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ABSTRACT 

Characterizing and preserving available groundwater resources within crystalline rocks is 

pertinent to understanding and predicting resources for ecosystems worldwide. Crystalline-rock 

aquifers, with favorable structure and climate, can be pumped year round to meet local domestic 

demand. The Ploemeur hydrogeologic site, near the southern coast of Brittany, France, is 

characterized by a structurally complex fractured mica-schist and granite confined aquifer system. 

A contact zone, which acts as the main localized flow path through the aquifer, separates the two 

crystalline units, and a sub-vertical permeable fault zone cross cuts the crystalline bedrock and 

contact zone. Using field observations, recharge estimates, and a calibrated three-dimensional 

numerical multi-zone MODFLOW 6 model, we present preferential flow paths of recharge 

infiltrating the complex geology of the Ploemeur hydrogeological site during pumping conditions. 

Using MODPATH to track groundwater and recharge path lines, we determine that water extracted 

from the aquifer originates from higher elevation areas west of the pumping site. Particle tracking 

analyses indicate that precipitation simulated over the pumping zone takes a minimum of two years 

to reach the pumping wells and travels up to 100 m in distance. Analyses of the water budget of 

the aquifer system using Zonebudget show that storage contributes significantly to the productivity 

of the system. Based on these analyses, we determine that recharge mechanisms such as piston 

flow and preferential flow play important roles in the Ploemeur hydrogeologic site. Though the 

Ploemeur site is unique in its composition and geometry, the methods used to characterize and 

monitor the aquifer can be applied to fractured crystalline-rock aquifers globally. Fractured 



  

crystalline-rock aquifers make up 10% of the region’s freshwater sources, thus understanding their 

flow mechanisms contributes greatly to the management of freshwater resources. 
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GENERAL AUDIENCE ABSTRACT 
 
 Groundwater aquifers are a common source of freshwater worldwide as groundwater 

makes up 30% of Earth’s freshwater resources. Porous, sedimentary aquifers, made of materials 

such as sand or gravel, are well studied; however, the less understood aquifers found in crystalline 

bedrock are also found all over the world. Generally, igneous and metamorphic crystalline rocks 

are not porous and have low permeabilities, but fractures and faults in the crystalline rock can 

increase the ability for water to travel through the system. The Ploemeur hydrogeologic site, 

located on the southern coast of Brittany, France, is a productive fractured crystalline-rock 

groundwater aquifer producing freshwater year round. The productivity of this aquifer is attributed 

to the increased hydraulic conductivity associated with the intersection of two permeable features: 

a subvertical fault zone and a sub-horizontal contact zone. Despite the aquifer’s output, recharge 

travels very slowly into the system due to the depth, heterogeneity, and clay content in an overlying 

layer of weathered rock fragments and soil. In this study, we create a three-dimensional numerical 

model using MODFLOW to simulate precipitation in different locations to see how it travels 

through the aquifer to the site of groundwater pumping. We see that the recharge prefers to travel 

topographically from regions of higher elevation to lower elevation. The recharge preferentially 

travels through the geologic features with higher permeabilities, including the fault zone, regolith, 

and contact zone, but it does still travel through the less permeable, crystalline bedrock units. Even 

in the features with the higher permeabilities, simulated recharge requires a minimum of 2 years 

to travel from the land surface to the pumping wells. The pumping wells extract significant water 

from storage, as seen in our water budget calculations of each geologic unit. We see two recharge 



  

mechanisms present in the hydrogeologic site: piston flow, where young water displaces older 

water from the storage, and preferential flow, where recharge prefers to travel through regions with 

higher hydraulic conductivity. Understanding the recharge mechanisms in crystalline aquifers is 

pertinent to our knowledge of freshwater resources as crystalline aquifers make up approximately 

10% of all groundwater supplies. 
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INTRODUCTION 

Groundwater is an often necessary resource to support populations, both urban and rural, 

industry, and agriculture with freshwater (Ali and Mubarak, 2017). Though groundwater is a 

renewable resource, it can take many months to years for an aquifer to replenish enough 

groundwater to be a dependable resource (Ali and Mubarak, 2017).  The ability to characterize and 

predict recharge rates in our freshwater resources is more critical now than ever as increasing 

temperatures from recent changes in climate affect surface tension and other matric properties 

reducing the ability for groundwater aquifers to hold water (Nimmo, 2005, Scibek et al., 2007; 

Green et al., 2011; Aquilina et al., 2015). Therefore, proper monitoring and management of the 

reservoirs, particularly those providing groundwater to towns and cities, is critical to supplying 

enough freshwater to those dependent on the resources. However, the fractured crystalline-rock 

makeup of some groundwater aquifers, including the Ploemeur hydrologic site in this study, 

provide additional challenges and uncertainties in the management and prediction of these 

aquifers. 

It is estimated that one-third of Earth’s crust is composed of igneous and metamorphic 

bedrock (Blatt and Jones, 1975; Amiotte-Suchet et al., 2003; Gleeson et al., 2012). Fractured rock 

aquifers are found around the world (Maréchal et al., 2004; Gleeson et al., 2009; Pedretti et al., 

2016; Dewandel et al., 2012; Maréchal et al., 2018), but they are less understood than porous 

aquifers. This is due to their heterogenous nature locally, regionally, and worldwide which makes 

them difficult to quantify and compare to other similar aquifers (Cook, 2003; Roques et al., 2016). 

Contrary to the permeable nature of aquifers composed of unconsolidated sediments, crystalline 

rocks, notably mica-schist and granite, are not typically considered good aquifers or reservoirs due 

to their close crystalline structures and extremely low primary permeabilities. However, faulting 
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and fracturing from weathering and tectonic activity can increase the secondary permeability and 

thus the ability to transmit water (Aquilina et al., 2004; Bense et al., 2013). Deformation in shallow 

(< 1 km) crust increases the permeability, heterogeneity, and anisotropy of the geology, sometimes 

creating a layer of regolith at the ground surface (Bense et al., 2013). Water can travel through 

fractures more quickly than the crystalline matrix, and water preferentially travels through a path 

of least resistance (Nimmo, 2005). The impacts of fractures and faults on groundwater systems 

varies by location due to heterogeneity in climate, geology, and topography among other factors 

(Bense et al., 2013). If a fractured rock aquifer contains substantial interconnected fractures to 

transport enough water to support local need, it can be considered an aquifer. 

Other factors including climate, topography, and soil properties can play significant roles 

in the productivity of fractured crystalline rock aquifers. Recharge, or water supplying a 

groundwater reservoir or aquifer, is considered one of the most important factors in determining 

the productivity of an aquifer (Lerner et al, 1990; Scanlon et al., 2002; Gleeson et al., 2009; Leray 

et al., 2013; Ali and Mubarak, 2017). However, accurately quantifying recharge is difficult due to 

factors such as natural heterogeneity in the hydraulic parameters of the soil and geologic materials 

as well as the complexities from the overlying and surrounding vegetation (Lerner et al., 1990; 

Scanlon et al., 2002; Nimmo, 2005; Gleeson et al., 2009; Ali and Mubarak, 2017). Surface 

recharge, such a runoff and precipitation, often travels to streams and other surface water bodies 

following topography from higher elevations to lower elevations. After penetrating the ground 

surface, recharge is assumed to travel vertically downward to reach the aquifer (Ali and Mubarak, 

2017), though this vertical flow may be impeded depending on the hydraulic parameters of the soil 

and regolith and layers overlying the aquifer. 
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Groundwater models provide insight to the conceptual behavior of flow and transport 

through an aquifer system (Cook, 2003; Ali and Mubrarak, 2017). Numerical modeling of 

groundwater systems represents a tool that allows for analyses and studies that could not be made 

in the field due to an aquifer’s depth, heterogeneity, or connectivity among other factors (Le 

Borgne et al., 2004; Nimmo, 2005). Environmental models are important to manage and predict 

natural resources, such as freshwater, particularly to see how a groundwater system responds to 

environmental and anthropogenic changes (White et al., 2020). Many models, particularly those 

representing a specific site, contain observations and hydraulic parameter estimations from field 

analyses, as large numbers of hydrogeologic observations and accurate parameter estimations are 

important for model calibration (Cook, 2003; Leray et al., 2012; Ali and Mubarak, 2017). 

However, numerical modeling typically results in conclusions that are non-unique, or results that 

could be true for a variety of geological sites and models even if the sites differ in geology and 

geometry (Berkowitz, 2002; Cook, 2003; Le Borgne et al., 2004). To ensure a model accurately 

represents the geologic system of interest for the intended modeling purpose, it should reflect the 

controlling features, boundary conditions, and the scale of interest for the region (Cook, 2003). 

The heterogenetic nature and localized flow patterns of water through fractured crystalline-rock 

aquifers challenges conventional numerical groundwater models; however, adaptations to current 

methods are made to both decrease the complexities of the groundwater systems and increase the 

complexities of the models to fit the groundwater system being modeled (Maréchal et al., 2018). 

