PM), using calibrated with the SR4-1 cross-hole test. This
pumping lasted for four months, and its influence reached all the observation points.
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