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A B S T R A C T   

Springs sustain groundwater-dependent ecosystems and provide freshwater for human use. Springs often occur 
because faults modify groundwater flow pathways leading to discharge from aquifers with sufficiently high 
pressure. This study reviews the key characteristics and physical processes, field investigation techniques, 
modelling approaches and management strategies for fault-controlled spring systems. Field investigation tech-
niques suitable for quantifying spring discharge and fault characteristics are often restricted by high values of 
spring ecosystems, requiring mainly non-invasive techniques. Numerical models of fault-controlled spring sys-
tems can be divided into local-scale, process-based models that allow the damage zone and fault core to be 
distinguished, and regional-scale models that usually adopt highly simplified representations of both the fault 
and the spring. Water resources management relating to fault-controlled spring systems often involves ad hoc 
applications of trigger levels, even though more sophisticated management strategies are available. Major gaps in 
the understanding of fault-controlled spring systems create substantial risks of degradation from human activ-
ities, arising from limited data and process understanding, and simplified representations in models. Thus, 
further studies are needed to improve the understanding of hydrogeological processes, including through 
detailed field studies, physics-based modelling, and by quantifying the effects of groundwater withdrawals on 
spring discharge.   

1. Introduction 

Springs often sustain highly productive and diverse aquatic and 
terrestrial ecosystems (Bogan et al., 2014; Davis et al., 2017). Where 
springs are spatially isolated, ‘ecological islands’ can form (Bogan et al., 
2014), providing habitats for endemic species to develop and evolve to 
the unique spring conditions (Davis et al., 2017). In the case of arid and 
semi-arid regions, springs may provide the only permanent source of 
water for significant distances, allowing for the survival of rare plants 
and a broad range of animal species (Springer and Stevens, 2009). Many 
ecologically and culturally significant spring complexes have been 
altered over the last century, attributable mainly to human-induced 
changes to groundwater regimes (Davis et al., 2017). 

Springs occur under a variety of hydrogeological conditions, 
commonly due to geological features that create transmissive pathways 
or barriers to flow (Bryan, 1919; Curewitz and Karson, 1997; Rowland 
et al., 2008). These geological features include faults, which are planar 

fractures or discontinuities in rock where displacement has occurred 
(Caine et al., 1996; Bense et al., 2013). Faults may impede and/or act as 
preferential pathways to groundwater flow (Forster and Evans, 1991; 
Caine et al., 1996; Bense et al., 2013). Bryan (1919) and Meinzer (1923) 
define five spring types based on their subsurface geology (contact 
springs, fissure/fault springs, depression springs, tubular or fracture 
springs and volcanic springs), of which, contact springs and fissure/fault 
springs often occur due to faults (see Fig. 1). Springer and Stevens 
(2009) developed a revised inventory of 12 spring conceptual models, of 
which five include geological faults. Curewitz and Karson (1997) 
reviewed the structural settings of hot springs and found that 78% of the 
822 hot springs inventoried were associated with faults. Although the 
review was specific to hot springs, there is evidence from case studies 
that other spring types (e.g., cooler 16–25 ◦C springs, acid sulphate 
springs, bubbling CO2 springs) are commonly associated with faults (e. 
g., Bignall and Browne, 1994; Battani et al., 2010; Apollaro et al., 2012). 

The properties of faults and the associated hydrogeological processes 
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have been extensively reviewed (e.g., Forster and Evans, 1991; Caine 
et al., 1996; Bense et al., 2013; Scibek et al., 2016), as has the hydrology 
of springs (e.g., Meinzer, 1923; Hynes, 1970; van der Kamp, 1995; 
Springer and Stevens, 2009; Kresic, 2010). While faults and springs have 
been reviewed independently, their hydrogeological interrelation has 
received little attention, and the current understanding of fault- 
controlled spring systems is based primarily on a review of the struc-
tural settings of hot springs by Curewitz and Karson (1997) and case 
studies (e.g., Jewell et al., 1994; Crossey et al., 2006; Rowland et al., 
2008). 

This review draws on existing literature on faults and springs to 
establish the current state of knowledge on fault-controlled spring sys-
tems. Although the review is based primarily on case studies of fault- 
controlled spring systems, some of the approaches discussed can be 
generalised to studies of faults or springs (e.g., the methods described to 
quantify spring discharge in Section 3.1 are similar for fault-controlled 
springs and other spring types). The following aspects of fault- 
controlled spring systems are reviewed: (1) hydrogeological processes; 
(2) field investigation techniques; (3) numerical modelling; and (4) 
management. Finally, we outline major knowledge gaps and future 
research directions required to improve the protection and reliable 
characterisation of fault-controlled spring systems, particularly those 
threatened by groundwater-affecting activities. 

2. Hydrogeological processes 

Here, the hydrogeological processes associated with the occurrence 
of springs that source water from groundwater flow through faults are 
subdivided into: (1) fault characteristics, (2) spring and aquifer hy-
draulics, and (3) surface conditions and spring environments. 

2.1. Fault characteristics 

Faults are classified based on their angle relative to the horizontal (i. 
e., dip) and the relative displacement of rock on either side of the fault 
plane (i.e., slip) (Bense et al., 2013). There are three main classes of 
faults (Fig. 2). Normal faults (Fig. 2a) occur due to extensional stresses, 
generally leading to dips of 45–70◦ relative to the horizontal, although 
in some cases (e.g., when associated with metamorphic core complexes), 
normal faults can have dips at lower angles (e.g., Faulds and Varga, 
1998; Faulds et al., 2008). Reverse (or thrust) faults (Fig. 2b) occur due 

Fig. 1. Spring conceptual models for four of the spring types described by Meinzer (1923) showing: (a) a contact spring where the water table outcrops along a fault, 
(b) a fissure/fault spring where a fault provides a conduit for flow from a confined aquifer, (c) a depression spring where the water table intersects the surface and (d) 
a tubular or fracture spring where water flows through karst conduits and discharges through an orifice at lower elevation. Volcanic springs are not shown as these 
are typically associated with the formation of steam and have varying geological/hydraulic characteristics. 

Fig. 2. Conceptual diagrams of fault classes showing: (a) normal, (b) reverse, 
(c) left-lateral strike-slip and (d) right-lateral strike-slip faults (stress directions 
indicated by black arrows). The inset shows the fault core, damage zone 
and protolith. 
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to compressional stresses, causing dips generally <<45◦ (Bense et al., 
2013). Both normal (Fig. 2a) and reverse faults (Fig. 2b) have near- 
vertical slips (displacement of rock on one side of the fault relative to 
the other). Strike-slip faults (Fig. 2c and d) have vertical (or near- 
vertical) dips, with horizontal slips (Bense et al., 2013). They are clas-
sified as either left-lateral or right-lateral, based on whether the 
displacement is to the left (Fig. 2c) or the right (Fig. 2d) when viewed 
from either side. Additionally, faults can be a combination of the 
aforementioned four classes. For example, normal oblique-slip faults, 
which have been associated with hot springs (e.g., La Rosa et al., 2019), 
have components of both normal and strike-slip faults. The type of fault 
and its stress regime influence the fault permeability (e.g., extensional 
stresses can increase permeability). However, the fault permeability is 
also strongly influenced by the rock type and the fault architecture 
(Caine et al., 1996). This prevents the use of generic permeability 
models based only on the fault classification (Bense and Van Balen, 
2004). 

Conceptually, the fault architecture is represented using a three- 
component model comprising the fault core, the damage zone and the 
protolith (Caine et al., 1996; Mitchell and Faulkner, 2009) (Fig. 2a). The 
fault core is where most of the displacement has occurred, comprising 
deformed materials such as gouge, cataclasite, breccia and/or smear 
(Caine et al., 1996; Torabi et al., 2019). The damage zone surrounds the 
fault core and features secondary structures such as micro- or macro- 
fractures arising from slip and/or deformation events (Caine et al., 
1996). The protolith is the surrounding material that has not been 
substantially modified by faulting (Bense et al., 2013). 

Whether the fault acts as a barrier and/or a conduit to flow depends 
on its composition and the stage of fault evolution (Caine et al., 1996). 
For example, the core may act as a conduit immediately following 
deformation and later as a barrier due to the precipitation of minerals 
(Caine et al., 1996). Fluid flow in the damage zone is typically higher 
than in the fault core or protolith, occurring predominantly through 
fractures (e.g., Bense and Person, 2006; Folch and Mas-Pla, 2008). For 
example, the dataset of fault permeabilities compiled by Scibek (2020) 
indicate that the permeability of the damage zone is on average two 
orders of magnitude greater than the fault core. 

The hydrogeologic behaviour of faults has been characterised in 
terms of the fault architecture by Caine et al. (1996), who suggested 
three quantitative indices: 

Fa = Wdz/(Wdz +Wcore) (1)  

Fm = mean(Fa) (2)  

Fs = max(Fa) − min(Fa) (3) 

Where Fa represents the relative proportion of the damage zone 
present in the fault, with values that vary from zero to one, Wdz is the 
damage zone width (m), and Wcore is the core width (m). Fm is the mean 
of spatial variations in Fa for a given fault, and Fs is the range in Fa values 
for a given fault. As the damage zone is typically considered of higher 
permeability relative to the fault core, Fa values close to one indicate 
that the fault is likely to behave as a conduit to flow, whereas Fa values 
close to zero indicate that the fault is likely to act as a barrier (Caine 
et al., 1996). Fa can be calculated parallel and/or perpendicular to the 
fault, wherever measurements are available, to assess the relative pro-
portions of the spatial extent of the damage zone. As Wdz and Wcore can 
vary spatially, Fm and Fs can be useful for classifying the larger-scale 
behaviour of the fault (Caine et al., 1996). 

Understanding the relationship between fault and spring locations is 
a key area of research for fault-controlled springs. Curewitz and Karson 
(1997) conducted an extensive review of the geological settings of hot 
springs. They found that hot springs generally occurred in five structural 
settings along fault zones, including: (1) the fault tip where the break-
down area formed from intense fracturing gives rise to springs, (2) fault 
interaction areas where the breakdown areas from several fault tips 

interact or merge into a single breakdown area, (3) locked-in fault 
intersection areas where faults have opposing directions of slip leading 
to a breakdown area in the intersection between the faults, (4) slipping 
fault intersection areas where faults are slipping in the same direction, 
and there is limited breakdown area and (5) fault traces (i.e., surface 
disturbance where a fault intersects the ground surface) where localised 
fracturing may occur due to pressures during slip. Offsets between major 
faults, known as accommodation zones, are a form of interaction area 
that has been associated with high levels of geothermal activity and the 
occurrence of hot springs (e.g., Curewitz and Karson, 1997; Faulds et al., 
2002). These studies suggest that fault-controlled springs, particularly 
fault-controlled hot springs, mostly occur where multiple fault traces 
interact (Curewitz and Karson, 1997; Faulds et al., 2002; Faulds et al., 
2008). 

