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A B S T R A C T

Catchments headed by temperate glaciers are severely impacted by climate change, and extensively studied from
glaciological and surface hydrology perspectives. However groundwater in the same catchments is much more
seldom mentioned, and even less studied.

The few available studies found in the scientific literature tend to show a particularly high recharge of
aquifers by glacial meltwater, a strong connection between surface and ground waters, and quite high hydraulic
permeability in moraines and tills aquifers. New and more systematic studies could confirm and details these
results. Such characteristics suggest that groundwater in coastal catchments headed by temperate glaciers could
feed offshore fresh groundwater stocks. The role of potential deeper aquifers in fractured bedrock remains
completely unknown.

The numerous examples of natural hazards and of the sensitivity of water resources to the water cycle in
catchments headed by temperate glaciers underline the importance of the study of hydrogeology, and of socio-
economic aspects, in these catchments where population is glacier-dependant.

The study of groundwater in catchments headed by temperate glaciers is just at the start and there is much to
be studied.

1. Introduction

The research addressing glaciers response to climate change is well
developed and is now looking not only at changes in mass balance, but
also at the associated effects on subglacial hydrology (see definition in
Table 1) and downstream hydrology. However, impact on the
groundwater component is rarely considered, even though assessment
of evolving groundwater dynamic (recharge, discharge and storage)
will be required to forecast the evolution of water resources and of
water related hazards under climate change. A few papers (see Section
1.2) do bring first insights into the role of groundwater in glacierised
catchments (see definition in Table 1), but its systematic study is yet to
be done.

This review will focus on temperate glaciers (see definition in
Table 1), and eventually polythermal glaciers (see definition in
Table 1). Their bases, at melting point, are from different factors in-
cluding geothermal heat (as the ice layer has an isolation effect),
pressure melting (due to ice thickness), and frictional heat. They thus
present liquid water at their interface with the ground.

The present review is first of all presenting studies of glacierised
catchments overlooking hydrogeology (see definition in Table 1)

(Section 1.1, 45 studies cited in this review, only a fraction of the
ones existing), and examples of identified or figured out aquifers (see
definition in Table 1) in catchments headed by temperate glaciers
(Section 1.2, see Tables 2 and 3, respectively 49 and 26 studies). Then
the role such aquifers play in the water cycle, i.e. their fundamental
dynamic from recharge to their outlets, is explored (Section 2, see
Tables 2 and 3):

- What part does subglacial hydrology play in the recharge of aquifers
within glacierised watersheds? (Section 2.1).

- How intense are the surface-underground water exchanges in
catchments headed by temperate glaciers? (Section 2.2).

- What are the hydraulic characteristics of those aquifers? (Section
2.3).

- What particular (micro)biodiversity is associated with hydrosystems
influenced by glacial meltwater, and how is it responding to climate
change? (Section 2.4).

- Emerging research lines are then set out, which will allow to con-
sider the future evolution of catchments headed by temperate gla-
ciers (Sections 3, 4 and 5):

- What are the effects of glacial meltwater runoff on offshore
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groundwater stocks (see definition in Table 1) or the supply of
groundwater springs? Those offshore stocks are being increasingly
recognised (Post et al., 2013; Vincent and Violette, 2017), but their
origins are still speculative. One hypothesis is that a massive re-
charge happened just after the Last Glacial Maximum (LGM) during
the melting of the ice caps. That is why it is of great interest to study
present glacier-aquifer interactions and their potential role in the
mechanism of deep recharge and formation of offshore fresh
groundwater stocks in coastal zones (Section 3).

- How can groundwater mitigate or amplify meltwater-related ha-
zards? Indeed, concerns emerge about the frequency and amplitude
of floods (Favier et al., 2008) and landslide hazards (Huggel et al.,
2012), as well as in the potential enhancement of seismic activity in
volcanic areas (Saar and Manga, 2003) due to groundwater flows
change (Section 4).