The hydrogeologic site investigated in this study is a fractured crystalline-rock aquifer 

located in Ploemeur, France. Geology at the site consists of faulted and fractured granite and mica-

schist separated by a sub-horizontal contact zone. Despite its uncharacteristic makeup for a prolific 

aquifer, the Ploemeur hydrogeologic site is able to supply consistent freshwater to over 20,000 
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inhabitants with limited groundwater drawdown. Due to the fractured and heterogenous 

crystalline-rock that makes up the Ploemeur hydrogeologic site, it is difficult to understand the 

nature of recharge and groundwater flow in the hydrogeologic system, particularly at depth and in 

the unfractured matrix. In this study, we investigate the hydrogeologic mechanisms that contribute 

to the productivity of the site with a three-dimensional numerical model created with MODFLOW 

6 and ModelMuse. Specifically, we seek to determine the sources of the groundwater extracted 

through the pumping wells during average recharge and pumping conditions. The numerical model  

simulates which geologic units the recharge prefers to flow through while traveling to the pumping 

wells. This study contributes to the understanding of hydromechanical and temporal properties 

driving groundwater flow and recharge in the Ploemeur aquifer. Additionally, the findings in this 

study provides new understanding of these flow mechanisms that allow for improved groundwater 

management in fractured and faulted crystalline-rock aquifers worldwide. 
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BACKGROUND 

Recharge 

Recharge is a pertinent factor in determining whether a groundwater aquifer will be a 

productive water resource to supply local needs; therefore, estimating current recharge and 

predicting future recharge rates is essential for maintaining sustainable water resources 

management (Lerner et al., 1990; Scanlon et al., 2002; Cook, 2003; Gleeson et al., 2009; Baker 

and Miller, 2013; Ali and Mubarak, 2017). Recharge is often the limiting factor in quantifying 

sustainable groundwater extraction rates (Leray et al., 2013). Aspects of proper recharge 

estimation include understanding an aquifer’s water budget through sources of recharge and 

discharge, preferential flow paths, climate, and impacts of local geology (Cook, 2003; Ali and 

Mubarak, 2017). Natural recharge and discharge cycles are controlled by the regional climate and 

can vary by year, season, or decade (Biessy et al., 2011). The regional geology can also play a 

significant role as the quantity of recharge per unit area that can be stored for later use during the 

seasons or during periods of increased pumping is dependent on the hydrologic properties of the 

geologic units (Ruelleu et al., 2010; Leray et al., 2012, 2013; Bense et al., 2013; Jiménez-Martínez 

et al., 2013; Roques et al., 2014, 2016; Ali and Mubarak, 2017). Despite the importance of recharge 

in characterizing groundwater resources in groundwater aquifers, recharge rates are often difficult 

to accurately quantify. 

Recharge can originate from a variety of sources, including precipitation, runoff, storage 

of adjacent geologic units and reservoirs, ponding in lower topographic areas, artificial recharge, 

or leakage from nearby surface water features (Lloyd, 1986; Sukhija et al., 2003). Meteoric water, 

or water originating from precipitation, is a common source of natural recharge for groundwater 

aquifer systems as it can travel through the unsaturated zone to the water table, replenish surface 
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water bodies, or freeze as ice. Surface water bodies, such as streams, lakes, and ponds, lose water 

to groundwater aquifers when the water table level falls below the surface water level at any 

location beneath the surface water feature, otherwise known as induced recharge (Winter et al., 

1998; Ali and Mubarak, 2017). Irrigation water from agricultural regions can re-enter the 

subsurface during dry seasons (Mustafa et al., 2017).  In colder regions, snowmelt at the end of 

the winter months recharges the groundwater system, most notably in aquifers with shallow water 

tables (Buttle and Sami, 1990; Gleeson et al., 2009). Recharge occurs intensely and rapidly during 

periods of glacial melt, which can be determined from analyzing deep groundwater extracted from 

aquifers in across Europe (Klump et al., 2008; Gleeson et al., 2009 Alvarado et al., 2011; Aquilina 

et al., 2015). Urban recharge includes leaks from infrastructure for water supply and sewage 

networks (Lerner, 2002; Wakode et al., 2018). Artificial recharge occurs when water is pumped 

into a reservoir in an effort to prevent the deleterious effects of over-pumping such as land 

subsidence and related earth fissures (Ali and Mubarak, 2017). 

As recharge infiltrates into a groundwater system, it is typically assumed to travel vertically 

through the unsaturated zone (Ali and Mubarak, 2017). When it reaches groundwater in the 

saturated zone, it can travel vertically or horizontally depending on the local hydraulic gradient 

and geologic conditions (Winter et al., 1998). Diffuse recharge is common in humid-zone climates. 

Diffuse recharge refers to a process whereby precipitation occurs over a large spatial area and 

travels vertically through the unsaturated zone to the water table by gravity drainage (Healy, 2010; 

Ali and Mubarak, 2017). Piston flow describes the instances when new recharge displaces older 

water stored in the unsaturated or saturated zones, forming regions of different-aged water 

(Hewlett and Hibbert, 1967; Zimmermann et al., 1967; Buttle and Sami, 1990; Sukhija et al., 2003; 

Ali and Mubarak, 2017). Piston flow has been documented in both homogeneous medium porous 
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media and fractured crystalline-rock (Zimmermann et al., 1967; Sukhija et al., 2003), but this flow 

process is not always the primary recharge mechanism in fractured hard rock aquifers (Sukhija et 

al., 2003). Instead, recharge in heavily faulted or jointed rocks often follows a path of least 

resistance, or preferential flow paths, through interconnected fracture orientations with higher 

permeability and connectivity than surrounding low permeability rock (Sukhija et al., 2003; 

Nimmo, 2005; Gleeson et al., 2009; Pedretti et al., 2016; Roques et al., 2016; Ali and Mubarak. 

2017; Schuite et al., 2017). Preferential flow paths are influenced by such factors as the 

connectivity and size (aperture) of the fractures and overall volumetric water content (Cook, 2003; 

Nimmo, 2005; Gleeson et al., 2009). Inter-aquifer flow, or groundwater underflow, occurs when 

leakage from an overlying aquifer travels through a semi-permeable layer into a separate aquifer 

(Healy, 2010). Although this occurrence is not always considered recharge, it is important to 

consider when calculating the water balance of an aquifer system (Lerner, 1990).  

Accurately estimating recharge through a groundwater aquifer is imperative for the 

understanding and sustainable management of the reservoir (Lerner et al., 1990; Scanlon et al., 

2002; Gleeson et al., 2009; Ali and Mubarak, 2017). However, measuring or accurately 

quantifying recharge remains one of the biggest challenges in hydrogeology as the most precise 

methods for acquiring subsurface data from percolating water are expensive and complex (Lerner 

et al., 1990; Scanlon et al., 2002; Nimmo; 2005; Ali and Mubarak, 2017). Such complexity is due 

to natural heterogeneity in the hydraulic parameters of the soil and geologic materials as well as 

the complexities that influence the available recharge from the overlying and surrounding 

vegetation (Nimmo, 2005; Gleeson et al., 2009; Ali and Mubarak, 2017). Additionally, 

determining recharge over a specific spatial location is challenging due to temporal changes and 

complications with seasonal, decadal, or long-term weather and climate changes (Healy, 2010). 
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The water table can also fluctuate from air entrapment, bank-storage effects near surface streams 

and rivers, tidal effects near oceans, pumping conditions, and deep-well injections, all without 

considering changes in recharge (Freeze and Cherry, 1979).  

In order to account for the complexity of factors influencing groundwater recharge, efforts 

have been made to outline simpler methodologies for estimating recharge. Common and easily 

measured parameters, such as soil moisture content, hydraulic conductivity, water table and 

potential head fluctuations, evapotranspiration, and recharge extinction depth, are used to estimate 

recharge and infiltration in groundwater systems (Lerner et al., 1990; Lee et al., 2006; Healy, 2010; 

Ali and Mubarak, 2017). However, estimating evapotranspiration (ET) often yields to high errors, 

particularly in arid and semi-arid regions (Gee and Hillel, 1988; Sukhija, 2003). Potential ET, 

which is what is most commonly estimated in the field, represents the greatest quantity of water 

that can be removed from a region via evaporation of transpiration (Ali and Mubarak, 2017). In 

addition to the climatic factors that influence potential ET, actual ET is also dependent on the 

unsaturated soil water storage and characteristics. This discrepancy can lead to frequent high errors 

in ET and recharge estimations (Freeze and Cherry, 1979). Recharge estimates based only on soil 

properties are also often incorrect as even small changes in the spatial variability can change the 

hydraulic parameters, which can have a significant effect on total infiltration (Freeze and Cherry, 

1979; Nimmo, 2005). 

Additional multi-scale heterogeneity from the connectivity and permeability of flow paths 

complicates the process of estimating recharge in fractured aquifers (de Dreuzy et al., 2002, 2004; 

Cook, 2003; Maréchal et al., 2004; Le Borgne et al., 2004, 2006; Jiménez-Martínez et al., 2013; 

Pedretti et al., 2016; Roques et al., 2018). Recharge in fractured aquifers typically travels by 

preferential flow path which can permit faster movement based on the characteristics of the 
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fractures and the present state of the system’s hydraulics (Cook, 2003; Nimmo, 2005; Gleeson et 

al., 2009). Fractures permitting ample water can cause fractured-rock aquifers to recharge quickly 

during precipitation events or cause more extreme drawdown (Courtois et al., 2010). Recharge in 

fractured aquifers is also highly reliant on the dip of permeable structures and organization of the 

fractures (Gleeson et al., 2009; Ruelleu et al., 2010; Jiménez-Martínez et al., 2013; Leray et al., 

2013). However, fully characterizing these flow paths is near impossible due to the depth and scale 

of the fractures as well as the variety in shape, orientation, and connectedness among other known 

and unknown characteristics (Nimmo, 2005; Gleeson et al., 2009). In addition, many traditional 

methods of quantifying recharge in aquifers are not directly applicable to fractured aquifers (Cook, 

2003). Methods to characterize the local transmissivity of fracture networks include hydraulic tests 

(Day-Lewis et al., 2000), cross borehole flowmeter tests (Le Borgne et al., 2006), ground 

penetrating radar imaging (Day-Lewis et al., 2003), and tracer tests (Gleeson et al., 2009). These 

methods can be expensive, are often limited to local scale characterization, or invasive to the 

natural state of the groundwater system (Schuite et al., 2015). Also, the scale dependent nature of 

fractured aquifers reduces the reliability of short-term field studies as different aquifer features can 

control short term versus long term groundwater extraction (Jiménez-Martínez et al., 2013). 

Recharge by fractures and dense fracture networks, such as fault zones, can also 

significantly aid in the recharge of groundwater systems (Ruelleu et al., 2010; Bense et al., 2013; 

Schuite et al., 2015). Localized flow can occur in the most conductive and connected fractures, 

which, as a result, causes the aquifer to be more responsive to recharge and pumping events 

(Courtois et al., 2010). The juxtaposition between the more permeable fractures and the less 

permeable crystalline matrix typically results in longer residence times for groundwater in these 

fractured-rock aquifer systems, particularly in the crystalline matrix (Farkas-Karay and Hajnal, 
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2015). However, these zones and paths of high permeability are limited by fracture extent and 

connectivity (Cook, 2003; Dewandel et al., 2012). Wide aperture fractures and the closely 

structured geology both have low storativity values; however, dense fracture networks, such as 

fault zones, can have high storativity, which can act as a recharge reservoir in groundwater aquifer 

systems (Bense et al., 2013). Deep fracture networks that have little connectivity to the surface can 

also recharge an aquifer, notably during dry periods and during long term pumping conditions 

(Roques et al., 2018).  