2.2. Spring and aquifer hydraulics 

An essential condition for the occurrence of springs is that the hy-
draulic head within the source aquifer (i.e., the aquifer providing water 
to the springs) must be sufficient for water to discharge to the surface. In 
confined aquifers, no major flow is expected through the confining unit 
unless preferential pathways (e.g., faults or fractures) are present 
(Brehme et al., 2016). The flow rate of a spring is directly related to the 
hydraulic head gradient between the aquifer and the surface (Woith 
et al., 2011; Brehme et al., 2016). As a lower bound, the hydraulic head 
in the source aquifer/s must be greater than the topographic elevation at 
the point of spring discharge, referred to as the spring geomorphic 
threshold (Currell et al., 2017; Keegan-Treloar et al., 2021). The spring 
geomorphic threshold is the topographical elevation of the lip, mound or 
surface of the spring vent that the hydraulic head must exceed for the 
spring to discharge. If the hydraulic head in the source aquifer drops 
beneath the spring geomorphic threshold, the spring will cease to flow 
(e.g., Currell et al., 2017). 

Although the conceptual model of the spring geomorphic threshold 
and spring discharge is simple, spring discharge rates may be temporally 
variable, arising from complex external stresses. For example, Criss 
(2010) found that spring discharge rates may be influenced by events 
occurring over multiple timescales. They concluded that the flow from 
Big Spring (Missouri, USA) represented the superposition of long- 
timescale regional hydraulic head gradients and short-timescale pulse- 
type events due to aquifer head changes following local precipitation. 

Conceptually, spring discharge rates are controlled by the source- 
aquifer hydraulic head and the fault conductance. Assuming Darcian 
flow in the fault, the conductance can be defined as: 

Cf =
KA
Δz

=
Q
Δh

(4) 

Where, Cf is the fault conductance [L2 T− 1], K is hydraulic conduc-
tivity of the fault zone [L T− 1], A is the fault zone cross-sectional area to 
flow (i.e., fault width × fault length) [L2], Δz is the difference in 
elevation between the spring geomorphic threshold and the source 
aquifer [L], Q is the spring discharge [L3 T− 1], and Δh is the difference in 
elevation between the source aquifer head and the water level at the 
spring outlet [L]. However, as is the case in hydrogeology more gener-
ally, there are challenges in accurately quantifying K and Δh (e.g., 
Durner, 1994; Post and von Asmuth, 2013; Rau et al., 2019), which 
translate to uncertainties in estimates of Cf. 

In practice the fault conductance is a difficult parameter to measure, 
which can present problems in the translation of aquifer hydraulic head 
to spring discharge rates. For example, Love et al. (2013a) compared 
spring discharge rates to head differences between the source aquifer 
and the surface for mound springs of the Great Artesian Basin 
(Australia). They found no predictable relationships between the hy-
draulic head differences and the rate of spring discharge suggesting the 
fault conductance was highly variable between springs. As the fault 
conductance was unknown, they were unable to predict how spring 
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discharge might vary in response to future changes in aquifer hydraulic 
head. 

The fault conductance can undergo changes if the fault is seismically 
active (e.g., Gudmundsson, 2000), which can lead to temporal variations 
in discharge. Changes in fault conductance, aquifer permeability and 
other aquifer properties (e.g., storativity) have been observed following 
earthquake events, resulting in variations in the discharge and/or water 
quality of the spring (e.g., Curewitz and Karson, 1997; Cox et al., 2012). 
For example, Cox et al. (2012) observed the emergence of new springs 
and a large change in groundwater levels following the magnitude 7.1 
Darfield earthquake in Canterbury, New Zealand. These changes were 
hypothesised to be due to increased aquifer permeability, new fracture 
pathways, and changes in the aquifer properties (e.g., storativity and/or 
transmissivity). Changes in spring water temperature and hydro-
chemistry were also observed following the Darfield earthquake, sug-
gesting modified contributions from shallow meteoric and deeper 
groundwater to spring discharge (Cox et al., 2015). As such, the impact 
of seismic activity on fault behaviour and spring discharge may be an 
important consideration in characterising and managing fault- 
controlled springs in tectonically active regions. 

2.3. Surface conditions and spring environments 

Travertine structures are a common surface expression of springs (e. 
g., De Filippis et al., 2012; Henchiri et al., 2017; Karaisaoğlu and Orhan, 
2018), typically occurring where spring discharge is high in CO2, lead-
ing to carbonate mineral precipitation due to differences between the 
partial pressures of CO2 in the ascending water and the atmosphere 
(Keppel et al., 2011). Travertine deposits may occur along fault traces, 
indicating fault locations (Hancock et al., 1999; Brogi and Capezzuoli, 
2009). Travertine structures can lead to the modification of spring 
discharge rates by sealing flow pathways or forming impoundments 
around the spring vents. For example, Soda Dam is a large dam-like 
structure encompassing several springs in New Mexico (USA) that 
significantly alters discharge to the surrounding environment (Goff and 
Shevenell, 1987). In areas of travertine deposition, it is often necessary 
that faults are active to prevent the fault from sealing, which can lead to 
the cessation of spring discharge (Brogi and Capezzuoli, 2009). As such, 
the travertine deposits surrounding springs have been extensively used 
to provide a historic record of the fault and spring discharge activity (e. 
g., Hancock et al., 1999; Brogi and Capezzuoli, 2009; Priestley et al., 
2018). For example, Brogi et al. (2012) used travertine deposits around 
thermal springs in the Sarteano area (Italy) to reconstruct the historical 
locations of the main discharge areas, the record of faulting events and 
the physicochemical properties of the discharge waters. 

Spring discharge to surface water bodies can support extensive 
ecosystems and niche habitats for endemic species (e.g., Wolaver and 
Diehl, 2011; Carvalho Dill et al., 2014). Spring-dependent ecosystems 
include terrestrial ecosystems surrounding the water source and aquatic 
ecosystems within the water source itself (Springer and Stevens, 2009). 
The variability, permanence and physiochemical characteristics (e.g., 
salinity, pH, temperature, nitrate) of spring discharge are key controls 
on the composition of dependent ecosystems (van der Kamp, 1995). 
However, detecting these relationships may be difficult, as Boy-Roura 
et al. (2013) found that some physiochemical characteristics of spring 
discharge (i.e., nitrate concentrations) remained constant annually 
while other characteristics (i.e., spring flow rates and electrical con-
ductivity) were variable. 

Spring discharge that provides stream baseflow can support aquatic 
and terrestrial species during dry periods (Rossini et al., 2018; Bonada 
et al., 2007). These may include secondary ecosystems that rely on 
spring-fed streams and lakes (e.g., Bonada et al., 2007). For example, the 
Doongmabulla Springs Complex (Australia) provides baseflow to the 
nearby Carmichael River and supports a wide diversity of endemic 
species, which vary between individual spring vents (Fensham et al., 
2016a; Currell et al., 2017). This variability indicates permanence of 

discharge and relative isolation of individual springs. 
Differences have been observed in taxon number and composition 

between springs with permanent discharge or pooled water, and those 
with intermittent flow (Meyer and Meyer, 2000; Wood et al., 2005). 
Species often have lifecycles that have adapted to the specific spring 
discharge conditions. For example, springs with permanent discharge or 
pooled water have been shown to host unique species that require 
constant water availability. One such example are hydrobiids (a small 
snail species) found around springs in the Great Artesian Basin 
(Australia) that cannot undergo desiccation for more than a few minutes 
and require neutral to basic water in their habitat (Ponder and Colgan, 
2002). Conversely, intermittent springs have been shown to host species 
capable of tolerating dry periods (Meyer and Meyer, 2000; Wood et al., 
2005). For example, in a study of springs in the English Peak District 
(United Kingdom), Wood et al. (2005) found species adapted to dry 
periods through diapause, aestivation or extended flight periods. Meyer 
and Meyer (2000) propose that the unique adaptions of species present 
in springs may be used as a proxy to determine the flow conditions. This 
was demonstrated by Erman and Erman (1995), who found that cad-
disflies, calcium concentrations, moss, rooted plants, and temperature 
could be used as a proxy for spring discharge permanence. 

In addition to the species in springs, the historical composition of 
wetland flora and fauna surrounding springs can provide information on 
how spring discharge conditions (e.g., flow rates and water chemistry) 
have changed over time (Smith et al., 2003). If spring conditions change, 
the composition of wetland flora and fauna may change to adapt to the 
new flow conditions (Ashley et al., 2004; Deane et al., 2017). For 
example, Ashley et al. (2004) used pollen and diatom records in soil 
cores to assess changes in the regional hydrology resultant from past 
climate change events. 

3. Field investigation techniques 

Field investigation techniques are vital for gathering hydro-
geological information to characterise and assist in the management of 
fault-controlled springs. Field investigation techniques include ap-
proaches to: (1) quantify spring discharge rates (e.g., weir-based 
methods), (2) identify source aquifers and their contribution to spring 
discharge (e.g., using isotopes and hydrochemistry from water samples), 
and (3) use geophysical techniques to investigate fault structure and 
properties (Fig. 3). Additionally, field campaigns routinely characterise 
spring ecosystem health and examine cultural and archaeological values 
of spring systems, although the related field techniques are not covered 
in the subsections that follow. 

3.1. Methods for quantifying spring discharge 

Quantifying spring discharge, particularly its temporal variations, 
provides valuable information on both ecological requirements and 
changes to driving factors that control spring flow. For example, spring 
discharge rates have been used to estimate groundwater recharge (e.g., 
Segadelli et al., 2021), the baseflow contribution of springs to streams 
(e.g., Fournier et al., 1976; Fournier, 1989; Friedman and Norton, 
2007), geothermal heat flux (e.g., Fournier et al., 1976; Mariner et al., 
1990), and lag times between recharge and changes in spring discharge 
(e.g., Manga, 1999; Celico et al., 2006). Additionally, knowledge of 
spring discharge rates provide insight into aquifer characteristics (e.g., 
permeabilities, vertical fluxes), which are useful for constraining 
hydrogeological models (e.g., Manga, 1997; Saar and Manga, 2004; 
Martínez-Santos et al., 2014). For example, Sato et al. (2000) found that 
spring discharge in Awaja Island (Japan) increased following an earth-
quake event (likely due to increased permeability), and gradually 
reduced following an approximately exponential trend. They used 
spring discharge observations to estimate the hydraulic diffusivity of the 
aquifer material between the spring and its recharge area using equa-
tions derived from Darcy’s law. 
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Spring discharge rates have been quantified using a variety of tech-
niques including direct flow measurements, Darcy’s law-based ap-
proaches, physiochemical tracer methods and remote sensing 
techniques (see Table 1). The optimal method depends on the spring 
discharge rates being quantified, the physiochemical properties of 
water, the surrounding ecosystems, and the geomorphology of the 
spring vent. Details on the application of these techniques is provided 
below. 