- How will subglacial hydrologic systems respond to climate change,
and what are the potential effects on groundwater hydrodynamics,
and on the related water resources? Indeed there is also a social
perspective related to climate change, considering that more than
one-sixth of the Earth's population (Barnett et al., 2005), mainly in
Asia (Himalayas: Kehrwald et al., 2008; Mukherji et al., 2015),
North and South America (Andes: Villacis, 2008; Rabatel et al.,
2013; Vuille et al., 2018) and Central and Southern Europe, relies on
glaciers or seasonal snow packs for their water supply (Barnett et al.,
2005; UNEP, 2007). If glacier meltwater contributions will initially
increase as the glaciers lose mass, they will ultimately decrease as
they shrink (IPCC 5th report, 2014). Thus concerns emerge about
the evolution of available water resources for local populations. Will
the surface-aquifers interactions mitigate or aggravate this evolution
(Hood et al., 2006)? (Section 5).

- The following issues will not be addressed:
• Cold based glaciers: They exist only in truly frigid environments, e.g.
parts of the Antarctic (Mikucki et al., 2015) or Svalbard (Hodson
et al., 2016), and they have no liquid water inside them or at their
base. Hydrogeology in their surroundings, if existing, is totally dif-
ferent to the one existing around temperate glaciers.
• Permafrost: No permafrost is present under temperate glaciers. It
might occur in the peri-glacial zone, depending on the elevation and
latitude. For example in Iceland permafrost can be expected to occur
above 1000m asl in the south and 800–900m asl in the north and
east (Etzelmüller et al., 2007), and is identified mostly in the
northern half of the island.
• Rock glaciers: as their hydrodynamic is very different from ice

glaciers.
• Past and present large ice sheets: Large ice sheets which have re-
ceded after the Last Glacial Maximum (about 25,000 to 13,000 years
BP), like the Large Scandinavian ice sheet (Baltic sea area), or the
Laurentide ice sheet (Canada), have left large fresh-groundwater
lenses (Large Scandinavian ice sheet: e.g. Pärn et al., 2016; Salamon,
2016; Laurentide ice sheet: e.g. Saby et al., 2016). They will not be
reviewed here, given the difference of spatial scale, and thus of
dynamic, between large ice sheet and valley glacier (Sterckx et al.,
2017). It is to be noted that their existence and dynamic is partly the
result of similar processes than glacier-related aquifers. For example
the presence of a till aquifer is suggested by Greenwood et al. (2016)
in their conceptual model of a palaeo-ice sheet, and enhanced re-
charge is demonstrated in past climate, e.g. under the last ice sheet
in northwestern Germany (Piotrowski, 1997a,b), the European
(palaeo) Ice Sheet (Boulton et al., 1995), or the Laurentide (palaeo)
Ice Sheet (Person et al., 2007; Saby et al., 2016). Under the Laur-
entide Ice Sheet, the magnitude of the recharge was greater than at
present (McIntosh and Walter, 2005) by up to 10 times (Person
et al., 2007).

1.1. Studies of catchments headed by temperate glaciers, disregarding
hydrogeology

Many studies have focused on glaciers, because at global scale
glaciers provide an important storage of freshwater, and thus streams
fed by glacier meltwater are quantitatively important.

Worldwide, ice caps and glacier represent a volume of 170,000 km3

(outside Antarctic and Greenland, Huss and Farinotti, 2012) to
241,000 km3 (outside Antarctic and Greenland ice sheets, Radić and
Hock, 2010) (see Fig. 1). For instance, the ice caps and glaciers in
Iceland contain the equivalent of 3600 km3 of water, equivalent to the
precipitation of 20 years (Björnsson and Pálsson, 2008), and the gla-
ciers of the Hindu Kush Himalayas,> 6000 km3 (Bajracharya et al.,
2015). In Iceland glaciers provide one third of the country's main rivers
discharge (Björnsson and Pálsson, 2008). In the Alps and the Himalayas
too the glaciers, along with snow, are a very important source of runoff
for many rivers (Alps: Huss, 2011; Himalayas: Koppes et al., 2015a; Mir
et al., 2016; Pamirs: Pohl et al., 2017). Discharge is thus maximum
during summer, and minimal during the snow accumulation and
freezing period (Mir et al., 2016). Glacier and snow meltwater is the
primary source of water for local inhabitants, e.g. in the tropical Andes
(Vergara et al., 2007; Vuille et al., 2018). Himalayan glaciers feed the

Table 1
Definitions of main terms.