 

Fractured Crystalline Aquifers 

 Crystalline aquifers, comprised of igneous and metamorphic bedrock, are commonly found 

throughout the world (Figure 1) (Maréchal et al., 2004; Gleeson et al., 2009; Pedretti et al., 2016; 

Dewandel et al., 2012; Maréchal et al., 2018); however, groundwater contained in crystalline 

bedrock is not always a dependable or sufficient water resource (Aquilina et al., 2004). 

Determining the reliability of each potential crystalline aquifer is imperative, as approximately 

one-third of the continental crust is composed of igneous and metamorphic rock (Blatt and Jones, 

1975; Amiotte-Suchet et al., 2003; Gleeson et al., 2012). Despite their commonality, hydraulic 

properties of crystalline-rock aquifers are difficult to quantify due to their heterogeneous nature 

(Cook, 2003; Roques et al., 2016). With an average effective permeability from 10-15 to 10-17 m2 

(Freeze and Cherry, 1979; Gleeson et al., 2011; Stober and Butcher, 2014), metamorphosed and 

plutonic rocks have a close crystalline structure which results in a nearly impermeable structure 

with low primary porosity. Fractures within bedrock can provide ample pathways for water to flow 

through the system, potentially increasing the productivity these crystalline-rock aquifers up to 

four orders of magnitude (Kiraly, 1975; Clauser, 1992; Evans et al., 1997; Aquilina et al., 2004). 
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Based on the characteristics of the fracture conduit, water can favor a course of interconnected 

fractures through the aquifer, otherwise known as a preferential flow path (Cook, 2003; Nimmo, 

2005; Gleeson et al., 2009; Pedretti et al., 2016; Roques et al., 2016; Ali and Mubarak, 2017; 

Schuite et al., 2017). If the geometry and hydraulic parameters of the fractured rock cannot produce 

sufficient discharge and therefore provide a significant through-flow system, it will generally not 

be considered an aquifer (Perdretti et al., 2016; Lamur et al., 2017).  

 

Figure 1: Conceptual schematic of groundwater flow and recharge through the fractured 

crystalline-rock at the Ploemeur hydrogeologic site. Preferential flow paths, indicated with 

blue arrows, show where recharge and groundwater travels through the system. The deep 

fracture system, or the contact zone, shows larger blue arrows indicating more water 

traveling through the geologic feature. The pumping zone, located in the intersection of 

the contact zone and fault zones and shown by the pictured pumping well, contains multiple 

preferential flow paths for water to be extracted from the aquifer. The flow dynamics shown 

are simplified and do not fully represent the Ploemeur hydrogeologic site (Modified from 

Jiménez-Martínez et al., 2013) 
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The unique hydraulic properties of each fractured crystalline-rock aquifer are dependent 

on factors such as the tectonic history, fracture connectivity, degree of weathering, stress history, 

climate, and elevation (Cook, 2003). A general hydrogeological model for fractured crystalline-

rock aquifers has been used since the 1990s. Groundwater flow and aquifer properties are 

controlled by the weathering of the crystalline rock into mica-rich regolith and saprolite and 

weathered bedrock (Wright, 1992; Taylor and Howard, 1999). Typically, groundwater flow in 

crystalline aquifers occurs in the upper ~50 m where the bedrock has undergone sufficient 

weathering (Dewandel et al., 2012; Leray et al., 2013; Roques et al., 2016). A critical zone is 

defined at the bottom of the weathered bedrock and above the near-impervious unweathered 

bedrock where horizontal groundwater flow and transfer processes can be localized (Maréchal et 

al., 2018). Thus, process is important for understanding the hydraulic characteristics of the 

weathered saprolite and bedrock, particularly in this critical zone. 

Groundwater travels through the weathered bedrock by small and enlarged fracture 

conduits, which can provide pathways for water to travel through. Primary fractures affect the 

small-scale permeability and porosity, while secondary fractures affect the geology at a larger scale 

(Maréchal et al., 2004). Deep basement plutonic and metamorphosed rocks are often not 

significantly weathered and are more affected by overburden stresses, resulting in structures that 

can be less effective at transporting water (Dewandel et al., 2012; Roques et al., 2016). Despite 

their low primary porosity, crystalline rocks tend to be prone to fracturing by brittle deformation, 

thus increasing their secondary porosities (Cook, 2003). The hydraulic properties of fractured 

crystalline-rock aquifers are scale dependent due to the variety of fracture densities and connected 

flow paths throughout the aquifer (Bour et al., 2002; Cook, 2003; Dewandel et al., 2012; Pedretti 

et al., 2016). To determine the connectivity of the fractures, researchers compare the ratios of 
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various fractures within the hydrogeologic system (Cook, 2003). Termination points, intersection 

points, end locations, alignments, locations, lengths, and densities are all significant fracture 

characteristics (Cook, 2003; Gleeson et al., 2009; Pedretti et al., 2016). However, determining the 

location and geometry of fractures in groundwater systems, particularly at depth, is near impossible 

due to their complicated geometry and multi-scaled connectedness (Nimmo, 2005). If large 

fractures or conduits allow water to travel through the system too quickly (e.g. karst systems), 

groundwater could undergo non-laminar flow, which is not accounted for in Darcy’s Law (Darcy, 

1856; Farkas-Karay et al., 2015). Fractures can also become clogged or have variable smoothness 

if small grains, such as weathered mica from crystalline bedrock become trapped in the fractures 

and conduits (Nimmo, 2005). Preferential flow paths can create localized productive flow, but a 

crystalline-rock aquifer may not yield enough water even if the fractures are not well connected or 

if the wells are not drilled in the optimal locations (Kiraly, 1975; de Dreuzy et al., 2002; Courtois 

et al., 2010; Roques et al., 2016).  

Tectonic activity can create fractures and conduits in the close crystalline structures found 

in hard rock aquifers (Bense et al., 2013; Roques et al., 2016). Fault zones, which occur when 

fault-driven deformation affects the permeability of rock, are often found in tectonically altered 

regions (Bense et al., 2013). Structural features of the fault, such as the thickness, root depth, and 

dip angle, as well as the remote stresses, displacement, and age impact the storage and ability of 

water to travel through the system (Caine et al., 1996; Bense et al., 2013; Roques et al., 2014, 

2016); however, the properties of a fault zone can be highly variable locally, both at the watershed 

scale, and the regional scale (Caine et al., 1996; Bense et al., 2013; Roques et al., 2014, 2016). 

Hydraulic gradients surrounding fault zones are influenced by a variety of factors including 

topography, groundwater extraction, and sediment compaction (Bense et al., 2013). Many 
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crystalline rock aquifers contain small sheer zones, which can produce limited groundwater 

resources of a few cubic meters per hour and are consequently useful only at a local scale, typically 

for sole domestic use (Taylor and Howard, 1999; Dewandel et al., 2006; Roques et al., 2016). 

However, major geologic structures such as large fault zones and regional contact zones can 

produce high groundwater yields in crystalline-rock aquifers through increased permeability of 

between two to three orders of magnitude (Evans et al., 1997; Bense et al., 2013; Roques et al., 

2016). Vertical and sub-vertical fault zones and contact zones can contribute to the productivity of 

wells in a groundwater system, but they generally possess relatively low storage and exhibit a 

small surface area, thus limiting the quantity of direct recharge (Figure 2a) (Leray et al., 2012; 

Roques et al., 2014, 2016). Vertical and subvertical fault zones can also act as impervious 

boundaries to flow perpendicular to the strike of the fault (Caine et al., 1996; Seaton and Burbey, 

2005; Rugh and Burbey, 2008; Gleeson et al., 2009; Roques et al., 2016). Horizontal and sub-

horizontal structures are able to collect more recharge leading to increased radial flow due to their 

larger surface areas for catchment (Figure 2b) (Cook, 2003; Ruelleu et al., 2010; Leray et al., 2013; 

Roques et al., 2016), while a gentle dip can contribute to the yield of the structural feature as 

groundwater tends to follow topography (Seaton and Burbey, 2005; Le Borgne et al., 2006; 

Ruelleu et al., 2010; Leray et al., 2013). Fault zones connected to an overlaying reservoir prove to 

be the most productive framework for sustained long-term groundwater pumping (Ruelleu et al., 

2010; Leray et al., 2013; Roques et al., 2014, 2016). Fault zones in crystalline rock aquifers can 

potentially greatly enhance well productivity, but characterizing fault zones, in particular sub-

horizontal zones at depth, is difficult and expensive using current conventional methods (Roques 

et al., 2016). 
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Figure 2: Recharge traveling from the ground surface into a subvertical fault zone and a 
sub-horizontal fault zone. Subvertical fault zones (a.) can contribute to the productivity of 
an aquifer, but they often have smaller surface areas and limited storage. The large 
surface area of a sub-horizontal unit (b.), including fault zones and contact zones, often 
improves aquifer productivity due its ability to collect more recharge (Modified from 
Roques et al., 2016). 

 

Flow through the Vadose Zone 

The vadose zone, sometimes referred to as the unsaturated or aeration zone, is the 

hydrological connection between land surface and the water table (Bouwer, 1978, Freeze and 

Cherry, 1979; Haverkamp et al., 1999; Nimmo, 2005). Recharge of groundwater reservoirs and 

aquifers typically occurs through the vadose zone (Haverkamp et al., 1999). The vadose zone has 

natural heterogeneity from the hydraulic properties of soil, rocks, and organic matter as well as the 
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added complexity of vegetation (roots) and climate. The heterogeneity is scale dependent on micro, 

watershed, and regional scales. Water in the vadose zone is influenced by unsaturated hydrostatics, 

such as volumetric water content, energy, capillary pressure, and soil water retention, and 

hydrodynamics, such as hydraulic diffusivity and preferential flow. The flow processes occurring 

in the vadose zone affect a variety of hydrologic processes in groundwater aquifer systems 

(Nimmo, 2005). Because of the scale dependent complexity in the vadose zone, we must work to 

understand the hydraulic interactions to better estimate the rates, timing, and flow patterns of 

recharge in groundwater aquifer systems.  