3.1.1. Direct measurements 
The simplest form of direct flow measurements are timed volumetric 

measurements where the spring discharge is calculated from the time 
taken to fill a container of known volume (e.g., Gentry and Burbey, 
2004; White et al., 2016; Segadelli et al., 2021). Despite the apparent 
simplicity of this technique, its application requires a localised discharge 
point, and can be problematic for springs with diffuse discharge. White 
et al. (2016) proposed that issues with diffuse discharge could be 
addressed by using flumes and sandbags to direct discharge to a mea-
surement site. Although suitable for point in time measurements, 
caution is advised for the collection of long-term datasets as the modi-
fications to the spring environment may degrade dependent ecosystems. 

Weir-type approaches lead to volumetric spring discharge estimates 
by using either a pressure transducer or a ruler to measure the height of 
water that passes through a weir with a known cross-sectional area (e.g., 
Felton and Currens, 1994; Zhang et al., 2013; Mathon et al., 2015). The 
application of weir-type approaches requires discrete or directed spring 
discharge, as might occur within a channel or waterway (e.g., Heasler 
et al., 2009), or through geomorphic features or within the spring tail in 
the case of mound springs. Weir-type approaches have been applied to 
spring discharge rates of up to 1200L/s (e.g., Celico et al., 2006; Falcone 
et al., 2012). 

Where spring discharges to a stream or creek, differential gauging 
can be applied to estimate spring discharge as the difference in 
streamflow upstream and downstream of the spring. This technique was 
used by Manga (1999) to obtain spring discharge rates in the range of 

3200to 4800 L/s. Although, this requires that discharge can be accu-
rately measured using a weir, which is not always possible (e.g., during 
high or low flows, or in areas of hyporheic exchange). 

3.1.2. Darcy’s law-based approaches 
Approaches to calculate spring discharge based on Darcy’s law use 

measured hydraulic gradients, flow cross-sectional areas, and hydraulic 
conductivity. Martínez-Santos et al. (2014) installed piezometers in 
springs to measure vertical head gradients, which were subsequently 
used, along with permeabilities obtained from slug tests, to estimate 
spring discharge based on Darcy’s law. This was applied to the Fuentes 
Grandes springs (Spain), leading to an estimate of spring discharge of 
~0.5 L/s. Despite the relatively simple nature of Darcy’s law-based 
methods, these approaches are rarely applied in the literature, likely 
due to the high uncertainty in measurements of hydraulic conductivity. 

3.1.3. Chemical tracers 
The most widely applied chemical tracer technique for the quanti-

fication of spring discharge to a stream is the chloride inventory tech-
nique (e.g., Ellis and Wilson, 1955; Fournier, 1989; Friedman and 
Norton, 2007). Discharge rates are quantified by sampling chloride 
concentrations in spring discharge and in a stream in the reaches above 
and below where the spring contributes to streamflow (Ellis and Wilson, 
1955; Fournier et al., 1976). If differences in chloride concentrations are 
not detectable, a salt-dilution test can be used (e.g., White et al., 2016), 
where a known concentration of salt is released, and the concentration is 
monitored downstream. The chloride inventory method is not well 
suited to continuous automated monitoring as typically chloride con-
centrations cannot be easily measured in the field, although electrical 
conductivity has been used as a proportional surrogate for chloride 
(Norton and Friedman, 1985) allowing for the analysis of temporal 
changes. The chloride inventory method has been demonstrated for 
spring discharge rates between 0.39 and 3644 L/s (Ingebritsen et al., 
2001). 

Fig. 3. Field investigation techniques for fault-controlled spring systems. Shown techniques include surface geophysics, water sampling for chemical and isotopic 
analysis, surveying of spring elevations, remote sensing, and a weir to measure spring discharge rates. The potentiometric surface from the recharge area to the left- 
hand side of the diagram is sufficient to provide flow to the spring. 
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3.1.4. Remote sensing 
Remote sensing provides an attractive approach to quantify spring 

discharge, particularly for isolated data-sparse areas, as it relies on 
aerial- or satellite-derived products. Two main strategies have been 
applied, namely estimated wetland area (e.g., Williams and Holmes, 
1978; White and Lewis, 2011; White et al., 2016), and aerial thermal 
imagery (e.g., Haselwimmer et al., 2013). 

Wetland area approaches use a log-linear model to relate the spring 
wetland area to the spring discharge rate. Typically, a site-specific 
relationship is developed by measuring spring discharge rates (e.g., 
with a direct measurement technique) and using a log-linear regression 
model to develop a relationship between the wetland area and the 
observed spring discharge rates (e.g., Fatchen, 2001; White and Lewis, 
2011). This relationship can then be used to monitor how the spring 
discharge rates change over time based on remotely sensed variations in 
the wetland area (e.g., Fatchen, 2001; White and Lewis, 2011). Generic 
relationships based on previous studies may be useful to provide 
approximate estimates of spring discharge rates. However, site-specific 
ecohydrological conditions will lead to different relationships between 
sites. Furthermore, Fatchen (2001) warned that extrapolating these re-
lationships beyond the range of observed measurements (i.e., to extreme 
high or low discharge rates) can be problematic as the relationship may 
be valid for only a specific range of discharge rates. Wetland area-based 
approaches have been used to quantify spring discharge rates ranging 
from ~0.01 L/s (Fatchen, 2001) to ~200 L/s (Williams and Holmes, 
1978). 

Aerial thermal imagery can provide an alternative to wetland area- 
based remote sensing approaches, particularly for thermal springs. 
Haselwimmer et al. (2013) used remotely sensed thermal imagery (1 m 

pixels) to estimate spring discharge from the Pilgrim Hot Springs 
(Alaska). Their discharge estimates were obtained by first calculating a 
total heat flux from the springs and converting heat flux to a volumetric 
flux based on an assumed geothermal temperature for spring discharge 
and the thermal properties of water. This approach yielded estimates of 
spring discharge ranging between 1.1 L/s and 17 L/s, which was in 
reasonable agreement with field measurements of spring discharge. 
However, Haselwimmer et al. (2013) noted that discharge calculations 
were particularly sensitive to wind speeds. 

3.2. Techniques to identify water origins 

3.2.1. Hydrochemistry 
Bivariate plots, ternary diagrams, and specialised plots are often used 

to classify water types as a first step in the hydrochemical analysis of 
spring systems. Widely applied approaches include bivariate plots (e.g., 
Grobe and Machel, 2002), Schoeller diagrams (e.g., Bajjali et al., 1997), 
Piper plots (e.g., Brugger et al., 2005; Crossey et al., 2009; Alçiçek et al., 
2016), ternary diagrams (e.g., Duchi et al., 1995; Apollaro et al., 2012) 
and Langelier-Ludwig diagrams (e.g., Brombach et al., 2000; Frondini 
et al., 2009). Piper plots are a graphical procedure for visualising water 
chemistry and have been applied in studies of spring systems to identify 
contributing groundwater endmembers to spring discharge (e.g., Brug-
ger et al., 2005; Crossey et al., 2009; Alçiçek et al., 2016). Duchi et al. 
(1995) used a ternary diagram with analytes of HCO3, SO4 and Cl to 
classify water samples as groundwater (high HCO3), mature water (high 
Cl) or steam heated acidic waters (high SO4). They found that the spring 
waters plotted towards the HCO3 apex of the diagram, suggesting 
groundwater from a carbonate-source aquifer. Langelier-Ludwig dia-
grams (rectangular diagrams based on the percent of cations from Na +
K and Mg + Ca, and the percent of anions from HCO3 + CO3 and SO4 +

Cl) have been used in spring source-water studies to identify endmember 
water-types, geochemical reactions, and mixing (e.g., Frondini et al., 
2009; Brogi et al., 2012). For example, Frondini et al. (2009) used a 
Langelier-Ludwig diagram to analyse hydrochemistry from springs and 
geothermal carbonate and metamorphic formations, finding four 
distinct water groups reflecting the geology and geochemistry of the 
source aquifers. These groups were tightly clustered, suggesting the 
sources were hydraulically isolated, and there was minimal mixing be-
tween sources. 

The minerals present in spring discharge have been extensively used 
to characterise the subsurface geology and potential source aquifers (e. 
g., Brombach et al., 2000; Brugger et al., 2005; Frondini et al., 2009). 
Mineral speciation and saturation indices can be calculated using 
geochemical modelling software (e.g., PHREEQC, SOLMINEQ-88, Geo-
chemists Workbench) and as they are dependent on temperature, these 
geochemical processes and water-rock interactions have been used to 
estimate the temperature in the source aquifer (e.g., Gemici and Tarcan, 
2002) using a variety of techniques referred to as geothermometry (see 
Section 3.3). 

3.2.2. Isotopes and age tracers 
The stable isotopes of water (18O, 17O, 16O and 2H, 1H), have been 

used to trace the origin of spring water and provide information on the 
climatic and environmental conditions at the time of recharge (Alçiçek 
et al., 2016). Comparing the stable isotopes of water with the local 
meteoric water line can provide insights into how evaporation and 
transpiration have influenced water composition and the seasonality of 
recharge (Appello and Postma, 2010). Stable isotopes of water have 
been used extensively to investigate the recharge elevation (e.g., 
Amoruso et al., 2011), the seasonality or age of spring source waters (e. 
g., Ingebritsen et al., 1992; Grobe and Machel, 2002; Alçiçek et al., 
2016) and evaporation and/or transpiration (e.g., Duchi et al., 1995; 
Brusca et al., 2001; Brugger et al., 2005; Della Porta, 2015). 

Age tracer techniques utilise the known rates of radioactive decay of 
isotopes to determine groundwater age. By comparing the activity in a 

Table 1 
Examples of spring discharge with the method and range of discharge values 
reported. NA (not available) denotes cases where discharge rates were not re-
ported or were provided as a summation from multiple springs.  