Aquifer Permeable geological layer, where pores or fractures are at least partly or fully saturated with water, which allows the extraction of an
appreciable volume of water

Englacial hydrological system Hydrological system inside a glacier, formed by the interconnection of crevasses, moulins, and voids
Esker Long ridge, up to several km long and several meters high, linear or sinuous, shaped by heterogeneous sediments including gravel carried and left

by subglacial water streams (Boulton et al., 2007; Fridlund, 2017)
Glacierised catchment Catchment which is partly covered by ice
Groundwater stock Water stored beneath the ground surface, in the pores or fractures of an aquifer
Hydraulic conductivity Physical characteristic of an aquifer, determining the capacity of water to flow inside the aquifer under the effect of an hydraulic gradient
Hydrogeology Groundwater flux and stock, and study of their dynamic
Jökulhlaup Include the outburst floods of ice-dammed lakes, as well as the floods provoked by geothermal fields forming subglacial lakes draining

periodically, and by the immediate draining of the meltwater formed during the volcanic eruptions (Björnsson and Pálsson, 2008)
Karstic hydrosystem Aquifer system developed in carbonate formation under mechanical and geochemical interaction with recharge fluxes highly charged in

atmospheric CO2

Moraine Accumulation of rocks debris of various size carried by a glacier, and pushed on its sides (lateral moraines) and front (frontal moraines) or
uncovered when the glacier recesses

Pampa High elevation grass-covered wetland formed by lacustrine sediments and organic material layered with heterogeneous colluvium
Polythermal glacier glacier with a base partly at melting point, partly frozen
Sandur Wide glacier erosion products (sand and gravel) plains downstream of glaciers frontal moraines. Also called proglacial outwash plain
Subglacial hydrology All water flowing strictly between a glacier or ice-sheet and the ground below it
Talus Periglacial formation, quite steep, at the border of a sandur
Temperate glacier Glacier with a base at melting point (Cuffey and Paterson, 2010; Van Vliet-Lanoë, 2014)
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headwaters of the Indus, Ganges and Brahmaputra rivers, which cross
some of the most populated areas worldwide (Kehrwald et al., 2008).

For the two last decades, glaciers worldwide have been shrinking at
unprecedented rates due to climate change, with few exceptions (e.g. in
the Karakoram range and West Himalayas, Mukherji et al., 2015;
Schmidt and Nüsser, 2017). The process is most intense in the Hima-
layas (Kehrwald et al., 2008; Mir et al., 2016) and in the tropical Andes
(Rabatel et al., 2013; Somers et al., 2016; Vuille et al., 2018), where
some glaciers could disappear in a near future (Barnett et al., 2005;
Baraer et al., 2012; Somers et al., 2016). According to an updated
glacier inventory of the French Alps, Gardent et al. (2016) report a
significant decrease of the overall glacier cover (average loss of ~26%
between the late 60s and the 2000s). In Iceland, climate change has
already lead to the recession of most of the glaciers (Björnsson and
Pálsson, 2013), and should lead to a loss of volume of the ice caps of 25
to 35% within half a century (Björnsson and Pálsson, 2008). The retreat
of most of the outlet glaciers of Vatnajökull ice cap is already well
documented (e.g. Guðmundsson, 2014; Hannesdóttir, 2014,
Hannesdóttir et al., 2015a,b; Storrar et al., 2015; Gudmundsson and
Björnsson, 2016; Gudmundsson et al., 2017).

As a consequence of glacier shrinking under climate change, glacial
meltwater runoff is expected to first increase (Björnsson and Pálsson,
2008; Casassa et al., 2009; Baraer et al., 2012; Lutz et al., 2014; Ragettli
et al., 2015; Azam et al., 2018), and is sometimes already doing so (Gao
and Zhang, 2016), but is then expected to decline, and then eventually
to disappear with the glaciers (Mark and Seltzer, 2005; Björnsson and
Pálsson, 2008; Huss, 2011: Europe; Baraer et al., 2012; Lutz et al., 2014;
Clark et al., 2015: Rocky Mountains, USA; Stahl et al., 2008; Casassa
et al., 2009; