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• Ramón Dı́az-Noriega2

Received: 3 September 2014 / Accepted: 14 March 2015 / Published online: 26 March 2015

� Springer-Verlag Berlin Heidelberg 2015

Abstract Numerical groundwater simulations of a com-

plex limestone formation quarry in northern Spain enabled

problems there to be quantified. A conceptual model of the

aquifer, based on extensive in situ field work and infor-

mation analysis was developed using MODFLOW. Steady

state simulations as well as a first transient simulation were

performed. The predictions matched the measured flows in

the pit reasonably well, allowing practical scenarios of

immediate interest to be simulated. Model calibration

suggested a new permeability zonation, dependent of the

degree of fracturing. The model provides a consistent

quantitative framework with which new tests or operations

can be evaluated in a cost effective manner.

Keywords Mining � Modeling � Hydrogeology � Water

management

Introduction

The application of numerical groundwater flow models to

mining has increased considerably in the last few decades

(Atkinson et al. 2010; Rapantova et al. 2007), especially

for mine water management (Myers 2009; Rapantova et al.

2007) and for understanding the effects of mine subsidence

on groundwater circulation patterns (Booth and Greer

2011). Groundwater numerical models are frequently used

only as predictive tools, underestimating their power to

integrate different types of data and cost effectively explore

potential explanations of underlying physical processes

(Brown and Trott 2014; Elango 2003). Used with this

perspective, a model, such as MODFLOW (McDonald and

Harbaugh 2003), may strongly suggest the collection of a

certain kind of new data or provide new knowledge about

mine operation parameters.

This article presents a numerical model of ground-

water flow into an open pit mine. During wet seasons,

the pit bottom floods because groundwater outflow ex-

ceeds the pumping capacity. With increasing quarry

depths, the problem worsens, potentially threatening the

feasibility of the mine. A more comprehensive under-

standing of the dynamics of the pit was desired, which

led to us creating a numerical groundwater model in

Visual Modflow. To parameterize the model, we built

detailed digital topographical maps that reflected the

evolution of the surface geometry of the quarry, after

checking and digitizing the many heterogeneous pieces

of already existing maps and transforming them to a

common format. We also incorporated high resolution

geology obtained from field work and analysis and cor-

relation of 123 boreholes drilled by the company and

additional data obtained by systematic analysis of the

pumping network.
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Characterization of the Study Area

The open pit limestone mine that we studied is located on

the northern coast of Spain (Asturias). The extracted ma-

terial constitutes a productive aquifer, so groundwater

storage increases substantially during rainy periods, ex-

ceeding the installed pumping capability and flooding the

deepest levels, disrupting production (Fig. 1). Adequate

management of groundwater is critical and improving the

knowledge of the contributing aquifers by means of a

groundwater model was deemed important to optimizing

long-term dewatering strategies.

The materials in the area are of Devonian and Car-

boniferous age, consisting primarily of sandstones and

carbonates (limestone and dolomite). The sandstone for-

mations generally have a very low permeability while some

of the carbonate formations are karstic (Llopis Lladó

1970). The fractured, micritic Montana limestone is more

than 300 m thick and is a highly permeable aquifer.

Tectonically, the study area is characterized by a large

syncline fold with a north 70� east orientation and a

periclinal closure at its southern side. The syncline mea-

sures about 6700 m along the symmetry axis of the fold

and 1600 m in the perpendicular direction. The profile X–

X0 shows a cross section of the fold along the axis

(Fig. 2b). This main structure dips down to the northeast at

an average angle between 2� and 4�, implying a thickening

of the layers, particularly of the extracted Montana lime-

stone formation, towards the east. The Hercynian orogeny

(Beroiz et al. 1974) generated both this fold and a minor

one with the same strike (at the right part of profile Y–Y0,
Fig. 2c), which is important for local flows due to its in-

tense fracturing. The Alpine orogenic phase caused a fur-

ther longitudinal compartmentalization of the syncline.

These faults appear in profile X–X0 as sub-vertical lines.
Field examination revealed three fracture systems: a

family of tension fractures without displacement striking

N408W; a second that includes thrust faults parallel to the

syncline axis, striking N1258W, which is responsible for a

local thickening of the basin (see cross section X–X0 in
Fig. 2b), where the quarry has better mining prospects; and

a third family of half-moon faults striking N27 W in the

NW limb and N30E in the SE limb. Taken together, there is

a nearly uniform distribution of fractures that defines the

small-scale representative elementary volume (R.E.V) in

the Montana limestone formation, and explains its water

conveying capacity. Given its consistent nature, it trans-

lates into a continuum porous medium model with an

elevated equivalent permeability.