Method Examples Spring discharge (L/ 
s) 

Chloride inventory method 

Ellis and Wilson (1955) NA 
Fournier et al. (1976) NA 
Norton and Friedman 
(1985) 

NA 

Fournier (1989) NA 
Mariner et al. (1990) 0.4 to 120 
Ingebritsen et al. (2001) 0.39 to 3644 
Friedman and Norton 
(2007) ~395 to ~3250 

Wetland area as a proxy 

Fatchen (2001) 0.01 to 10 
Fensham and Fairfax 
(2003) 

NA 

White and Lewis (2011) ~5 to ~170 
White et al. (2016) ~0.001 to ~1427 

Weir-type methods 

Felton and Currens (1994) 14 to 71 
Swanson and Bahr (2004) 3 to 30 
Celico et al. (2006) 0 (no flow) to 440 
Heasler et al. (2009) NA 
Amoruso et al. (2011) 65 to 166 
White and Lewis (2011) NA 
Falcone et al. (2012) 400 to 1200 
Haselwimmer et al. (2013) 1.1 to 17 
Zhang et al. (2013) 0.1 to 6 
Mathon et al. (2015) 1 to 10 
White et al. (2016) ~0.005 to ~300 

Aerial thermal imagery Haselwimmer et al. (2013) 1.1 to 17 

Manual container 
measurements 

King et al. (1994) ~0.15 to ~0.6 
Gentry and Burbey (2004) 0.1 to 0.25 
White et al. (2016) <0.15 
Segadelli et al. (2021) NA 

Salt dilution tests White et al. (2016) 0.09 to 0.6 

Darcy’s law 
Martínez-Santos et al. 
(2014) ~0.5 

Differential stream gauging Manga (1999) 3200 to 4800 
Venturimeter Amoruso et al. (2011) 65 to 166  
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water sample with the initial activity (e.g., that in the atmosphere) it is 
possible to infer the age of the water (Kazemi et al., 2006; Bethke and 
Johnson, 2008). By examining age of spring discharge, it is possible to 
assess the vulnerability to impacts such as contamination and/or 
groundwater drawdown (Kazemi et al., 2006; Bethke and Johnson, 
2008). 

Tritium (3H), a tracer that can be used to distinguish the presence of 
modern waters aged <50 years old, has been used in studies of fault- 
controlled springs (e.g., Heinicke and Koch, 2000; Demlie et al., 2008; 
Alçiçek et al., 2016) to distinguish old deep-derived water from shallow 
younger waters. Radon-222 (222Rn), is another short-lived (half-life of 
3.82 days) radioactive tracer that has been used to indicate the rapid 
ascent of water from a deep reservoir in spring discharge (e.g., Brugger 
et al., 2005) and to identify the contribution of 222Rn to water during 
flow through fractures or faults (Choubey et al., 2000). Changes in 222Rn 
concentrations have also been observed due to stress regimes before 
earthquake events, which has been used to provide information on the 
stress regimes and activity of faults beneath springs (Kuo et al., 2006). 

Other useful tracer techniques are based on isotopes of the carbon 
atom and their relative ratios in a water sample. The analysis of δ13C can 
be applied to CO2 gases (e.g., Cartwright et al., 2002; Battani et al., 
2010), CH4 gases and carbonate minerals such as travertine (e.g., Brogi 
et al., 2012; De Filippis and Billi, 2012; Alçiçek et al., 2016). Battani 
et al. (2010) used the δ13C of bubbling CO2 in spring discharge to assess 
the source of water to the springs and they found δ13C was similar to 
typical values for the mantle indicating a reasonable contribution (likely 
~40%) from a deeper source. Often the δ13C values can vary within an 
aquifer unit, which makes it difficult to select a representative value for 
the aquifer. δ13C signatures from biological sources have been found in 
spring discharge to assist in the determination of the source of spring 
water. For example, Brugger et al. (2005) found δ13C in dissolved 
inorganic carbon ranged from − 12.3 to − 8.7‰ indicating a biological 
source, likely C-4 plants. 

The δ13C of CO2 of travertine deposits surrounding springs has also 
been used to investigate the source of water contributing to spring 
discharge. For example, Brogi et al. (2012) studied δ13C values in trav-
ertine surrounding springs and found values of between 1.6 and − 2.5‰, 
indicating a mix between hydrothermal fluids (δ13C ≥ 0) and shallow 
waters (δ13C < − 4). The benefit of examining travertine deposits rather 
than water from the springs or aquifer directly, is that samples can be 
collected without the need to install invasive infrastructure (e.g., wells), 
and the deposits can potentially provide a historical record of δ13C. 
Similarly, radiocarbon (14C) has been used to calculate the age of old 
travertine deposits using an initial activity based on the ratio of the 14C 
activity in recent travertine deposits and atmospheric CO2 (Mas-Pla 
et al., 1992). 

Noble gases are produced in the crust (e.g., 4He, 40Ar), the mantle (e. 
g., 3He) or the atmosphere (e.g., 20Ne, 36Ar) and have been used in 
studies of springs to assess the contributions to spring discharge from 
recent recharge and old deeper groundwater (Gilfillan et al., 2011). The 
3He/4He ratio has been used widely in fault-controlled spring studies to 
assess the contributions of gases from the mantle and/or crust to spring 
source waters (e.g., Hoke et al., 2000; Haszeldine et al., 2005; Crossey 
et al., 2006; Crossey et al., 2009). In contrast to 3He and 4He, 20Ne is 
primarily produced in the atmosphere and can be used to assess the 
atmospheric contribution to a sample (Gilfillan et al., 2011). For 
example, Chen et al. (2006) examined 4He/20Ne in spring water samples 
to assess the relative contribution of fluids containing crustal gases (4He) 
and atmospheric gases (20Ne). They observed high ratios in spring water 
relative to the atmosphere, indicating the addition of 4He from a deep 
source, suggesting water may ascend via a fault. 

40Ar/36Ar ratios have been measured in springs emanating from 
faults (e.g., Bräuer et al., 2011; Gilfillan et al., 2011), to assess the 
contribution to spring water from gases from the mantle (40Ar/36Ar 
ratio = ~40,000; Marty and Dauphas (2003)) and the atmosphere 
(40Ar/36Ar ratio = 295.5; Marty (1995)). For example, Gilfillan et al. 

(2011) observed 40Ar/36Ar ratios from spring samples ranging from 
1369 to 1687, indicating a contribution of 40Ar from the mantle. Crossey 
et al. (2006, 2009) compared 40Ar/36Ar from spring samples with the 
concentrations of other noble gases (e.g., 3He) as different noble gases 
have distinct sources (i.e., the mantle, the crust, the atmosphere, etc.). 

3.2.3. Temperature and geothermometers 
The rate of groundwater ascent and contribution from deep aquifers 

to spring discharge can be estimated from spring water temperatures 
(Apollaro et al., 2012; Held et al., 2018). Typically, the temperature of 
groundwater increases with depth at a rate of 1 ◦C per 20–40 m 
(Anderson, 2005). In cases where springs source water from deep 
geological units, the spring discharge temperature may be elevated 
relative to ambient temperatures (Kresic, 2010; Wolaver et al., 2020). 
The temperature of spring source-water is related to a variety of factors 
including the source depth, the rate of ascent, the thermal conductivity 
of the geological media and the ambient surface temperatures (Black-
well, 1978; Brugger et al., 2005). The temperatures of spring discharge 
and aquifers can be measured directly using temperature sensors (e.g., 
Fairley and Hinds, 2004) or estimated based on chemical or isotopic 
indicators, called ‘geothermometers’ (e.g., Sakai and Matsubaya, 1974; 
Fournier, 1981; Giggenbach, 1988; Kharaka and Mariner, 1989; 
Arnorrson, 2000). 

Geothermometers reflect geochemical reactions that occurred under 
equilibrium conditions and the rate of these reactions can be slow 
relative to the rate of groundwater flow (Fournier, 1981; Giggenbach, 
1988). The use of geothermometers may better capture the temperature 
in the spring source aquifer than direct temperature measurements, as 
discharging waters can quickly equilibrate to ambient groundwater or 
surface temperatures, especially where the rate of ascent is slow. Once 
spring discharge samples have been collected, chemicals or isotopes can 
be considered to assess the temperature in the source aquifer (Fournier, 
1981; Giggenbach, 1988). Geothermometry has been extensively 
applied to studies of fault-controlled springs to estimate the temperature 
in the source aquifer (e.g., Ingebritsen et al., 1992; Duchi et al., 1995; 
Bajjali et al., 1997; Brombach et al., 2000; Goff et al., 2000; Gemici and 
Tarcan, 2002; Brugger et al., 2005; Apollaro et al., 2012). Each geo-
thermometer has a specific temperature range over which it is valid. The 
width of these temperature ranges vary between geothermometers, 
which means geothermometers with a large range can be used to 
approximately estimate the temperature, which subsequently can be 
refined using geothermometers with a narrower temperature range. For 
example, in a study of the Paralana hot springs (South Australia), 
Brugger et al. (2005) used the saturation indices of quartz and chal-
cedony to estimate temperatures and refined these estimates using the 
saturation indices of other minerals with narrower temperature ranges 
(e.g., illite, montmorillonite, K-feldspar, muscovite). Table 2 shows 
studies of fault-controlled spring systems where geothermometers were 
applied and the temperature range over which they are suitable. 

3.3. Geophysical investigation techniques to determine fault structure and 
properties 

Geophysical techniques are a non-intrusive approach that have been 
used to assess subsurface hydrogeological processes (Revil et al., 2012; 
Inverarity et al., 2016; Banks et al., 2019). Both faults and springs have 
unique physical properties that are discernible using geophysical tech-
niques. For example, the fault core may have a vastly greater density 
than the surrounding protolith, resulting in gravity anomalies in the 
vicinity of faults (Hochstein and Nixon, 1979). While springs can feature 
resistive zones due to fluid and gases in permeable conduits (Inverarity 
et al., 2016). 

A common first phase in hydrogeological investigations is to identify 
the locations of faults in large, poorly understood regions. Seismic sur-
veys can assist by locating faults in regions up-to several kilometres in 
extent (Brogi et al., 2012). Similarly, magnetic and gravitational 
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anomalies can be used to identify the location of faults using field 
measurements, airborne surveys or remote sensing products (Hochstein 
and Nixon, 1979; Ingebritsen et al., 1992; Finn and Morgan, 2002). 
Another secondary source of information is the location of springs 
themselves, as the geographical location of springs may indicate the 
fault location, which can be particularly clear when springs are aligned 
along a fault trace (e.g., Brogi et al., 2012). Together, these techniques 
provide a useful approach to identify the locations of faults for further 
study, particularly in data-poor areas where little subsurface informa-
tion is available. 

Once fault locations are identified, studying the structure (i.e., the 
core and damage zone) and properties (e.g., permeability, saturation) of 
the fault is often of interest. Electrical resistivity tomography can be 
applied to characterise fracture networks in the damage zone of a fault 
(Byrdina et al., 2009; Carbonel et al., 2013). For example, Byrdina et al. 
(2009) used electrical resistivity tomography transects to image faults in 
the area surrounding the Syabru-Bensi springs (Nepal) and concluded 
that resistive zones observed beneath springs were the result of fractures 
acting as conduits for the flow of water and gas. Applying multiple 
geophysical techniques in combination can provide complementary in-
formation. For example, Inverarity et al. (2016) conducted a study using 
self-potential, magnetotellurics and time-domain electromagnetics to 
image four mound springs in the Great Artesian Basin. Transects across 
the spring sites revealed an increase in self potential beneath the spring 
vents (which was hypothesised to represent upwards groundwater flow 
through a fault), while magnetotellurics and time-domain electromag-
netics were used to image the geological structure and faults existing 
beneath the springs. Thus, the results from the three geophysical 
methods applied by Inverarity et al. (2016) were combined to create a 
conceptual model of flow through faults to each of the springs. 

4. Numerical modelling 

4.1. Fault model types and associated flow assumptions 

Although analytical solutions exist for evaluating groundwater flow 
and solute transport within faults (e.g., Robinson and Werner, 2017), 
hydrological modelling of field-scale fault-controlled spring systems has 
thus far required the implementation of numerical methods (e.g., Folch 
and Mas-Pla, 2008; Magri et al., 2010; Yager et al., 2013). The repre-
sentation of faults within numerical models depends on the intended use 
of the model. Types of groundwater models that include fault-controlled 
spring systems can be subdivided into: (1) Regional-scale, groundwater 
management models (e.g., Brunetti et al., 2013; OGIA, 2019; OGIA, 
2020), and (2) Local-scale, process-investigation models (e.g., López and 
Smith, 1995; Abbo et al., 2003; Sebben and Werner, 2016a). Both scales 
of fault-analysis face limitations. For example, the simulation of the fine- 
scale processes known to control the flow through faults is difficult at the 
resolution of regional-scale models, particularly if solute transport is 
considered (Weatherill et al., 2008; Sebben and Werner, 2016b). On the 
other hand, groundwater management issues that require representation 
of the flow through faults, such as the impacts of pumping, mining and 
climate variability in faulted aquifers, typically require consideration of 
large scales, and therefore, process-investigation models may have 
limited capacity to inform management decision making. 

The main features of faults, described in Section 2.1, are represented 
to varying degrees in previous modelling studies, often due to limits 
imposed by model discretisation and associated model run times. 
Typically, there are three different approaches to the representation of 
faults in mathematical models, consistent with the categorisation sug-
gested by Medici et al. (2021) for fracture flow in carbonate-rock 
aquifers, as: (1) cases where the fault core and damage zone may be 
integrated into a single unit or treated separately, but both are 

Table 2 
Geothermometers and the temperature range over which they are applicable. Note X is used to symbolise the concentration of the mineral when the chemical formula is 
too long (e.g., for Quartz), nsl denotes geothermometers with no steam loss and wsl denotes those with steam loss.  

Geothermometer Equation Range Case studies 

Quartz (nsl) T(◦C) =
1309

5.19 − log X
− 273.15 0–250 ◦C 

Duchi et al. (1995) 

Bajjali et al. (1997) 

Brugger et al. (2005) 
Quartz (wsl) T(◦C) =

1522
5.75 − log X

− 273.15 0–250 ◦C 
Fournier and Rowe (1966) 

Ingebritsen et al. (1992) 

Duchi et al. (1995) 
Chalcedony T(◦C) =

1032
4.69 − log X

− 273.15 0–250 ◦C 
Duchi et al. (1995) 

Bajjali et al. (1997) 

Brugger et al. (2005) 
a-Cristobalite T(◦C) =

781
4.51 − log X

− 273.15 0–250 ◦C 
Duchi et al. (1995) 

Amorphous silica T(◦C) =
731

4.52 − log X
− 273.15 0–250 ◦C 

Duchi et al. (1995) 

Na/K (Fournier) T(◦C) =
1217

log (Na/K) + 1.483
− 273.15 >150 ◦C 

Duchi et al. (1995) 

Brombach et al. (2000) 
Na/K (Truesdell) T(◦C) =

855.6
log (Na/K) + 0.8573

− 273.15 >150 ◦C 
Duchi et al. (1995) 

Na-K-Ca T(◦C) =
1647

log(Na/K) + β
(
log

( ̅̅̅̅̅̅̅̅̅̅
(Ca)

√
/Na

)
+ 2.06

)
+ 247

− 273.15 <100 ◦C, β = 4/3 
>100 ◦C, β = 1/3 Ingebritsen et al. (1992) 

Duchi et al. (1995) 
Δ18O(SO4 – H2O) 

a =
1000 + δ18O(HSO4)

1000 + δ18O(H2O)

T(◦C) = ±
1200

̅̅̅
2

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1000 ln(a) + 4.1

√

1000 ln(a) + 4.1
− 273.15 

>0 ◦C 
Ingebritsen et al. (1992) 

Bajjali et al. (1997) 

PCO2 
T(◦C) = (logPCO2 

+ 3.78) 0.0168− 1 100–350 ◦C Gemici and Tarcan (2002)  
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represented as equivalent porous media using macro-scale hydraulic 
properties (e.g., Bense and Person, 2006; Magri et al., 2010); (2) the 
fault core and damage zone are integrated into a single unit, and treated 
as a discrete conduit, whereby flow within the fault can be considered as 
Darcian (e.g., Poulet et al., 2021) or non-Darcian (e.g., Liu et al., 2017). 
The latter applies when fluxes are sufficiently high to violate the line-
arity assumptions of Darcian flow; (3) the fault core and damage zone 
are integrated into a single unit and represented as a network of discrete 
fractures (e.g., Huang et al., 2019). Caine et al. (1996) refers to cate-
gories (2) and (3) as ‘localised conduit’ and ‘distributed conduit’ rep-
resentations, respectively. 

The flow of groundwater through faults is often presumed to occur in 
a similar manner to flow through fractures (e.g., Caine and Forster, 
1999), which is far more widely studied than flow through faults. 
Fracture flow may be Darcian or non-Darcian, depending on whether 
discharge is linearly or non-linearly related (respectively) to the head 
gradient (e.g., Reimann et al., 2011). Typically, the transition between 
Darcian and non-Darcian flow (which is typically associated with 
laminar and turbulent conditions) in fractures is predicted from the 
Reynolds number (Re), as given by Li et al. (2022) for a single fracture: 

Re =
2bq
2v

(5) 

where 2b is the characteristic length for rock fractures, typically 
assumed to be the fracture aperture [L], q is the specific discharge [L 
T− 1], and ν is the kinematic viscosity [L2 T− 1]. According to Quinn et al. 
(2020), there is disagreement about the critical Reynolds number rep-
resenting the change of flow regime within fractures, although they 
reported that this is generally found to be <20. Li et al. (2022) suggest an 
Re value of about 0.9 as the upper limit for Darcian flow in fractures. 
They found that open fractures of aperture greater than 2.5 × 10− 4 m 
involved non-Darcian flow, whereas the flow within smaller fractures 
could be treated as Darcian. 

Where faults are treated as a fracture or network of fractures, the 
equivalent hydraulic conductivity of the fracture (Kf [L T− 1]) is 
commonly adopted in models. Kf is related to the fracture aperture via 
the cubic law, as (Witherspoon et al., 1980): 

Kf =
(2b)2ρg

12μ (6) 

where ρ is fluid density [M L− 3], g is acceleration of gravity [L T− 2], 
and μ is the dynamic fluid viscosity [M L− 1 T− 1]. Sebben and Werner 
(2016a, 2016b) used this approach in their analyses of solute transport 
in single fractures within otherwise permeable aquifers. 

4.1.1. Equivalent porous media 
The most common approach for regional- and local-scale numerical 

investigations (i.e., scales larger than a few 10s of metres) commonly 
adopt the representation of faults described above as Category (1), i.e., 
the equivalent porous media approach for the fault core and damage 
zone (e.g., Bense and Person, 2006; Magri et al., 2010). In representing 
the fault core and damage zone as equivalent porous media, small-scale 
flow processes expected in the fractures of the damage zone are 
neglected. 

The porous media properties assigned to the core and damage zones, 
when these zones are explicitly represented in numerical models, vary 
over several orders of magnitude across modelling case studies. For 
example, Taillefer et al. (2017) used an equivalent porous media for the 
damage zone, with permeability four orders of magnitude greater than 
the core zone. Magri et al. (2010, 2012) also adopted a large perme-
ability ratio between the two zones in their finite-element models, 
although the numerical value of the ratio is not given (i.e., the isotropic 
hydraulic conductivity of the core zone is reported as ~0 m/year, with 
an isotropic value of 32 m/year attributed to the damage zone). These 
core-damage zone contrasts in permeability exceed the average 
permeability ratio between the two zones obtained by Scibek (2020) and 

Forster and Evans (1991) (i.e., two orders of magnitude difference; 
Section 2.1). 

When adopting the equivalent porous media approach and treating 
the core and damage zone as a single unit, faults may be assigned an 
anisotropic hydraulic conductivity, where the hydraulic conductivity 
parallel to the fault plane is greater than the one perpendicular to it (e.g., 
López and Smith, 1996; Bense et al., 2003; Bense et al., 2008). Other 
cases adopt isotropic hydraulic properties and neglect the enhanced 
permeability parallel to the fault or the reduced permeability perpen-
dicular to the fault. For example, Marshall et al. (2020) neglected the 
damage zone and represented the fault as a barrier to flow, with low 
permeability (relative to the protolith) assigned to the fault. López and 
Smith (1995) and Folch and Mas-Pla (2008) adopted higher perme-
ability (relative to the protolith) for the fault to represent its tendency to 
transmit flow along the fault axis. Scanlon et al. (2003) used the 
Horizontal-Flow Barrier (HFB) package of MODFLOW (Hsieh and 
Freckleton, 1993) to represent faults implicitly as isotropic, low- 
permeability features (the HFB package cannot simulate anisotropic 
features) in simulations of the Barton Springs Edwards Aquifer (USA). 

McCallum et al. (2018) included the modified conductance approach 
or “Manzocchi method” (e.g., Manzocchi et al., 1999) as a variation to 
the equivalent porous media approach. In the Manzocchi method, fault 
properties are represented by adopting “transmissivity multipliers”, 
which are functions that modify the flow terms at the model cells where 
faults are located, rather than explicit representation of faults and their 
conductance properties. While the Manzocchi method is not commonly 
applied in groundwater flow studies, it is widely applied in the petro-
leum industry, as discussed by Turnadge et al. (2018). Application ex-
amples of the Manzocchi method can be found in Manzocchi et al. 
(2010), Michie et al. (2018), Wilson et al. (2020), and Islam and Man-
zocchi (2021), among others. 

McCallum et al. (2018) undertook a comparison between the Man-
zocchi method and the equivalent porous media. Their numerical 
modelling results demonstrated that in cases where a fault acts as a 
barrier to flow, either method to represent the fault can be adopted. 
However, in cases where the fault acted as a conduit to flow, there was 
poor agreement between the two methods of representing faults. 

4.1.2. Discrete conduits 
Caine and Forster (1999) suggested that strike-slip faults (Fig. 2c, d) 

may be treated as localised, discrete conduits, representing flow within 
the space between adjacent slipped walls of the fault. Grant (2020) 
advised that the fault core may be converted to a conduit for fluid 
movement if, prior to faulting, the protolith was over-consolidated, 
causing dilation and enhanced fracturing of the core. For example, 
Coates et al. (1994) suggested that Moosy Brook Spring (USA) is an 
example of a fault-controlled spring caused by a localised conduit-type 
fault, where spring discharge between 189 and 227 L/min was observed. 

The simulation of faults as discrete conduits requires the application 
of ‘hybrid models’ (Reimann et al., 2011), wherein one-dimensional 
features can be embedded into n-dimensional models (e.g., Shoemaker 
et al., 2008; Sebben and Werner, 2016a, 2016b; Poulet et al., 2021). 
When flow through discrete apertures is Darcian, the cubic law applies 
(Eq. (6)), whereas non-Darcian flow requires application of nonlinear, 
pipe flow equations, such as the Forchheimer and Darcy-Weisbach 
equations (e.g., Shoemaker et al., 2008; Qian et al., 2015). The choice 
of approach depends on Re (Eq. (5)). Both laminar and turbulent flow 
can be simulated using common groundwater flow codes, such as the 
Conduit Flow Process (CFP) of MODFLOW-2005 (Shoemaker et al., 
2008) or the conduit flow model capability of FEFLOW (Diersch, 2014). 
Both codes allow conduits to be embedded into the porous matrix. 

Fang and Zhu (2018) reported that the adoption of the cubic law and 
the assumption of Darcian flow to simulate large fractures leads to 
overestimates of groundwater flow rates. Similarly, Reimann et al. 
(2011) found that the assumption of laminar flow within conduits 
overestimated groundwater discharge via springs. More generally, 
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Scanlon et al. (2003) concluded that the validity of a groundwater model 
to estimate flow rates is limited if laminar flow is assumed in a faulted 
system. However, groundwater numerical investigations rarely adopt 
non-Darcian flow to represent faults (e.g., Liu et al., 2017; Xue et al., 
2019). Rather, non-Darcian flow is more frequently applied for the study 
of karst conduits (e.g., Saller et al., 2013; Reimann et al., 2011; Kavousi 
et al., 2020; Zheng et al., 2021), which have considerably larger aper-
tures than fractures. 

4.1.3. Discrete fracture networks 
The representation of faults using fracture networks allows for the 

analysis of local-scale processes that arise within the complex geological 
structures of faults, including localised permeability distributions (e.g., 
Caine and Forster, 1999). However, there are few examples of these in 
the published literature (e.g., Herbert, 1996; Caine and Forster, 1999; 
Huang et al., 2019; Volatili et al., 2019). Numerical models adopting 
discrete fracture networks (not necessarily related to faults) often apply 
stochastic techniques (e.g., de Dreuzy et al., 2012; Li et al., 2020) to 
explore the uncertainty that arises from the lack of sufficient field data to 
characterise fracture networks (Herbert, 1996; Medici et al., 2021). The 
stochastic representation of discrete fracture networks represents the 
most complex approach to the simulation of faults (Turnadge et al., 
2016) and requires the largest computational burden (McCallum et al., 
2018). Attempts to capture the physical realism of fracture networks 
using simpler, more-efficient representations have been made by 
Romano et al. (2017, 2020), who provides examples of the conversion 
from discrete fracture networks to equivalent porous media, allowing for 
more efficient simulation of large-scale fractured systems. 

4.1.4. Numerical modelling case studies of fault-controlled springs 
Despite the significant number of studies relying on numerical 

modelling to understand groundwater flow systems affected by faults (e. 
g., Bense et al., 2013), the numerical simulation of fault-controlled 
springs is scarce. Table 3 lists the study objectives, model characteris-
tics, and conceptualisations for nine modelling case studies found in the 
published literature. 

Table 3 shows that in the context of groundwater flow, the equiva-
lent porous media approach is the most widely used to represent the 
influence of faults, whereas the adoption of a specified head is the most 
common approach to treat fault-controlled springs in models. MOD-
FLOW and FEFLOW are the most commonly applied codes adopted in 
studying fault-controlled spring systems. Only one regional-scale study 
(that used FEFLOW), undertaken by Brunetti et al. (2013), was apparent 
in the literature, using the earlier definition of regional-scale (Section 
4.1). 

5. Management 

Due to the high levels of ecological endemism, cultural significance 
and heritage values associated with many springs, their protection is a 
critical priority for environmental and natural resource management 
(Hatton and Evans, 1998; McMorran, 2008; Kresic, 2010; Brake et al., 
2019). However, effective spring management, i.e., to achieve ecolog-
ical and other objectives, presents multiple, substantial challenges. 
These include the high sensitivity of many spring environments and 
their ecosystems to disturbances, which requires a precautionary 
approach to avoid potentially irreversible damage (e.g., Kresic, 2010). 
The loss of many significant spring complexes worldwide over the past 
century (e.g., Fensham et al., 2016b; Silcock et al., 2020) highlights their 
vulnerability to human pressures. 

Human pressures on springs can lead to serious environmental 
degradation and/or the extinction of rare or endangered ecosystems 
(Ponder, 1986; Fensham et al., 2010) due to changes in the flow rate, 
wetland area or water chemistry. Management regimes aimed at pro-
tecting springs were generally broadly applicable to both fault- 
controlled springs and other spring types, rather than being 

Table 3 
Examples of numerical modelling case studies of fault-controlled springs.  

Reference Objective Scale Approach/ 
model 

Fault and spring 
conceptualisation 

López and 
Smith 
(1995) 

Fault-controlled 
thermal springs 
in hypothetical 
mountainous 
landscape 

Local 

Finite- 
element 
(3D)/ 
Galerkin 
numerical 
method 

Fault: 
Homogeneous, 
isotropic equivalent 
porous medium of 
uniform width 
Spring: Constant 
specified head 
(equal to the land 
surface) 

López and 
Smith 
(1996) 

Fault-controlled 
thermal springs 
in hypothetic 
mountainous 
landscape 

Local 

Finite- 
element 
(3D)/ 
Galerkin 
numerical 
method 

Fault: 
Heterogeneous, 
anisotropic 
equivalent porous 
medium of uniform 
width 
Spring: Constant 
specified head 
(equal to the land 
surface) 

Abbo 
et al. 
(2003) 

Fault-controlled 
onshore and 
offshore springs 
at Lake 
Kinneret, Israel 

Local 

Finite- 
difference 
(3D)/ 
MODFLOW- 
M3TDMS 

Fault: 
Homogeneous, 
anisotropic 
equivalent porous 
medium of uniform 
width 
Spring: Time- 
dependent specified 
head 

Folch and 
Mas-Pla 
(2008) 

Surface- 
groundwater 
interaction 
through faults in 
Selva basin, 
Catalunya, 
Spain 

Local 

Finite- 
difference 
(2D)/ 
MODFLOW 

Fault: 
Homogeneous, 
isotropic equivalent 
porous medium of 
uniform width 
Spring (stream): 
Constant specified 
head 

Magri 
et al. 
(2010) 

Fault-controlled 
thermal springs 
in Aegean 
region, western 
Turkey 

Local 

Finite- 
element 
(2D)/ 
FEFLOW 

Fault: Explicit 
representation of 
the core and 
damage zone as 
homogeneous, 
isotropic equivalent 
porous medium of 
uniform width 
Spring: Constant 
specified head 
(equal to the land 
surface) 

Magri 
et al. 
(2012) 

Seawater 
circulation in 
fault-controlled 
thermal springs 
in Aegean 
region, western 
Turkey 

Local 

Finite- 
element 
(2D)/ 
FEFLOW 

Fault: Explicit 
representation of 
the core and 
damage zone as 
homogeneous, 
isotropic equivalent 
porous medium of 
uniform width 
Spring: Constant 
specified head 
(equal to the land 
surface) 

Brunetti 
et al. 
(2013) 

Fault-controlled 
thermal springs 
in Tivoli, Italy 

Regional 

Finite- 
element 
(3D)/ 
FEFLOW 

Fault: 
Homogeneous, 
isotropic equivalent 
porous medium of 
uniform width 
Spring: Constant 
specified head 
(equal to the land 
surface) 

Yager 
et al. 
(2013) 

Fault-controlled 
springs in a 
karst aquifer in 

Local 

Finite- 
difference 
(3D)/ 
MODFLOW 

Fault: 
Homogeneous, 
anisotropic 
equivalent porous 

(continued on next page) 
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specifically focused on fault-controlled springs. These regimes often 
involved the use of drawdown trigger levels, which define maximum 
allowable drawdown thresholds that can be used to instigate changes to 
activities that modify water levels in an aquifer (Currell, 2016; Doody 
et al., 2017). Such approaches may be attractive due to their apparent 
simplicity and ease of application (e.g., Werner et al., 2011). However, 
Currell (2016) pointed out several potential pitfalls, particularly if 
triggers are not complemented with additional monitoring and 
compliance criteria (e.g., a combination of water level, flow, and 
ecological-based indicators). Additionally, groundwater head and flow 
patterns in the vicinity of faults are often complicated and may change 
dramatically over relatively short distances (e.g., on either side of a fault 
and/or between overlying aquifers in a faulted sequence; Bense and Van 
Balen, 2004). It may not be immediately obvious where the most 
appropriate locations and depths are to monitor groundwater levels that 
drive spring discharge, and/or what the appropriate threshold levels are 
to achieve certain management objectives. Identifying the relationships 
between changes in aquifer hydraulic head and spring discharge rates 
can be difficult as spring discharge rates are dependent on the fault 
conductance (see Section 2.2), which is difficult to accurately measure. 
Nevertheless, establishing relationships between water level patterns, 
spring discharge and the associated habitat characteristics and functions 
supporting sensitive species have been shown to be important for 
effectively managing these systems (Eamus et al., 2006; Fensham et al., 
2010). Detailed field investigations are especially important in fault- 
controlled spring systems as faulting and other geological heterogene-
ity can make the discharge pathways, and thus appropriate monitoring 
indicators difficult to establish (e.g., Wu et al., 2011). 

Currell (2016) and Noorduijn et al. (2018) demonstrated that a 
reliance on trigger-level-based management systems may fail to consider 
reductions in spring discharge that are not necessarily apparent from 
monitoring drawdown. For example, observation wells that are situated 
at or near the spring location may not show drawdown from human 
activities until significant time-lags have passed, after which the impacts 
arising from groundwater extraction may be permanent (Alley et al., 
2002). This was illustrated by Bredehoeft and Durbin (2009) who used a 
threshold for spring discharge as a trigger for stopping pumping. In their 
simulation, the management action was taken at a 10% reduction in 
spring discharge. However, even with management action, spring 
discharge continued to decline for ~25 years to a maximum reduction of 
discharge of ~18%, and it took a further ~100years for the spring 
discharge to recover to above the 10% flow reduction threshold. 

Many studies aimed at managing groundwater-dependent ecosys-
tems have identified the importance of baseline and ongoing assess-
ments that integrate knowledge from remote sensing, field-based 
monitoring, modelling and expert knowledge (Eamus et al., 2006; 
Humphreys, 2009; Doody et al., 2017). In addition to data obtained 
using traditional scientific measurement and sampling techniques, 

information about long-term hydrological and ecological functioning 
and variability of springs can be gained from historical records, indig-
enous knowledge, and archaeological evidence (Florek, 1993; Fensham 
et al., 2016a; Brake et al., 2019; Silcock et al., 2020). 

6. Future challenges and research opportunities 

Despite extensive bodies of research on faults and springs separately, 
there remains significant challenges and knowledge gaps to be 
addressed in each phase of hydrogeological investigations of fault- 
controlled spring systems. The key challenges and research opportu-
nities are discussed below. 

6.1. Hydrogeological processes 

Characterising the relationships between spring discharge rates and 
ecosystem functioning (including the associated vulnerability of these 
ecosystems to changes in spring discharge rates) is a critical area for 
future research. In addition to surface discharge, near-surface discharge 
(i.e., subterranean leakage to the near-surface) is an often-overlooked 
contribution of springs to ecosystems that can occur in the area sur-
rounding a fault-controlled spring. Near-surface discharge can occur via 
lateral leakage from the subsurface structures (e.g., faults) beneath 
springs regardless of whether the spring actively discharges to the sur-
face or not. For example, in a study of Francis Swamp (Australia), Lewis 
et al. (2013) observed low surface temperatures (relative to ambient 
conditions) in areas with and without active spring vents. This suggested 
subsurface seepage may be occurring in these areas. This type of near- 
surface discharge has been acknowledged as critical for certain 
groundwater-dependent ecosystems (see type 3 GDEs in Eamus et al. 
(2006)) and warrants further investigation as it may be as (if not more) 
sensitive to water level changes than surface discharge. 

The hydrogeological processes relating to springs that emanate from 
faults remain poorly understood, limiting the ability to effectively 
manage these systems. In particular, future studies into the relationship 
between fault type (e.g., Fig. 2) and spring occurrence will provide much 
needed understanding on the functioning of fault-controlled spring 
systems. Future research would benefit from combined laboratory and in 
situ studies of fault permeability (e.g., packer tests or pumping tests; see 
Bense et al. (2013) for additional approaches) to provide insights into 
permeability ratios between measurements taken along the fault trace 
where springs occur and where springs are absent. Additionally, 
knowledge and datasets from other disciplines (e.g., structural geology, 
petroleum, mining) could be translated into the field of hydrogeology to 
improve the understanding of fault properties and behaviour. 

Measurements of spring discharge provide a rare opportunity to 
directly observe groundwater fluxes, something that is otherwise 
extremely difficult in hydrogeology. Direct spring discharge measure-
ments provide useful information that has been used to characterise 
groundwater flow conditions and constrain numerical models (e.g., 
Manga, 1997; Saar and Manga, 2004; Martínez-Santos et al., 2014). 
Technology is not a limitation for monitoring spring discharge rates, as 
proven techniques can be applied to monitor spring discharge rates (see 
Section 3.1). In contrast to typical groundwater measurements, spring 
discharge rates can be measured without installing wells, substantially 
reducing the cost of measurements. Despite a variety of methods being 
available (direct measurements, Darcy’s law, chemical tracers and 
remote sensing; see Section 3.1), spring discharge measurements are not 
a routine part of water resource monitoring regimes. The availability of 
daily or sub-daily spring discharge estimates could provide significant 
benefits to management. Ideally, spring discharge time series could be 
viewed in the same light as stream and well hydrographs, which are 
routinely monitored. 

As discussed in section 2.2, tectonic activity often influences fault 
behaviour (e.g., by opening new fractures or clearing mineral pre-
cipitates), which can have dramatic impacts upon spring discharge rates 

Table 3 (continued ) 

Reference Objective Scale Approach/ 
model 

Fault and spring 
conceptualisation 

Shenandoah 
Valley, USA 

medium of uniform 
width 
Spring: Head- 
dependent flow 
boundary 

Üner and 
Dogan 
(2021) 

Fault-controlled 
thermal springs 
in Western 
Anatolia, 
Turkey 

Local 

Finite- 
volume 
(2D)/ANSYS 
FLUENT 

Fault: Explicit 
representation of 
the core and 
damage zone as 
homogeneous, 
isotropic equivalent 
porous medium of 
uniform width 
Spring: Recharge 
boundary condition  
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and water properties. Despite the potential for earthquakes to impact 
fault-controlled spring systems, these impacts are rarely considered in 
practice. Thus, the management of fault-controlled spring systems 
would benefit from increased collaboration between water managers 
and seismologists. 

6.2. Field investigation techniques 

Much can be learnt about fault-controlled spring systems from sur-
face conditions. Previous studies have demonstrated the use of traver-
tine structures (e.g., Brogi and Capezzuoli, 2009; Love et al., 2013b; 
Priestley et al., 2018), wetland area (e.g., Lewis et al., 2013) and fos-
silised pollen and diatoms (e.g., Ashley et al., 2004) to assess the spring 
discharge rates and historical variability. However, there is scope for 
this work to be expanded and for the consideration of additional surface 
features. For example, the hydrobiids discussed by Ponder and Colgan 
(2002) can be used as an indicator of spring discharge permanence, due 
to their limited tolerance to dry conditions. Additionally, indigenous 
knowledge, paintings and artefacts provide an underutilised source of 
information to construct a historic record of spring locations (Fensham 
et al., 2016b). 

Characterising whether a fault acts as a conduit or barrier to flow 
requires detailed investigations into the geological properties of the 
fault. Relationships based on the relative proportions of core and dam-
age zone (see Section 2.2) are a good starting point to determine 
whether a fault will act as a conduit or barrier to flow. However, detailed 
field studies will invariably be required to properly characterise the fault 
behaviour and properties. As springs often have high ecological and 
cultural values, invasive techniques (e.g., trenching or drill holes) may 
not be appropriate. This means future studies of fault-controlled spring 
systems should consider non-invasive techniques to investigate these 
systems. Geophysics can provide a non-invasive approach to charac-
terise subsurface geology and to identify areas of vertical flow. For 
example, Inverarity et al. (2016) found self-potential can be helpful to 
identify the locations of vertical flow beneath springs, while magneto-
tellurics and time-domain electromagnetics can be used to identify faults 
and other high conductivity pathways. Hydraulic tomography using 
artificial stimuli (e.g., pumping tests) and natural stimuli (e.g., changes 
in river stage, lightning, earthquakes, barometric pressure changes) 
have been applied to characterise faults and fractures over both local 
and basin scales (e.g., Yeh and Lee, 2007; Yeh et al., 2008; Zha et al., 
2016). The further use of geophysics and application of hydraulic to-
mography techniques to assess the subsurface characteristics of fault- 
controlled spring systems will provide a much-improved understand-
ing of these systems. 

Understanding the relationship between source aquifers and spring 
discharge is important to assess the vulnerability of springs to external 
stresses (Boy-Roura et al., 2013; Davis et al., 2017). Identifying the 
source aquifer and monitoring the relevant hydraulic head can be 
difficult if monitoring infrastructure is deemed a risk to ecologically 
significant ecosystems (e.g., Inverarity et al., 2016) or where large hy-
draulic head differences exist across a fault zone (e.g., Bense and Van 
Balen, 2004). Detailed understanding of fault-controlled spring systems 
can be obtained through the collection spring discharge hydrographs, 
hydrochemical time-series and the creation of a database of spring 
discharge and aquifer hydrographs. For example, Boy-Roura et al. 
(2013) collected nitrate concentration time-series from spring discharge 
to monitor the nitrate mass recharge rates. Similarly, spring discharge 
hydrograph databases have been created for karst systems (e.g., Olar-
inoye et al. (2020)) and could be extended to include non-karst fault- 
controlled spring systems. 

Studies of karst systems have developed various tracer and hydro-
graph analysis techniques (e.g., Taylor and Greene, 2005; Goldscheider 
et al., 2008; Luhmann et al., 2012). Tracers have been used to identify 
flow directions, velocities and conduits between recharge and discharge 
areas, including springs (e.g., Taylor and Greene, 2005; Goldscheider 

et al., 2008; Luhmann et al., 2012). Examples of tracers given by 
Goldscheider et al. (2008) include dyes (e.g., uranine, eosin, pyranine), 
dissolved salts (e.g., sodium, potassium, bromide) and particles (e.g., 
fluorescent microspheres, bacteria, bacteriophages). Similarly, spring 
discharge hydrograph analysis is well developed for karst systems to 
provide information on aquifer properties and the response of spring 
discharge to external stresses (Taylor and Greene, 2005). For example, 
techniques are presented to estimate transmissivity from the recession of 
spring-discharge hydrographs (Taylor and Greene, 2005). Although not 
directly applied to fault-controlled springs, many of these techniques are 
relevant, and their translation would be a valuable future contribution. 

The proportion of spring discharge contributed from potential source 
aquifers can be assessed through the comparison of spring water samples 
and wells cased in potential source aquifers. When water samples are 
available from potential source aquifers and springs, mixing models can 
be used to relate the concentrations of ions or isotopes to the proportion 
of water contributed to spring discharge from each aquifer. However, in 
data sparse areas where groundwater samples are not available, noble 
gases (e.g., 4He, 40Ar, 20Ne) can provide an approach to assess the 
contribution from different sources to spring discharge. The concen-
trations of these gases are known in the atmosphere, the mantle, and in 
the crust (Gilfillan et al., 2011). Thus, analyses of noble gasses can be 
used to determine whether spring discharge shows evidence of being 
sourced from shallow aquifers or recent recharge (i.e., if the concen-
tration is similar to that in the atmosphere), or if the sample is more 
consistent with a deeper source (i.e., if the concentration is similar to 
that in the mantle or the crust). Other isotopes can provide comple-
mentary information, for example, the stable isotopes of water in spring 
discharge can be used to infer recharge elevation, recharge seasonality 
and the amount of evapotranspiration. δ13C in spring discharge can be 
used to assess the contribution of deep waters through a comparison 
with the concentrations in the mantle, the atmosphere, biological 
sources or the concentrations in potential source aquifers. Travertine 
structures can provide an alternate method of obtaining δ13C from 
spring discharge. As these structures often reflect precipitation of min-
erals from spring discharge that has occurred over a long timescale, 
these deposits may provide a historic record of δ13C. In particular, a 
greater focus on the development of strategies to characterise springs 
primarily using analytes that can be obtained without the use of invasive 
monitoring infrastructure will assist in the management of fault-spring 
systems. 

Temperature has been used to identify spring vents (e.g., Lewis et al., 
2013), characterise aquifer permeability fields (e.g., Saar, 2011), esti-
mate the depth of spring source-waters with geothermometry (e.g., 
Fournier, 1981; Kharaka and Mariner, 1989) and calculate spring 
discharge using a heat flux approach (e.g., Haselwimmer et al., 2013). 
Although not demonstrated in the reviewed case studies, newer geo-
thermometry techniques are available (see Arnorrson (2000)), and the 
application of these techniques to fault-controlled springs would 
represent a valuable future contribution. Furthermore, the use of heat as 
a tracer to quantify spring discharge remains largely underutilised, a 
point that has been made about the use of heat as a tracer in hydroge-
ology more generally (Kurylyk and Irvine, 2019). Benefits of the use of 
heat as a tracer to quantify fluid flows include the availability of robust, 
low-cost sensors (Anderson, 2005; Irvine et al., 2017; Kurylyk et al., 
2019) and the fact that temperature-based methods can be used to 
produce time series estimates of fluid flows (Irvine et al., 2020). 
Temperature-time series approaches can be used to estimate spring 
discharge using temperature sensor pairs (e.g., Hatch et al., 2006; Keery 
et al., 2007), or using other signal processing techniques that allow for 
multiple frequencies (aside from simple diurnal) and for two or more 
depths (e.g., Vandersteen et al., 2015). Several software packages are 
available to facilitate the application of these methods (e.g., Irvine et al., 
2015; Vandersteen et al., 2015; Ford et al., 2021). Active heat tracer 
methods provide an alternative approach to quantify discharge whereby 
an artificial heat source is used to estimate groundwater flux (e.g., 
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Lewandowski et al., 2011; Banks et al., 2018). 

6.3. Numerical modelling 

Given the widespread use of numerical models in groundwater 
management, significant benefits can come from improved numerical 
representation of fault-controlled springs. Although faults are typically 
composed of complex fracture networks, the extensive body of literature 
on modelling of fractured rock systems has not been translated into 
guidance on fault simulation. McCallum et al. (2018) identified that the 
type of numerical approach is important when faults act as conduits to 
flow. However, the comparison undertaken by McCallum et al. (2018) 
did not include the treatment of faults as fracture networks. A host of 
opportunities to further investigate the optimal numerical techniques to 
treat fault-derived springs remains. For example, the new unstructured 
grid version of MODFLOW (Panday et al., 2017) provides new capa-
bilities to better represent faults in equivalent porous media models 
without significantly increasing the computational burden (McCallum 
et al., 2021). However, further investigations are required to determine 
appropriate modelling approaches to represent fault-controlled springs, 
including further investigation into the use of discrete conduits and 
discrete fracture networks. 

Regional-scale models impose a significant computational challenge, 
especially if fault-related flow process are simulated. The applicability of 
numerical permeameters for the upscaling of fault hydraulic properties 
(e.g., Lupton et al., 2019) should be further investigated to improve the 
computational performance of faulted groundwater systems. Formal 
uncertainty analysis of groundwater flow systems affected by faults is 
also lacking in the current published literature. 

6.4. Management of fault-controlled springs 

Given their ecological and spiritual importance, the management of 
springs emanating from faults the management of these fault-controlled 
spring systems will benefit from the adoption of a structured manage-
ment approach (e.g., adaptive management) with pre-defined mitiga-
tion strategies. These mitigation strategies should consider whether the 
impacts are reversible and the time scales of impacts (Thomann et al., 
2020). When impacts are irreversible or reversible only over significant 
periods of time (e.g., centuries), the need for monitoring protocols for 
early detection of impacts becomes increasingly important. Numerical 
modelling can be an important tool to inform managers of the effec-
tiveness of proposed mitigation strategies. 

Management regimes should to identify: (1) the source aquifer(s) 
and major discharge pathway(s); (2) the spring geomorphic threshold(s) 
required to maintain discharge to the surface; (3) the relationship(s) 
between water level patterns in the source aquifer(s) and flow rates at 
the springs; (4) the ecological thresholds (e.g., spring discharge rates) 
required to sustain habitat for a particular species and/or ecological 
communities; and (5) the stakeholder perspectives on the significance 
and value of the spring(s). A comprehensive understanding of the 
hydrogeological functioning of springs is essential for the effective and 
science-based management of these systems. Hence, studies that inte-
grate spring ecosystem responses within hydrological models, to assess 
ecosystem changes due to development pressures, are a critical area for 
future research. This is especially important for projects that may irre-
versibly compromise the ecological and/or cultural values of a system 
(Thomann et al., 2020). 

Further to these recommendations, the use of comprehensive post 
audits of management plans could consider a range of factors including 
the choice and efficacy of mitigation measures, and the relationship 
between the use of prescribed management strategies and positive or 
negative management outcomes. Detailed post audits can help to 
retrospectively identify strategies that were effective (or ineffective) for 
the management of fault-controlled spring systems and encourage 
effective management by learning from past management experiences. 

7. Conclusions 

This review of fault-controlled springs revealed fundamental short-
comings in the present understanding of these systems. Characteristics 
of fault-controlled spring systems that remain poorly understood include 
the translation of source-aquifer hydraulic head to spring discharge 
rates, the fault structure and hydraulic properties (and their represen-
tation in models), and the impact of fault activity on spring discharge 
rates. A critical barrier to the characterisation of many fault-controlled 
spring systems is the need to protect spring expression features (e.g., 
calcareous mound structures) and accompanying wetlands, which often 
have high cultural and ecological values, from invasive methods of 
investigation (e.g., drilling). Studies of fault-controlled springs have 
typically focussed on one specific component of the system (e.g., the 
spring, the fault, or groundwater-dependent ecosystems) rather than the 
broader system and the interdependencies between components. Thus, a 
greater emphasis is needed on the analysis of interactions between faults 
and springs. This will allow spring measurements to be used in evalu-
ating fault properties, amongst other benefits of considering faults and 
springs as connected, interdependent systems. This will also help to 
identify the sensitivity of fault-controlled spring systems to natural and 
anthropogenic forcings; a critical requirement of spring and spring- 
dependent ecosystem management. Finally, we recommend the estab-
lishment of several well-characterized field examples within both nat-
ural and modified hydrogeological settings to help elucidate critical 
functions and to advance the current understanding of fault-controlled 
spring systems. 
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Solórzano-Rivas, Matthew Currell and Eddie Banks are supported by an 
Australian Research Council Linkage Project (project number 
LP190100713). We thank the anonymous reviewers whose comments 
helped improve the paper. 

References 

Abbo, H., Shavit, U., Markel, D., Rimmer, A., 2003. A numerical study on the influence of 
fractured regions on lake/ groundwater interaction; the Lake Kinneret (Sea of 
Galilee) case. J. Hydrol. 283, 225–243. https://doi.org/10.1016/S0022-1694(03) 
00273-7. 

Alçiçek, H., Bülbül, A., Alçiçek, M.C., 2016. Hydrogeochemistry of the thermal waters 
from the Yenice Geothermal Field (Denizli Basin, Southwestern Anatolia, Turkey). 
J. Volcanol. Geotherm. Res. 309, 118–138. https://doi.org/10.1016/j. 
jvolgeores.2015.10.025. 

Alley, W.M., Healy, R.W., LaBaugh, J.W., Reilly, T.E., 2002. Flow and storage in 
groundwater systems. Science (80-.) 296, 1985–1990. https://doi.org/10.1126/ 
science.1067123. 

Amoruso, A., Crescentini, L., Petitta, M., Rusi, S., Tallini, M., 2011. Impact of the 6 April 
2009 L’Aquila earthquake on groundwater flow in the Gran Sasso carbonate aquifer, 
Central Italy. Hydrol. Process. 25, 1754–1764. https://doi.org/10.1002/hyp.7933. 

Anderson, M.P., 2005. Heat as a ground water tracer. Ground Water 43, 951–968. 
https://doi.org/10.1111/j.1745-6584.2005.00052.x. 

Apollaro, C., Dotsika, E., Marini, L., Barca, D., Bloise, A., De Rosa, N., Doveri, M., 
Lelli, M., Muto, F., 2012. Chemical and isotopic characterization of the 
thermomineral water of Terme Sibarite springs (Northern Calabria, Italy). Geochem. 
J. 46, 117–129. https://doi.org/10.2343/geochemj.1.0166. 

Appello, C., Postma, D., 2010. Geochemistry, Groundwater and Pollution, 2nd ed. A.A. 
Balkema Publishers, Leiden, Netherlands.  

Arnorrson, S., 2000. Isotopic and chemical techniques in geothermal exploration, 
development and use. In: Sampling Methods, Data Handling and Interpretation. 
Vienna. 

Ashley, G.M., Mworia, J.M., Muasya, A.M., Owen, R.B., Driese, S.G., Hover, V.C., 
Renaut, R.W., Goman, M.F., Mathai, S., Blatt, S.H., 2004. Sedimentation and recent 
history of a freshwater wetland in a semi-arid environment: Loboi Swamp, Kenya, 
East Africa. Sedimentology 51, 1301–1321. https://doi.org/10.1111/j.1365- 
3091.2004.00671.x. 

R. Keegan-Treloar et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/S0022-1694(03)00273-7
https://doi.org/10.1016/S0022-1694(03)00273-7
https://doi.org/10.1016/j.jvolgeores.2015.10.025
https://doi.org/10.1016/j.jvolgeores.2015.10.025
https://doi.org/10.1126/science.1067123
https://doi.org/10.1126/science.1067123
https://doi.org/10.1002/hyp.7933
https://doi.org/10.1111/j.1745-6584.2005.00052.x
https://doi.org/10.2343/geochemj.1.0166
http://refhub.elsevier.com/S0012-8252(22)00142-8/rf0035
http://refhub.elsevier.com/S0012-8252(22)00142-8/rf0035
http://refhub.elsevier.com/S0012-8252(22)00142-8/rf0040
http://refhub.elsevier.com/S0012-8252(22)00142-8/rf0040
http://refhub.elsevier.com/S0012-8252(22)00142-8/rf0040
https://doi.org/10.1111/j.1365-3091.2004.00671.x
https://doi.org/10.1111/j.1365-3091.2004.00671.x


Earth-Science Reviews 230 (2022) 104058

14

Bajjali, W., Clark, I.D., Fritz, P., 1997. The artesian thermal groundwaters of northern 
Jordan: Insights into their recharge history and age. J. Hydrol. 192, 355–382. 
https://doi.org/10.1016/S0022-1694(96)03082-X. 

Banks, E.W., Shanafield, M.A., Noorduijn, S., McCallum, J., Lewandowski, J., 
Batelaan, O., 2018. Active heat pulse sensing of 3-D-flow fields in streambeds. 
Hydrol. Earth Syst. Sci. 22, 1917–1929. https://doi.org/10.5194/hess-22-1917- 
2018. 

Banks, E.W., Hatch, M., Smith, S., Underschultz, J., Lamontagne, S., Suckow, A., 
Mallants, D., 2019. Multi-tracer and hydrogeophysical investigation of the hydraulic 
connectivity between coal seam gas formations, shallow groundwater and stream 
network in a faulted sedimentary basin. J. Hydrol. 578, 124132 https://doi.org/ 
10.1016/j.jhydrol.2019.124132. 

Battani, A., Deville, E., Faure, J.L., Jeandel, E., Noirez, S., Tocqué, E., Benoît, Y., 
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