The vadose zone is separated into three sections: the upper root zone, the intermediate zone, 

and the capillary fringe. Depending on the regional climate, the root zone is typically a few meters 

in thickness, defined by the depth of plant roots (Guymon, 1994; Hornberger et al., 1998). The 

intermediate zone separates the upper root zone and the lower capillary fringe, and it varies in 

thickness depending on the regional climate and geology and the depth of the saturated zone. The 

saturated capillary fringe lies just above the water table where the capillary forces, dependent on 

the hydraulic interactions between water and the matrix, suction groundwater upward from the 

water table (Haverkamp et al., 1999; Nimmo, 2005). The thickness of the capillary fringe is 

inversely proportional to the grain size at the water table elevation, with small grain sizes having 

thicker capillary zones and vice versa (Tolman, 1937; Guymon, 1994; Nimmo, 2005).  

Key hydraulic exchanges occur between the subsurface, surface water, and the atmosphere 

in the vadose zone. Water from precipitation and surface water infiltrates the soil through the 

surface. The physical process of infiltration depends on the whether the recharge was ponding on 

the surface as a boundary condition or whether the recharge acted as a flux from rainfall 

(Haverkamp et al., 1999). As recharge percolates through the vadose zone, it loses water to the 
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water table (groundwater recharge) through evaporation, ET, and drainage (Haverkamp et al., 

1999; Ali and Mubarak, 2017). The rate of infiltration through the unsaturated zone decreases with 

time to a constant rate because the water capacity of the zone fills as recharge water accumulates 

(Freeze and Cherry, 1979). ET removes water from the vadose zone based on the soil moisture, 

atmospheric conditions, and vegetation type and density. The amount of water uptake is limited 

by the atmospheric conditions; however, in drier seasons, the water uptake decreases, even in the 

same atmospheric conditions, to help regulate the flow of water to plant roots (Horenberger et al., 

1998). 

The unsaturated flow theory examines two types of factors when determining water 

movement: driving forces, such as gravity and matrix pressure, and properties of the medium, 

including water retention and hydraulic conductivity (Nimmo, 2005; Ali and Mubarak, 2017). 

Additionally, the volumetric moisture content (𝜃), defined as !"#$%&	"(	)*+&,	(!.)
0"+*#	!"#$%&	(!+)

 , plays an 

essential role in vadose flow (Nimmo, 2005). In unsaturated flow above the capillary fringe, the 

volumetric moisture content is less than the porosity (n). The total volume (Vt) is the complete unit 

volume of a soil or rock and includes the volume of solids (Vs), water (Vw), and air (Va) (Freeze 

and Cherry, 1979). 

Water travelling through unsaturated porous media is treated as one-dimensional vertical 

flow and is defined by the continuity equation: 

12
1+

 = 13
14

                                                                      (1) 

where 𝜃 is the volumetric soil water content, q is water flux, z is depth positive in the downward 

direction, and t is time (Buckingham, 1907; Haverkamp et al., 1999; Nimmo, 2005). This can be 

combined with Darcy’s Law (Darcy, 1856), which states that flux (q) is proportional to the driving 

force of flow, or the hydraulic gradient (15
14
), 



  18 

q = -K(𝜃)15
14

                                                                (2) 

where H is defined as hydraulic head, or the energy of soil water per unit weight at a given depth 

and K is the hydraulic conductivity of the soil as a function of  𝜃 (Darcy, 1856; Nimmo, 2005; Ali 

and Mubarak, 2017). The continuity equation (1) combined with Darcy’s Law (2) can be simplified 

as: 

12
1+

 = 1
14

[ K(𝜃)(16
14

 – 1)]                                                       (3) 

where h is the pressure head in the soil relative to atmospheric pressure (h ≤ 0) (Haverkamp et al., 

1999). An alternate form of unsteady or transient vadose flow that depends on hydraulic diffusivity 

is based around a variation of Richards’ (1931) equation, yielding: 

12
1+

 = 1
14

[ D(𝜃) 1
14

(𝜃) ]                                                        (4) 

where D(𝜃) is diffusivity, a material property dependent on soil water content, which can be easier 

to measure and less variable than K(𝜃) in unsaturated conditions. This equation requires the 

assumption that flow is driven by water content gradients, as opposed to potential energy (Childs 

and Collis-George, 1950; Nimmo, 2005). 

 

Hydrogeologic Study Site 

The Ploemeur hydrogeologic site, located 15 km from the southeastern coast of Brittany, 

France, has provided groundwater to over 20,000 residents in the town of Ploemeur for nearly 30 

years (Figure 3). A quarter of the Brittany’s drinking water originates from groundwater resources, 

from which 40% comes from crystalline aquifers (Roques et al., 2016). The Ploemeur aquifer is 

considered prolific for a crystalline-rock aquifer with high yields of 1 million m3 per year, over 

four times larger than the average crystalline-rock aquifer (Mougin et al., 2008; Roques et al., 
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2016). A productive groundwater resource in French Brittany is important as the top 30 m of soil 

and bedrock in the region is susceptible to contaminants from agriculture (Aquilina et al., 2012). 

Over 180 wells have been drilled in this aquifer for groundwater measurements and monitoring 

since the mid-1990s (Schuite et al., 2015).  The elevation in the region is near sea level reaching 

no more than 50 m in elevation. The study site has an oceanic climate, with an average annual 

precipitation of 900 mm and mean annual recharge of 260 mm (Leray et al., 2012, Jiménez-

Martínez et al., 2013; Roques et al., 2018). Located within the Armorican Massif, the Ploemeur 

hydrogeologic site is made up of Hercynian mica-schist overlying upper-Carboniferous 

syntectonic leucogranite intrusions (Touchard, 1999; Roques et al., 2016). Separating the two 

bedrock units is a north dipping, sub-horizontal contact zone composed of mica-schist intruded by 

granite spanning 10 to 100 m in thickness (Figure 4) (Touchard, 1999; Le Borgne et al., 2006; 

Ruelleu et al., 2010). The regional bedrock is heavily faulted with NNW-SSE faults from the 

Hercynian orogeny, and the hydrogeological study site has a crosscutting subvertical, dextral 

normal fault striking N20°E (Touchard, 1999; Roques et al., 2016). 
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Figure 3: Geographic location (a.) and geologic map of the Ploemeur hydrogeologic site 

(b.) in Brittany, France. (Modified from Aquilina et al., 2018). 
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Figure 4: Conceptual block diagram of the geologic units and structures at the Ploemeur 

hydrogeologic site. The contact zone (yellow) lies between the Ploemeur granite (grey +) 

and mica-schist (blue ~). The subvertical normal fault and surrounding fault zone are 

represented between the two blocks to show the tectonic movement at the site. The locations 

of the three pumping wells, PE, F31, and F29, are shown. (modified from Schuite et al., 

2015). 

 

Both the mica-schist and granite units contain significant fractures from Silurian and 

Devonian techno-metamorphic events (Roques et al., 2018). The mica-schist exhibits ductile 

deformation from the granitic intrusions with increased fracture intensity toward the contact zone 

(Le Borgne et al., 2006). The Ploemeur granite extends to a depth of up to one kilometer deep 

(Vigneresse, 1983) and is composed of quartz, K-feldspar, plagioclase, muscovite, and biotite 

(Roques et al., 2018). Due to its depth, the granite is less weathered than the overlying layers, and 

it is locally permeable (Touchard, 1999; Dewandel et al., 2012). The cross-cutting fault spans 50 

to 150 m in width (Touchard, 1999). Both the fault and the contact zone exhibit high hydraulic 

conductivity values relative to the surrounding crystalline bedrock. The contact zone has been 
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found to be twice as transmissive as the fault zone, but the fault zone has 2 to 7 times more storage 

than the contact zone which is likely from the intensity of fracturing in the fault zone (Le Borgne 

et al., 2006). 

Overlying the mica-schist is a layer of weathered regolith 10-30 meters in thickness, with 

increased weathering near the contact zone. Due to the presence of mica in the bedrock, the regolith 

has a clay-like structure which provides ample storage but can impede flow (Dewandel et al., 2012; 

Roques et al., 2018). This characteristic causes water to pool on the surface prior to pumping 

conditions (Roques et al., 2018). The Ploemeur multiscale complex heterogeneities and localized 

flow paths occur primarily through this weathered regolith (Le Borgne et al., 2006; Jiménez-

Marténez et al., 2013; Aquilina et al., 2015; Roques et al., 2018),  causing a nearly two-month lag 

between precipitation events and water-table response in bedrock wells (Law, 2019).  The general 

flow path in the regolith is from the higher elevations in the northwest part of the study area to the 

lower elevations of the southeast (Aquilina et al., 2015; Roques et al., 2018).  

The Ploemeur hydrogeological site has been monitored since its discovery in 1991, when 

it became part of the H+ hydrogeological network of the University of Rennes. Nearly 50 wells, 

ranging from 30 to 150 m in depth are monitored and three are used as domestic pumping wells 

(Roques et al., 2018). The intersection between the fault zone and subvertical contact zone has 

been the most productive in terms of groundwater extraction (Touchard, 1999; Le Borgne et al., 

2006). Wells drilled into the bedrock are not prolific (Touchard, 1999). Since 2001, the three 

pumping wells in the intersection of the contact zone and fault zone produce 1 million cubic meters 

of groundwater per year, or 2.66x106 L daily (Touchard, 1999; Le Borgne et al., 2004). The aquifer 

underwent 20 m of drawdown during the first 6 years of pumping, but the water levels have 

remained steady ever since (Roques et al., 2018). Despite the relatively low levels of drawdown, 
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the pumping site exhibits a radius of influence of over 600 m (Le Borgne et al., 2006). The amount 

of water produced by the region and the radius of influence from pumping indicate that features 

beyond just the sub-horizontal contact zone are influencing the quantity of drawdown near the 

extraction wells (Ruelleu et al., 2010).  