The opencast mine covers a surface area of 85 9 104 m2

and by the date of this work, it had reached a maximum

depth of -35 m below sea level (BSL). The typical mine

geometry of batters (sloping walls) and benches can be

seen in Fig. 1. It has evolved rapidly due to the mine’s high

Cantabrian  
Sea 

Cantabrian Sea 

Spain 

Asturias 

Study area 

N

(a)

(b) (c)

Fig. 1 Location a location of

the watershed including the

quarry; b deepest level flooded

in winter; c evolving

topography with batters and

benches
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extraction rate, producing an annual volume change of

15 %. The slopes are usually kept around 72�, with

benches approximately 18 m high. The limestone strata is

broken by conventional blasting that increases fracturing

near the active area.

The changing geometry of the quarry was assessed by

analysis of topographical maps and aerial photographs of

the quarry from 1991 to the present. These maps were

carefully checked, digitized, and transformed into a com-

mon format for their use in this work. Detailed in situ

geological field work was also carried out to build the

conceptual model. The resulting stratigraphic column can

be seen in Fig. 2d.

The cartographic map of Fig. 2 includes the results of

analyzing 123 boreholes, showing lithologies and depths to

contacts, which were also systematized and georeferenced

for further use. Seven of the wells drilled through the

limestone achieved a maximum depth of 100 m BSL,

showing that the limestone extends at least 65 m below the

mine bottom (-35 m BSL). The maximum depth estimates

were derived from the balanced cross sections, assuming:

volume conservation, that only the mentioned tectonic

structures were present, and consistency among the bed

lengths unless a discontinuity had to be considered, based

on collected field data (Dahlstrom 1969).

Description of Hydrological Data

Meteorological data were obtained from six nearby

weather stations, which provided precipitation and tem-

perature time series data. As there were time gaps, cross-

correlation was used to form a unique complete precipita-

tion time series from the 1930s until the present that could

be applied to the study area. For use in the stationary

model, an average precipitation rate of 941.5 mm/year was

obtained, with maxima and minima of 1303.2 and

537.1 mm/year, respectively. These bounds were also used

in simulating the different scenarios.

The evapotranspiration was calculated directly from the

meteorological data previously described using the formula

of Le Turc (Maidment 1992). The average evapotranspi-

ration value was 55 % of the precipitation, with upper and

lower bounds of 70 and 40 %.

The input recharge area was derived from the field work

performed on the hydrology of the study area as

10.59 9 106 m2, delimited by the watershed divide and the

sea border. The stream system has a total length of about

12 km; careful differential gauging was performed to

quantify surface runoff and infiltration (Fig. 3).

A total of 67 water points were inventoried, consisting

of springs, wells, and boreholes, of which only 9 were used

(a)

(b)

Fig. 2 Surface geological map, sequence, and cross sections a surface

geological map showing the location of the open pit mine in the

Montana limestone; b, c balanced vertical cross cuts in showing the

internal general structure and tectonic features; d stratigraphical

column with the main formations present in the area
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for monitoring of hydraulic heads (Fig. 3) in the steady

state model because of their location in the main aquifer

(Montana limestone) and accessibility. For each water

point, an associated file was created, with its location,

photographs, geological and hydrogeological characteris-

tics, observations, and measurements. The water recharge

to the aquifer had an average value of 542.6 mm/year, with

1019.7 and 161.1 mm/year, being the lower and upper

bounds, respectively.

Groundwater outflow to the pit was quantified from the

pumps of the installed dewatering system, after subtracting

the surface runoff, calculated from the river gauging data.

The drainage system comprises a pump system and engi-

neered ponds that are used to regulate discharges (Sup-

plemental Fig. 1). [Supplemental figures and tables

accompany the on-line version of this paper, which can be

downloaded for free by all journal subscribers and IMWA

members.] The field work identified permanent localized

groundwater outflows where local hydrographs, correlated

with the rain events, showed very short residence times

(\3 days).

Discussion of the Conceptual Model

The main aquifer body is the Montana limestone formation.

The initial goal was to find a framework that consistently fit

the existing information. It seemed reasonable to first focus

on average annual pit outflows and heads and analyze the

permanent regime. A preliminary subsequent transient

analysis matched the time evolution of the global flows to

the pit and further constrained the aquifer characteristics.

Different hydraulic conductivity values were assigned

for each layer of the model. The Montana limestone for-

mation was first assumed to be homogeneous and a steady

model was run to fit the global discharge in the quarry.

Afterwards, a new zonal heterogeneous model was devel-

oped that matched the spatial distribution of localized flows

in the pit.

The evolving geometry might suggest the use of time-

dependent boundary conditions. However, the geometry is

only updated in December of each year and, in later years,

including those studied here, the increased groundwater

inflow to the pit has slowed down the production rate, so

that the geometry does not change so quickly. Therefore,

the available geometry was assumed to be a valid average

of the situation of each year.

Part of the field work was focused on identifying the role

that the larger faults played in groundwater circulation.

However, no evidence was found in favor of conductive

faults; instead, the fractures are localized and disappear

before reaching the bottom of the Naranco sandstone for-

mation. So, individual fractures are not currently included

in this model but could be incorporated if any of them are

found to be significant.

Field inspection of the exposed aquifer uncovered by

mining revealed the existence of small voids and fissures

(enhanced by the effect of the explosives) that will cer-

tainly convey water locally in a non-Darcian manner.

However, since the goal of the model was to integrate the

spatial scale of the entire formation, the fractured limestone

aquifer was replaced by an equivalent continuum charac-

terized by an effective hydraulic conductivity (Bear 1972).

The boundaries of the model at the surface coincide with

the topographic watershed line. Infiltration out of this line

would have to take place in the Naranco Sandstone for-

mation or in parts of the Triassic formation, both of which

were considered highly improbable. The groundwater

flows towards the Montana limestone. The underground

boundaries of the model follow the bottom of the Naranco

sandstone formation. Many of its members are considered

to be impermeable along its half kilometer thickness in the

area. Hypothetical tension fractures developed at its bot-

tom, linked to the syncline curvature, would not be con-

nected to each other. This was translated into a Neumann

no-flow boundary condition.

Areal recharge is directly input at the surface where the

limestone outcrops and the net precipitation almost entirely

enters the aquifer. The stream system conveys water from

runoff. Infiltration data for the stream reaches are available

from the differential gauges carried out during the survey

and from observation of the stream behavior during the

hydrologic year. A specified flow was used to characterize

the stream-aquifer interaction.

The coast line is around 1100 m from the quarry. The

sea water contact is simulated as a Dirichlet boundary

condition, being a constant head equal to the mean sea

level. Density differences between the sea water and the

Fig. 3 Hydrological information shows the stream network and its

gauging points
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fresh water are not considered in this first model (Fig. 4a,

b). The outflow of water to the quarry through the surface

of the batters was simulated using a boundary condition of

the third type in MODFLOW.

Model Design

The numerical implementation was carried out based on

this conceptual model using Visual MODFLOW, which is

a finite difference computer code commercialized by

Schlumberger (Schumberger Water Services 2009). The

outer surface of the benches in the active mining front was

modeled using a third type boundary condition. The con-

ductance factor needed was set according to the expected

permeability of the zone and the dimensions of the cells;

the required reference level was set equal to the topo-

graphic elevation of that point. With these specifications,

the water leaving the model mimics the groundwater dis-

charge through the mined faces.

The MODFLOW spatial discretization used a rectan-

gular grid with 158 rows, 380 columns, and 21 numerical

layers along the vertical dimension. The average size of the

cell was 25 m and was refined by a factor of 4 in the quarry

region to accurately represent the complex geometry of

batter and benches and its evolution with time. This version

of MODFLOW required the extension of each refined

column or file to the boundary of the model, which is

clearly superfluous. A local refining strategy would be

more economic computationally and there are new versions

available that enable local refinement (Krčmář and Sracek

2014).

For the transient simulation, the same grid was em-

ployed and the code was run for a 1 year period, from May

2010 to April 2011, where flow measurements were

available. Each stress period corresponded to 1 month and

recharge was recalculated monthly. The hydraulic con-

ductivity values are shown in Fig. 5, together with the

finite difference mesh. The groundwater outflow to the

quarry, both in steady state and in the transient simulations,

was obtained by setting a water budget zone in the

boundary condition cells or elements surrounding it.

Parameter Estimation, Sensitivity Analysis
and Model Verification

Following the modeling protocol (Anderson and Woessner

1991), a steady state parameter estimate was performed

once the conceptual model was implemented. The model

was then calibrated to give it the ability to reproduce a

certain family of collected field measurements (Carrera

et al. 2005). A first calibration was done based on the

hydraulic conductivity values for a homogeneous lime-

stone model, using the average measured total groundwater

flow to the quarry during the period between May 2010 and

April 2011 and the water head in the six wells shown in

Fig. 6 as data. The model was run using average values of

precipitation and evapotranspiration.

A careful assessment of the drainage pumping network

established that the empirical standard deviation was 15 %

for the measured flows and 3 % for the measured water

levels available. These figures were used as threshold tol-

erances. Any model achieving a root mean square (RMS)

(a)

(b)

Fig. 4 Conceptual model: a plan view of the different boundary conditions employed; b vertical cross section showing boundary conditions and

the hydrogeological units present
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discrepancy between predicted and measured values below

them was considered acceptable. Calibration was done by

trial and error; no automatic estimation method was used.

The parameters of the homogeneous model are shown in

Fig. 5. The data and the quality of fit are shown in Fig. 6

for those estimated values. Other equivalent models are

possible, as explained later.

However, the mine geometry for the considered period

differed from that of 2013 when analysis of predictive

scenarios was needed and from that of 2003, which was

used for retro-validation. Modeling geometries were

therefore modified accordingly.

The geological study also detected various highly frac-

tured zones. Some of these were able to transmit water with

a delay time of 3 days, based on correlations with in situ

measured values. Although the simulation performed using

a single hydraulic conductivity value for the limestone

provided results consistent with the global outflow to the

pit, it does not honor these localized flow measurements.

Therefore, a permeability zonation was introduced that

better matches the anomalous local flows, supporting the

existence of a higher permeability area inside the area of

active dewatering for quarry operations. The hydraulic

conductivity of the new zones was 1000 m/day near the

river and 100 m/day along the anticline axis (Fig. 7).

A transient simulation was later performed, starting with

the stationary model. Predicted monthly outflows to the pit

were compared with the measured monthly global flows.

Time evolution of observed water heads was not available.

Figure 8 and supplemental Table 1 show how the fit cap-

tures the seasonal variation and matches the values, within

the 15 % tolerance of the measurements.

Different models were able to produce misfits under the

required tolerances. Equivalent models were obtained by

simultaneously changing the conductivity and the thickness

of the limestone formation. In Fig. 9, the limestone thick-

ness was varied using limestone permeability as a pa-

rameter. The feasible portion is vertically bounded by

geologic estimations (red lines) and horizontally by the

value of the tolerance misfit value (blue lines). The two

vertical lines represent the lower bound for the limestone

thickness obtained from the already drilled boreholes,

(a)

(b) (c)

Fig. 5 Model discretization; a mesh in plan view; b longitudinal cut showing the mesh and the hydrogeological units; c transversal cross section.
The values shown are estimated
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(b)

(a)
Fig. 6 Location of observation

points: a situation of the head

observation points and outflow

to the pit; b observed values and

fit; root mean square

(RMS) = 2.18 m

(a)

(b) (c)

Fig. 7 Permeability zonation: a detailed view of the local flows measured in the pit and the high permeability zones included in the model to

better fit them; b fit between observed and predicted heads (RMS = 3.3 m); c fit between predicted and measured local flows
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whereas the upper bound was obtained from geological

interpretation. A conductivity from 0.3 to 2 m/day was

considered permissable. Reversing the argument, a max-

imum thickness for the limestone would be obtained given

any reliable conductivity value. For instance, for

k = 0.3 m/day, the maximum thickness would be 235 m.

Figure 9b shows how the non-uniqueness of the pa-

rameters attributed to the limestone was reduced. The new

feasibility area imposes a maximum hydraulic conductivity

of 0.8 m/day. This gives a clear context that shows the

immediate usefulness of pumping tests and graphically

summarizes the level of knowledge contained in the data

used for the steady state simulation.

A sensitivity analysis was performed for different nu-

merical aspects of the problem under study. For instance,

the influence of the mesh grid, both horizontally and ver-

tically, was assessed, looking to optimize the easiness of

convergence and the computation time while achieving

acceptable residual balances.

The parameters determined in the calibration phase were

used to (back) predict the pit outflows in 2003, the only one

in the past for which the data were considered reliable

enough, albeit with a different (smaller) affected geometry.

The difference between the average measured and pre-

dicted result was 13 %. Therefore, the models were

deemed sufficient to incorporate further information and

perform hypothesis analysis.

Discussion of Different Scenarios of Practical
Interest

Once the model is further refined and capable of consis-

tently integrating the measured data and conceptual model,

it will be employed to gain insight into some characteristics

of hypothetical scenarios of practical interest. Among the

feasible family of values, simulations have been run with

the following representative values for illustration pur-

poses: 0.5 m/day for limestones (Montana and Candas),

10-1 m/day for Triassic materials and Montana limestone

in Peran place, 10-2 m/day for dolostone and Naranco

sandstone, and 10-3 m/day for the turbidite sequence and

Candas sandstone. Although the actual model does not

handle density dependent flow, considered to be too so-

phisticated at this stage for the actual quantity and quality

of the data, the existence and position of the groundwater

divide might be used with caution to preliminarily assess

the risk of a sea water intrusion reaching the pit as the

quarry is deepened as planned. At present, there is em-

pirical evidence of fresh water discharge at localized points

at the sea coast, so no intrusion is taking place. But this

situation might change for different scenarios such as:

Fig. 8 Predicted versus observed global flows graph with observed

and predicted values of total monthly outflow (RMS = 14.6 %).

Numerical data in supplemental Table 1

Fig. 9 Feasibility regions: a feasibility region obtained from steady

state knowledge; b feasibility region obtained from the preliminary

transient simulation. Note that values of K over 0.8 m/day have

become infeasible
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Scenario 1

Estimated lower and upper bounds for the outflow with

the pit’s current geometry. Estimates were obtained by

running models using the appropriate combination of up-

per and lower limits for precipitation (1303.2 and

537.1 mm/year) and evapotranspiration (70 and 40 %),

together with bounds of stream infiltration measured by

differential gauging (6900 and 0 m3/day). The predicted

variations would be interpretable as limiting feasible

events as long as the quarry geometry is considered to be

invariant. The maximum pit outflow would be 49 %

greater and the minimum would be 62 % less than the

average actual prediction (see Fig. 10). The groundwater

divide moves accordingly and, for the lowest values case,

suggests that attention should be paid to the possibility of

intrusion.

Scenario 2

To decrease the amount of leakage of water from the

stream, partial channeling was envisaged for the reach

traversing the company’s property. This channeling sce-

nario, once modeled suppressing the recharge at the mod-

ified reach and using average recharge values everywhere

else, predicted a 24 % reduction in groundwater flow at the

bottom pit (Supplemental Fig. 2).

Scenario 3

Shows the prediction of the average pit outflow for the

projected geometry for year 2020. Here, an average

recharge value of 423.7 mm/year and stream infiltration of

3450 m3/day were used as input. The depth of the new

open face is now 53 m below sea level and the predicted

(a) (b)

(c)
(d)

(e)
(f)

Fig. 10 Scenario 1: a situation map showing the quarry, the coast

line and the rivers; b piezometric map of the limestone aquifer for the

average situation. The dashed line represents the position of the

groundwater divide; c, d show the case when the upper limit is used.

The groundwater divide is slightly displaced and deformed to the

south (left) and the outflow to the pit increases by 49 %. e, f the lower
bounds are used and the groundwater divide shifts to very close to the

coast. Discharge to the pit is 62 % less than the average
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pumping capacity should be increased by 10 % (Fig. 11).

Given the observed displacement of the groundwater di-

vide, a more detailed study of a possible sea water intrusion

is recommended for scenario 3.

Conclusions

Groundwater models are useful in integrating different

types of data into a consistent framework, rendering the

information useful and interpretable. In open mine pit

exploitations where the extraction rate and production

times are the dominant economic factor, specialized hy-

drogeologic tests and continuous monitoring are unusual.

This paper shows how a numerical model was used to

integrate existing data of different qualities in a consistent

way. This provided a framework that indicated how re-

sults should be refined through further experiments and

proved useful to mine management departments con-

cerned with production and safety. The practical scenarios

developed above illustrate the potential value of the

model.
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