The groundwater system at the site prior to pumping had an upward flux, which produced 

natural surface discharge observed in artesian wells at the site (Le Borgne et al., 2004; Jiménez-

Martínez et al., 2013). Water extracted from the system originates from both shallow and deep 

sources within the aquifer, with deeper water dominating the system after five years of pumping 

(Aquilina et al., 2015; Roques et al., 2018). Ayraud et al. (2008) found that modern water (< 50 

years) dominates the shallow storage at the Ploemeur hydrogeologic site. However, deeper 

regional flow with longer residence times (> 50 years) has been identified in the contact zone and 

along the fault trace (Aquilina et al., 2015). Roques et al., (2018) also observes that water extracted 

from the aquifer represents a mixture between older (40+ years) and newer (0-40 years) water with 

an average groundwater age between 20 and 40 years, with age increasing with depth. Deeper 

fractures and groundwater flow paths in the aquifer system have average residence times of 50+ 

years, and the shallower fractures in the top 30 meters of the aquifer have a residence time of up 

to 30 years (Leray et al., 2012; Aquilina et al., 2015; Roques et al., 2018). Therefore, recharge is 

controlled by the shallow bedrock fractures, fault zone, as well as the sub-horizontal contact zone. 

Such residence times are variable through the system due to the intrinsic heterogeneity of fractured 

and faulted crystalline-rocks (Roques et al., 2018). The unique geometry of the regional faults and 

permeable sub-horizontal contact zone allows for these substantial water yields from the Ploemeur 

aquifer.  
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MODEL 

Conceptual Model 
 
 We use a three-dimensional regional numerical model to simulate the flow paths of 

recharge and extracted groundwater during the average pumping conditions at the Ploemeur 

hydrogeologic site. The goal of the model is to determine the source of the groundwater extracted 

from the pumping wells during the first years of pumping conditions by simulating the 10-year 

average recharge and pumping conditions. We do not seek a perfect match between the field 

observations and the model results; instead, we want to understand the temporal trends and 

hydromechanics of the hydrogeology in order to better understand the general functioning of this 

complex system. This study will help us understand which geologic units contribute the most water 

to the pumping well and what units recharge prefers to travel through. In addition, this study 

contributes to the process of understanding the impact of hydromechanical properties within the 

Ploemeur aquifer system, which can be used to understand fractured and faulted crystalline-rock 

aquifers worldwide.  

The Ploemeur hydrogeologic site and model covers an area of slightly less than 1000 km2, 

which is typical of small watersheds (Leray et al., 2013; Schuite et al., 2017). The model elevation 

spans from 50 m above sea level western side of the area to 20 m just east of the pumping wells 

(Figure 5). The main geologic features observed at the Ploemeur hydrogeologic site and 

represented in the model include the mica-schist, granite, contact zone, fault zone, and regolith 

units. Initial ranges for hydraulic parameters are obtained from field observations (Le Borgne et 

al., 2006) and previously calibrated models of the region (Table 1) (Leray et al., 2012). A confined 

aquifer model represents the Ploemeur aquifer system best due to the abundance of clay-like 

minerals in the micaschist (Le Borgne et al., 2006; Leray et al., 2012; Jiménez-Martínez et al., 
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2013; Schuite et al., 2015). The heterogeneity and localized flow found in fractured crystalline-

rock aquifers pushes the limitations of classical methods of groundwater modeling (Cook, 2003; 

Maréchal et al., 2018). To account for this complexity, we use the multizone approach 

characterizing the geologic units by equivalent porous geometric zones with representative, 

unique, scale-independent hydraulic parameters (Day-Lewis et al., 2000; Cook, 2003; Schuite et 

al., 2017). This allows us to mimic the unique geometric zones of the region, such as the fault zone 

and contact zone, while utilizing the traditional groundwater flow equations with MODFLOW (Le 

Borgne et al., 2004; Cook, 2003). In addition, dense fracture networks such as fault zones, are 

represented as homogenous features since our model does not account for individual unit 

heterogeneity (Bense et al., 2013; Schuite et al., 2017). Therefore, our model does not fully 

represent the effects of the heterogeneities expected to be found within the individual units of the 

Ploemeur hydrogeologic site.  
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Figure 5: Digital elevation model of the simulated elevation at the Ploemeur 
hydrogeologic site. The highest elevation at 50 m is shown in blue, and the lowest elevation 
at 20 m is shown in yellow. More detailed elevation data is shown in the southern central 
region of the figure, which is the location of the pumping site. The surrounding elevation 
is interpolated based on the elevation at the pumping site. Figure made in RStudio (RStudio 
Team, 2020). 
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Kx (m/d) Kz (m/d) Ss (1/m) Porosity 

Regolith 6.57 0.65 2.00 x 10-3 0.1 

Mica-schist 1.0 x 10-4 8.62 x 10-2 1.00 x 10-5 0.05 

Contact zone 86.4 8.6 1.00 x 10-3 0.1 

Ploemeur granite 8.64 x 10-7 8.64 x 10-8 1.00 x 10-6 0.05 – 0.01 

Fault zone 1.08 0.108 1.20 x 10-2 0.1 

 

Table 1: The hydraulic parameter estimates for the geologic units and features at the 
Ploemeur hydrogeologic site based on field observations from Le Borgne et al. (2006) and 
model results from Leray et al. (2012). These parameter estimates of horizontal hydraulic 
conductivity, vertical hydraulic conductivity, specific storage, and porosity are used as 
model inputs to the numerical model. The porosity in the granite varies with depth where 
the granite units closer to the land surface have the higher porosity of 0.05, and the deeper 
granite units have a lower porosity of 0.01. This assumes that the granite contains more 
fractures closer to the land surface and vice versa. 
 

The topmost 20 meters is simulated to represent soil and weathered mica-schist regolith, 

which together are treated as part of the variably saturated vadose zone (Figure 6). Below the 

regolith is the mica-schist bedrock, which varies in thickness depending on spatial location. The 

contact zone, modeled with a thickness varying from 10 m at the surface to 30 m at depth, separates 

the micaschist and granite bedrock. The modeled granite layer reaches a depth of 300 m below sea 

level (the base of the model). The contact zone, which dips 30° from the surface to a depth of 250 

m, reaches the surface on either side of the pumping zone. Cross-cutting the model area from the 

northeast to southwest is the fault zone modeled to be 100 to 150 m wide based on field 

observations (Touchard, 1999; Le Borgne et al., 2004). Both the northern and southern borders of 

the model area are simulated as general-head boundaries in the saprolite, contact zone, and fault 
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zone as there are no known boundary features exist to inhibit flow from traveling toward or away 

from the pumping zone through these features. The general-head boundaries are equal to the initial 

head values at the site. No general-head boundaries are applied in the mica-schist or granite units 

due to their lower values of permeability and assumed minimal exchange of groundwater through 

these units across the model boundary. The eastern and western borders of the model area are 

represented as no-flow boundaries, as these regions have additional cross-cutting faults on either 

side of the modeled area, which are believed to inhibit later flow. The model base is also 

represented as a no-flow boundary as the hydraulic properties of the Ploemeur granite limit the 

amount of vertical flow across the base. Nine observation wells and three pumping wells (F31, PE, 

and F29) are utilized in this study. In total, the pumping wells extract 2800 m3/d from the site to 

yield 1 million m3/year, and they reach depths up to 90 m below the land surface. All of the 

pumping wells are located at the intersection of the fault zone and the contact zone, which varies 

between 30 to 150 m in depth depending on their spatial location. The initial head values in the 

model are defined to be 10 m below the surface elevation. The pumping wells are located near the 

region with the lowest elevation at ~20 m. The model simulates the beginning of pumping 

conditions, beginning in 1991, when monitoring at the site commenced.  
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Figure 6: Simplified block diagram of the conceptual model for the Ploemeur 
hydrogeological site showing the geologic units as equivalent porous media geometric 
shapes (Modified from Le Borgne et al., 2006). 
 
 
Despite relatively low rates of infiltration at the study area during the summer months, we 

show recharge infiltrating the system year round with average annual recharge estimates for the 

Ploemeur hydrogeological site ranging between 304-307 mm per year (Law, 2019). Law (2019) 

averaged the monthly recharge based on field and climate observations for a 25 year period and 

repeated the average monthly recharge and infiltration estimates each year. This estimate is greater 

than previously published estimates due to the addition of analyzing recharge traveling through 

the unsaturated zone, which has not been previously investigated. Based on the recharge estimates 

from Law (2019), an approximate area of 0.8 km would theoretically be required to supply enough 

recharge for the drawdown and pumping conditions. However, this areal estimate assumes that all 

recharge simulated within the area of our model supplies the groundwater extraction from the 

pumping wells, and that said recharge reaches the pumping well almost immediately. Thus, this 

neglects the role of storage and potential flow mechanisms involving storage and piston-flow 
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concepts. Because of said uncertainties and assumptions, our model area is approximately 11 times 

larger than that estimated areal requirement. The larger area accounts for the regional recharge 

catchment between the closest groundwater divides to the East and West (Leray et al., 2012) as 

well as the impact from higher elevation regions west of the pumping zone. 

 
MODFLOW Model 
 
 For our transient model of the Ploemeur hydrogeologic site, we use MODFLOW 6 

(Langevin et al., 2021) along with the graphical user interface ModelMuse v. 4.3.0.0. (Beta 

Version 6) (Winston, 2020), both developed by the U.S. Geological Survey (USGS). MODFLOW 

utilizes a finite difference method that divides the grid representing the aquifer system into cells 

of a user-specified size with user-specified hydraulic parameters. Our model is composed of 60 

rows and 65 columns with a cell size of 50 by 50 m spanning a spatial distance of 3 km in the east-

west direction, 3.25 km in the north-south direction, and 350 m vertically (50 m above sea level 

and 300 m below the land surface). Initially, a forward modeling process is implemented that 

utilizes literature estimates of hydraulic properties as input parameters to simulate the resulting 

hydraulic head values for each model cell. The geologic units at the hydrogeologic site (regolith, 

mica-schist, contact zone, and granite) are defined as layers in the model, and polygon objects 

define the hydraulic parameters for each layer and are set with the z-coordinates, or elevations, of 

the layers. The mica-schist, granite, and contact zone are each defined with five layers, and the 

regolith is defined with one layer. The fault zone is defined solely as a polygon object. The 

locations of the wells and topographic contours around the pumping site were imported from a 

GIS shapefile. We use the imported elevation data to interpolate surface elevations across the 

hydrogeologic site. Geologic units and features in the model with changing z-elevations, such as 
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the contact zone, are defined with interpolation objects set across the model area to mimic the 

geologic complexity of the hydrogeologic site. 

The IMS (Iterative Model Solution) Package is used to solve the nonlinear set of finite-

difference equations. The package parameters were altered to encourage convergence and 

accommodate the complexity of the model. The complexity input in the IMS Package is set to 

MODERATE, which encourages model convergence and allows the model to run to completion. 

Additionally, we alter nonlinear IMS parameters, including the Outer HClose, the under-relaxation 

scheme, the under-relaxation theta, and the under-relaxation kappa to be consistent with the 

recommended values for SIMPLE or MODERATE complexity models (Winston, 2019). The 

delta-bar-delta (DBD) relaxation scheme is used to increase the solution’s stability and improve 

model convergence (Smith, 1993; Hughes et al., 2017). We use the MAW (Multi-Aquifer Well) 

Package for the pumping wells to account for the variations in permeability between the contact 

zone, mica-schist, and granite. The GHB (General-Head Boundary) Package is used to simulate 

inflow or outflow along the northern and southern borders to represent no impedance of flow to 

regions outside the model domain where no known physical barriers exist. Specifically, the 

general-head boundaries are set in the weathered mica-schist regolith on both the northern and 

southern boundaries in addition to the contact zone layers and fault zone along the northern 

boundary (Table 2). These areas represent the primary potential pathways for water flow into the 

model due to their hydrogeologic permeabilities and geometries (Touchard, 1999; Le Borgne et 

al., 2006; Ruelleu et al., 2009). The boundary heads of the GHBs are based on the interpreted 

initial head values at the locations of the model boundaries. 
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Northern Boundary Southern Boundary 

 
Kx (m/d) Conductance Kx (m/d) Conductance 

Regolith 6.57 0.032 6.57 0.032 

Contact zone 86.4 2.88 - - 

Fault zone 1.08 0.002 1.08 0.002 

Table 2: Input parameters for the general-head boundaries (GHBs) on the northern and 
southern borders of the model area. The boundary head values are set to the initial head 
values at the locations of the boundaries varying from 14 to 26 m on the northern boundary 
and 18 to 40 m on the southern boundary. The conductance values are calculated with the 
equation K/M and the Conductance Interpretation is set to Calculated for the Polygon 
Objects. The contact zone does not exist along the southern border because it reaches the 
model surface north of the southern boundary. The GHBs are set across the whole 
boundary for the regolith and contact zone and are set for the object width in the fault 
zone. 

 

We use the UZF6 (Unsaturated Zone Flow) Package for MODFLOW 6 in the weathered 

regolith layer to simulate the storage and recharge of the variably saturated zone (Niswonger, 

2006). Simulating the flow through the vadose zone allows us to identify how the zone influences 

the quantity and timing of recharge infiltration entering the groundwater system. The UZF Package 

utilizes a kinematic wave approximation to Richards’ equation, which is solved using the method 

of characteristics. Richards’ equation (1931) is simplified in the UZF Package to: 

!"
!#

 = !
!$

[D(𝜃) !"
!$
− 𝐾(𝜃)] − 𝑖                                                  (5) 

where  

 𝜃 is volumetric water content 

 q is water flux [L/T] 

 z is vertical depth [L] 
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 D(𝜃) is hydraulic diffusivity [L2/T] 

 𝐾(𝜃) is unsaturated hydraulic conductivity as a function of water content [L2/T] 

 i is ET rate per unit of depth [L2/T] 

 t is time [T], 

which shows the vertical movement of the unsaturated flow (Langevin et al., 2017).  

The approximation method used in the UZF Package assumes that the gravitational forces 

represent the only driving force of vertical flux, thus removing the diffusivity term from the 

equation (Ali and Mubarak, 2017). The method also assumes that evaporation is immediately 

removed from the soil column and that all flow travels vertically downward (Figure 7). 

Incorporating these assumptions leads to the final form of the Richards’ equation (Equation 5) as: 

!"
!#

 + !%(")
!$

+ 𝑖 = 0                                                    (6) 

Water traveling through the vadose zone occurs in drying and wetting fronts, or waves 

where an increase in infiltration causes a wetting front and vice versa. We rewrite Equation 6 as 

a partial derivative of 𝜃 with respect to t and z to examine the wave of the wetting front: 

!"
!#

 + !%(")
!$

!"
!$
= −𝑖                                                 (7) 

We combine Equation 7 with Abbott’s equation of variation (1966) to yield: 

!"
!#
dt + !"

!$
𝑑𝑧 = 𝑑𝜃                                                  (8) 

which can be written in matrix form as: 

& 1
𝜕𝐾(𝜃)
𝜕𝜃

𝑑𝑡 𝑑𝑡
*	&

!𝜃
!"
!𝜃
!#

* = , 𝑖𝑑𝜃.                                              (9) 

and then expanded into its determinants: 

!$
!#

 = !%(")
!"

= 𝑣(𝜃)                                                    (10a) 
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12
1+
= −𝑖                                                               (10b) 

12
14
= 78

9(2)
                                                              (10c) 

where Equation 10a represents the velocity of the wave in the unsaturated zone, 10b represents the 

change in the water content of the wave over time, and 10c represents the change in water content 

with vertical distance following the wave. The UZF Package calculates the shortest time of any 

two waves to intersect during the model simulation (Langevin et al., 2017). 
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Figure 7: A simplified conceptual diagram showing recharge traveling through a 
groundwater system to the aquifer. We see vertical flow through the vadose zone and 
horizontal flow in the saturated zone, which is an assumption driving the UZF Package. 
The diagram also shows the evapotranspiration extinction depth at the root extinction 
depth (Modified from Niswonger et al., 2006). 
 

We utilize the UZF Package because it simulates the observed (or estimated) infiltration 

rate to the model surface and removes the evapotranspiration (ET) first from the unsaturated zone 

and then from the groundwater reservoir. This varies from the Recharge (RCH) and 

Evapotranspiration (EVT) Packages available in MODFLOW as these packages apply the recharge 

directly to the water table and removes water via ET as a function of the extinction depth prior to 

adding it to the groundwater reservoir if the water demand is not met (Harbaugh, 2005; Niswonger 
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et al., 2006). The UZF Package simulates the recharge and ET as a variable thick plane over the 

three-dimensional saturated zone model. The thickness of the unsaturated zone is determined by 

calculating the difference between the user-specified land elevation data at each cell and the model 

calculated hydraulic head to determine the thickness of the unsaturated zone within each cell. The 

package then estimates the mass balance from the residual water content by calculating specific 

retention as specific yield and subtracting it from the saturated water content. Water discharged to 

the surface is removed from the model area through the pumping wells or GHBs. The model 

incorporates the evapotranspiration and infiltration data averaged over 25 years from Law (2019) 

in the UZF Package. Previous studies calculated an extinction depth of 3 m below the land surface 

and a water content of 0.13 (Leray et al., 2012; Jiménez-Martínez et al., 2013). These values are 

used in this model. 

We also implement post-processing packages, including Zonebudget for MODFLOW 6 

(ZONBUD) and MODPATH v. 7.2.01 (Harbaugh, 1990; Pollock, 2017). Zonebudget determines 

the quantity of water flowing between each geologic unit found in the Ploemeur hydrogeologic 

site using subregional water budgets (Harbaugh, 1990). Five zones are used to represent the 

geologic units in the model: granite, mica-schist, regolith, fault zone, and contact zone. 

Zonebudget also determines the inflows and outflows from each unit using additional packages 

such as the pumping wells (MAW Package) and the northern and southern boundaries (GHB 

Package).  We use MODPATH to track water as particles traveling through the system (Pollock, 

2017). Both backward and forward tracking are used to determine the pathways of water travelling 

to and from the pumping wells. Backward tracking shows were water in a selected location 

originates from, and the simulation occurs during infinite time. A time series analysis in backward 

tracking estimates the distances the water particles travel during the simulated model time. 
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Forward tracking shows where water particles travel after being placed at a user-specified location. 

Forward tracking can only show particle motions occurring during the length of the model 

simulation. 

The model simulates the first six years of pumping conditions with each day simulated as 

a time step providing 2190 time steps with each year having 365 daily time steps. An initial time 

step is calculated in steady state conditions, and then the remaining 2190 time steps are solved as 

transient conditions. The temporal model inputs, including recharge, infiltration, and hydraulic 

head observations, are represented as long-term monthly averages. Law (2019) calculated the 

monthly recharge estimates using the average recharge estimates for each month for up to 25 years 

to account the variations in seasonality between the summer months and rainier winter months 

over a 25 year period beginning in 1991, thus providing results that are accurate in the long term 

(Jiménez-Martínez et al., 2013). 

 

Model Calibration 
 

We use ModelMuse 4 for MODFLOW with PEST capabilities to calibrate the hydraulic 

parameters of the model using head observations from monitoring wells surrounding the pumping 

zone (Doherty, 2015; Winston, 2020; Under Beta Testing). We incorporate the hydraulic head 

observations from nine monitoring wells using the Observation (OBS) Package to calibrate the 

model. To be consistent with our recharge data inputs, we take the average head values for each 

month over the first 10 years of pumping conditions at each monitoring well (Table 3). Pumping 

at the Ploemeur hydrogeologic site began at the beginning of 1991, but the first observational data 

is from April 1991. Not all of the recorded monitoring wells have data from the beginning of 

pumping conditions, so we include the average monthly data for the subsequent 10 years at that 
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monitoring well from the date the recorded data commences. The number of head observations at 

the monitoring wells recorded each month is not consistent from month to month or from well to 

well. Taking the average monthly values over 10 years will not show the higher frequency changes 

in head values of each individual year, but rather will show the long-term mean seasonal variations 

and the expected head values once the aquifer reaches an equilibrium during pumping conditions. 

This approach is consistent with the goals of this investigation. 

 
 

Monitoring Well 
Average Monthly Hydraulic Head Over 10 Years (m) 

   
F7 F9 F11 F17 F19 F20 F34 F35 MF2 

January 31.68 25.71 7.97 13.66 13.24 12.43 11.10 9.47 11.13 
February 32.28 26.53 9.14 13.68 14.14 13.29 12.54 10.68 12.51 
March 32.38 26.80 9.48 13.61 14.37 13.52 13.06 11.14 13.09 
April 32.27 27.04 10.20 13.51 14.82 12.84 12.61 10.58 13.11 
May 32.03 26.82 9.68 18.01 14.37 12.54 12.19 10.00 12.94 
June 31.68 26.45 8.63 21.57 13.44 12.68 11.12 8.87 12.47 
July 31.20 25.85 6.29 20.01 11.73 10.91 9.75 7.46 11.67 
August 30.78 25.14 4.62 16.76 10.46 9.70 8.33 6.09 10.77 
September 30.36 24.58 5.17 14.13 10.43 9.60 8.26 6.20 10.00 
October 30.18 24.23 5.12 13.99 10.43 9.57 8.32 6.50 9.46 
November 30.27 24.19 5.45 14.13 10.67 10.01 8.04 6.69 9.37 
December 30.72 24.79 6.12 13.90 11.36 10.95 8.86 7.35 9.75 

 
Table 3: Average monthly hydraulic head values in each monitoring well over 10 years 
used as observations in the OBS Package in MODFLOW for model calibration. Wells with 
observations beginning during the model simulation time (1991 to 1997) are used in our 
numerical model. The 10 year average begins at the first observation and ends after the 10 
years. The monitoring wells are in various locations and units surrounding the pumping 
site. Data from the H+ Hydrogeologic Network. 
 

The Ploemeur hydrogeological site underwent approximately 20 m of drawdown 

surrounding the pumping wells in the fault zone and contact zone during the first six years of 
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consistent groundwater extraction (Le Borgne et al., 2006; Leray et al., 2013; Roques et al., 2018). 

We compare the drawdown observed in the field to the drawdown simulated in the model when 

calibrating and analyzing the fit of hydraulic parameters and thicknesses of structures in the model. 

Previous authors have found that the head values are generally more sensitive to hydraulic and 

geometric parameters of larger scale geologic features such as the contact zone and fault zone than 

to the less permeable mica-schist and granite (Le Borgne et al., 2004, 2006; Leray et al., 2012, 

2013). The hydraulic parameters we calibrate using PEST with ModelMuse are the horizontal and 

vertical hydraulic conductivities values for the mica-schist, regolith, fault zone, and contact zone. 

The hydraulic parameters for the Ploemeur granite were not calibrated because of their low 

sensitivity to changes in hydraulic head, which is likely due to their extremely low hydraulic 

conductivity (Leray et al., 2012, 2013). The resulting hydraulic parameters from the model 

calibration are used when determining the final drawdown estimates and performing the particle 

tracking simulations. 
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RESULTS 

Model and Model Calibration  
 

Using the PEST calibrated parameters, the model results show a maximum of 20 m of 

drawdown at the end of the first six years of pumping, with a majority of the drawdown occurring 

within the first year (Figure 8). Maximum drawdown is observed in the contact zone and fault zone 

because the wells are open along the intersection of these two units. Drawdown continues to occur 

throughout the six-year model simulation, though we only observe an additional 3 m of drawdown 

after the first year. These results are comparable to the 20 m of drawdown during the first six years 

of groundwater extraction recorded in the literature (Le Borgne et al., 2006; Leray et al., 2013; 

Roques et al., 2018). The simulated drawdown occurs primarily within the contact zone and fault 

zone, and shows limited drawdown in the surrounding mica-schist and granite bedrocks. However, 

we see significantly smaller drawdown in the overlying regolith layer, even in the region over top 

of the pumping zone. The initial head value in the regolith over the pumping zone is 18 m, after 

the first year the head is 18 m, and at the end of the model simulation after 6 years the head value 

is 18 m, thus showing little to no change during our model simulation (Figure 9). Thus, on an 

annual basis, the simulated regolith outputs the recharge at the same rate as it enters the system. 

No existing wells are open in the regolith, but previous studies have indicated that the regolith 

dewaters over time. Our results indicate that the regolith is in a state of equilibrium and does not 

dewater. 
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Figure 8: Hydraulic head values in the contact zone after 6 years of groundwater 
extraction at the Ploemeur hydrogeologic site. The head in the contact zone varies from -
0 m, shown in dark purple surrounding the locations of the pumping wells, to 32.5 m, shown 
in light purple. The results in the contact zone from the pumping site northward are shown 
only because the contact zone reaches the surface and pinches out just south of the pumping 
zone. Figure of hydraulic head contours made in RStudio (RStudio Team, 2020). 
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Figure 9: Hydraulic head values in the regolith after 6 years of groundwater extraction at 
the Ploemeur hydrogeologic site. The head in the regolith zone varies from 15 m, shown in 
dark green surrounding the locations of the pumping wells in the region of lowest elevation, 
to 30 m, shown in light green. Figure of hydraulic head contours made in RStudio (RStudio 
Team, 2020). 
 

We also observe consistent inflows and outflows at the northern and southern boundaries 

to keep the hydraulic head values at the boundaries steady. Throughout the time of the model 

simulation, the influence of the GHBs increases; the GHBs allow more inflow to the system in the 

later years of the simulation. The GHB with the strongest influence is located in the contact zone 

on the northern boundary of the model. We also observe limited inflow through the fault zone, 

revealing that the GHB at the model margins of the fault zone does not contribute significant 

quantity of water to the system. There is more outflow than inflow at all of the GHBs. This result 
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can be attributed to the variations in precipitation and inflow throughout the seasons at the 

Ploemeur hydrogeologic site. This also shows that pumping from the pumping zone, which is 

nearly two kilometers away from the northern GHBs and one kilometer away from the southern 

GHBs, affects the hydraulic head values on the northern and southern borders of the model domain. 

The inflows from the GHBs, especially those in regions of higher elevation, contribute to the water 

extracted from the pumping wells and therefore suggests that some pumped water comes through 

the contact zone from beyond the model boundary. 

Model calibration completed with PEST with ModelMuse provides calibrated estimates of 

hydraulic parameters for the mica-schist, contact zone, fault zone, and regolith (Table 4). The most 

significant changes in hydraulic parameters from the initial estimates occur with the horizontal 

hydraulic conductivities of the regolith, mica-schist, and fault zone with all changing by at least 

one order of magnitude. The vertical hydraulic conductivity in all units and the horizontal 

hydraulic conductivity of the contact zone were minimally altered, if at all, during calibration, 

indicating they are either less sensitive in the model or are already well estimated based on previous 

calibrated models used when conceptualizing this study (Leray et al., 2012). A sensitivity analysis 

completed with PEST during calibration shows that the horizontal hydraulic conductivity of the 

fault zone is the most sensitive to the inputted head observations and surrounding geology, while 

the horizontal hydraulic conductivity of the contact zone and the vertical hydraulic conductivities 

of all units are the least sensitive. It is important to note that not all simulated head values during 

calibration were equal to the inputted observations with a variance of up to 13 m. 
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Previous Estimates Calibrated Estimates 

 
Kx (m/d) Kz (m/d) Kx (m/d) Kz (m/d) 

Regolith 6.57 0.128 16.1 0.128 

Mica-schist 1.0 x 10-4 8.62 x 10-2 1.0 x 10-6  8.62 x 10-2 

Contact zone 86.4 8.6 85.45 8.64 

Fault zone 1.08 0.108 0.110  0.108 

Table 4: Resulting hydraulic parameters of model calibration with PEST for ModelMuse 

(Doherty, 2015; Winston, 2020; Under Beta Testing). The horizontal and vertical 

hydraulic conductivity values were estimated the geologic units and features. The 

Ploemeur granite is excluded from model calibration due to its significantly lower value 

and its non-sensitivity to the model results.  

 

The Zonebudget analysis provides insights on where a majority of flow occurs in the 

groundwater system; we analyze the sources of inflows and the destinations of outflows for each 

geologic unit in the Ploemeur hydrogeologic site (Figure 10). Water flows between each of the 

geologic features and yields and accommodates water from hydrologic processes including 

recharge, wells, general-head boundaries (GHBs), and storage. The regolith and mica-schist 

exhibit the most inflow, while the granite exhibits the least amount of flow. Recharge dominates 

the inflow to the regolith. The outflow from the pumping wells occurs entirely from within the 

fault zone based on the water budget fully in the fault zone. We observe that storage plays a 

significant role in groundwater flow in the fault zone, mica-schist, and regolith at the Ploemeur 

hydrogeologic site. 
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Figure 10: Total inflows to and outflows from each geologic feature through the six year 
model simulation calculated with Zonebudget for MODFLOW 6. The sources and 
destinations include each of the geologic features at the hydrogeologic site, the pumping 
wells, recharge, the general-head boundaries (GHBs), and storage.  
 

Further analysis of the storage values estimated in the numerical model with Zonebudget 

show a decrease in the change in storage in each geologic unit during the six-year simulation period 

(Figure 11). When the change in storage reaches zero during a transient simulation, that geologic 

unit has reached equilibrium in the consistent conditions simulated in the model. During the 

simulated model time of six years, none of the geologic units reach equilibrium. We observe the 

largest decreases in the change in storage in the mica-schist and contact zone. Based on these 

trends, the mica-schist will be the first geologic unit to reach equilibrium in an estimated time of 

11 years after the commencement of pumping, assuming mean monthly precipitation rates. The 

fault zone exhibits the smallest change in storage between the beginning and end of the model 

simulation. The lack of change in the storage in the fault zone is due to the simulated groundwater 
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extraction occurring in the fault zone, thus preventing it from reaching equilibrium as quickly as 

the other geologic units. Limited change in storage is also observed in the granite, which is likely 

due to its low hydraulic conductivity thus reducing its ability to transmit water to other units. 

 

 

Figure 11: Change in storage in each of the geologic units during the simulated model 
time.  
 

Volumetric flows between each of the five geologic units are also evaluated (Figure 12). 

Significant flow is simulated to occur between the overlying regolith and the micaschist from 

recharge infiltration through the regolith and the large shared surface areas between the two units. 
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The regolith also discharges water to the fault zone as these units are in direct contact, though the 

quantity is not as great as the contributions between the fault zone and the mica-schist. Both the 

fault zone and mica-schist are in good communication with the contact zone, and they both lose 

and receive water from the more permeable contact zone. We observe a high quantity of flow in 

the contact zone which is due to its comparably large hydraulic conductivity value. The Ploemeur 

granite does receive water from or lose water to the overlying contact zone and cross-cutting fault 

zone, and it yields significantly less groundwater flow than the other units due to its extremely low 

hydraulic conductivity. 

 

 

Figure 12: Total inflows from and outflows to each geologic feature over the six-year 
simulation period calculated with Zonebudget for MODFLOW 6.  
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Particle Tracking Simulations 
 

Backward particle tracking with MODPATH from all three pumping wells shows that the 

recharge water being extracted from the wells travels from regions of higher land surface elevation, 

as compared to the elevation at the pumping site, in the northwest and southwest corners through 

each of the geologic units and features (Figure 13). The simulated water particles appear to 

preferentially travel through the more permeable geologic units, such as the fault and contact 

zones. However, significant flow occurs through the mica-schist, and the mica-schist is the 

preferred pathway compared to the Ploemeur granite. Limited simulated flow is observed to occur 

through the granite. No particles are simulated to travel to regions east of the pumping wells where 

lower land surface elevations are widespread. The origins of flow, as indicated by the cross section 

(Figure 13b.), include the model surface and the GHBs in the contact zone. The backward tracking 

simulation represents infinite time; thus, it could take decades to centuries for the recharge to reach 

the pumping wells from the GHBs on the northern model border. The GHBs simulate non-

impervious boundaries in the north and south of the model domain, but contribute minimally to 

water extracted during the pumping wells, particularly during the six-year time span of our model 

simulation.  
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Figure 13: Backward particle tracking simulation with MODPATH from the pumping 
wells to their sources of origin. (a.) Map view of the particle tracking simulation. Particles 
travel from regions of high elevation on the western side of the model area to regions of 
lower elevation near the pumping well. (b.) Location of the cross section indicated by the 
box in a. is provided to examine the pathways of subsurface flow for the particle pathways 
originating in the top northwestern corner. 
 

A time series analysis was conducted using a backward particle tracking simulation in 

which the particles originate from the pumping wells (Figure 14). In the six-year simulation period, 

the water particles are simulated to travel less than 50 m from the pumping well, largely remaining 

within the fault zone.  
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Figure 14: Time series analysis for the particle path lines simulated during backward 
tracking from the pumping wells to the source of recharge. The colorful squares represent 
the location of the simulated water particles after the 6 year model simulation time. (a.) 
The path lines of particles traveling from the pumping wells to the source of origin from a 
side view. (b.) The path lines of the particles traveling from the pumping wells to the source 
of origin from a map view. The simulated water travels between 5 to 40 m during the 6 
year model simulation time 
 

MODPATH particles were implemented at the land surface in the vicinity of the pumping 

wells to simulate precipitation at the land surface (Figure 15). The particles travelled more quickly 

(2-4 years) directly above the pumping wells than anywhere else in the simulation due to the steep 

downward head gradient above the pumping wells and the higher hydraulic conductivity in the 

fault and contact zones. The particles not simulated on the model surface directly above the 
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pumping wells travel to the region of lower elevation southeast of the pumping zone. Once the 

particles reach the region of low elevation, the water percolates through the regolith. The distances 

the particles travel are functions of the limited simulation time of six years and the hydraulic 

parameters of the geologic units. 

 

Figure 15: Forward particle tracking simulation (MODPATH) run above the pumping 
zone at the Ploemeur hydrogeologic site. Pathways of simulated water particles are shown 
in a rainbow gradient with blue indicating early time and red indicating late time. The 
simulation involves using one particle at the surface of each cell and one particle in the 
middle of each cell. (a.) A map view of the particle tracking forward simulation. (b.) A side 
view of the particle tracking forward simulation.  
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DISCUSSION 

A majority of the drawdown is simulated to occur in the more permeable contact and fault 

zones near the pumping wells. This result is consistent with previous authors who state that wells 

within the contact zone react more quickly and less intensely to pumping conditions than they do 

in and around the fault zone (Le Borgne et al., 2004). This is likely due to the hydraulic properties 

and/or the nature and geometry of the fracturing and heterogeneity in the fault zone (Le Borgne et 

al., 2004; Leray et al., 2012). Very limited drawdown is simulated to occur within the overlying 

regolith layer, which is not strongly hydraulically connected to the pumping zone in the 

intersection of the fault zone and contact zone. The lower hydraulic conductivity in the regolith, 

due to the presence of mica in the unit, tends to slow horizontal and vertical flow through the unit, 

which also helps to explain the significant time lag between precipitation and water level response 

in wells. A majority of the recharge and most of the outflow to other geologic units is simulated to 

occur in the regolith, which acts as a storage reservoir for the pumping zone through slow gravity 

drainage to the saturated zone units.  

Simulation results from both forward and backward particle tracking reveals that water 

flow and direction are driven by topographic differences in elevation as it travels laterally from 

areas of higher elevation to areas of lower elevation as opposed to flowing downward to underlying 

units. The forward tracking simulation results reveal that water above the pumping wells tends to 

pool on the surface prior to pumping conditions (Roques et al., 2018). Previous authors also noted 

that the general flow path in the regolith is from the higher elevations in the northwest part of the 

study area to the lower elevations of the southeast, which is clearly observed in the simulation of 

backward tracking particles (Aquilina et al., 2015; Roques et al., 2018). The flow paths show that 

the simulated particles prefer to move through the more permeable fault and contact zones, but 
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some water still flows through the less permeable mica-schist and granite. This shows that the 

crystalline units play a significant role in groundwater flow through the system. 

Recharge mechanisms such as piston flow may explain the simulated water pathways 

observed in the simulations. Piston flow pushes older water out of storage when new water 

recharges the system, thus storing the new recharge and pushing older water nearer to the pumping 

wells where it is eventually extracted. Recharge simulated from the model surface above the 

pumping wells takes between three to six years to penetrate the overlying confining geology and 

reach the pumping wells. Limited drawdown occurs during the initiation of pumping conditions at 

the site and in our model. We observe a delayed response in hydraulic head at the Ploemeur site 

from seasonal changes in precipitation, which is consistent with Jiménez-Martínez et al., (2013) 

who stated a weak correlation exists between precipitation patterns and hydraulic head response. 

Therefore, it is evident that the groundwater extracted from the system is not recent precipitation 

entering the system; instead, the water extracted is likely older water that has been displaced by 

newer recharge. This result is also consistent with previous authors who found variable residence 

times throughout the aquifer due to its heterogeneity, with more modern water (<50 years) 

dominating shallow storage and older water dominating deeper storage and surrounding the 

contact zone and fault zone (Ayraud et al., 2008; Aquilina et al., 2015; Roques et al., 2018).  

Results from all particle tracking simulations reveal it takes a minimum of two years  for 

meteoric water to reach the pumping wells. The simulated particles travel more slowly through the 

less permeable layers, including the mica schist and granite. Because the simulated recharge can 

take many years to reach the pumping well, we presume the water extracted from the pumping 

wells at the beginning of pumping is pulled from the storage of the surrounding geologic units. 

However, with time, we observe that the change in storage approaches zero in all units, with the 
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smallest rate of change in the fault zone. Thus, the storage in the fault zone appears to be a primary 

contributor to the water being extracted through the pumping wells. The storage is then replenished 

with the recharge water. This result is consistent with the previous observations that much of the 

extracted water is relatively old water being extracted from the storage deeper in the aquifer system 

(Ayraud et al., 2008; Aquilina et al., 2015; Roques et al., 2018).  
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CONCLUSIONS 

 Though not commonly relied on as prolific water resources, crystalline-rock aquifers can 

be productive if fractures or other geologic features have hydraulic properties beneficial for 

holding and transporting water. The Ploemeur hydrogeologic site has unique, intersecting geologic 

features that allow for limited drawdown during long-term pumping conditions. Because many of 

the productive features in the Ploemeur aquifer are at depth and contain fractures of unknown 

aperture and connectivity, a three-dimensional numerical groundwater model of the system is a 

reliable tool for estimating the hydraulic parameters and flow mechanisms based on field tests and 

observations. 

Modeling results presented in this study reveal the distribution and extent of drawdown, 

the quantity of patterns and timing of recharge, and the water budget contributions of each geologic 

feature at the hydrogeologic site. Recharge as meteoric water preferentially travels from regions 

of high elevation to low elevation through all geologic units, though we observe a preference for 

groundwater to travel through the more permeable units. Simulated recharge over the pumping site 

shows that water travels as much as 100 m in two years. Net storage is simulated to steadily 

decrease over the six-year pumping period in all geologic units, but the smallest change in net 

storage is observed in the fault zone, where groundwater pumping occurs. Based on water budget 

calculations from the numerical model, flow to and from storage plays a substantial role in the 

simulated geologic features. Recharge mechanisms driving flow through the aquifer system consist 

of both piston flow and preferential flow paths, with piston flow occurring in the crystalline 

bedrock units and preferential flow dominating in the fractured and permeable contact zone and 

fault zone. If the annual pumping rate increases or the seasonal precipitation decreases, it is likely 

that a similar pattern of drawdown and re-equilibration would occur at the site. 
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Understanding the historical trends and mechanisms of groundwater aquifers, particularly 

those relied upon by large communities, is an important step toward managing and predicting 

future groundwater resources. As access to freshwater resources worldwide continue to become 

more challenging, less relied on groundwater sources, such as crystalline-rock aquifers, will likely 

become vastly more important. Thus, it is integral understand the recharge mechanisms of 

crystalline rock aquifers to ensure proper groundwater sustainability and management.  
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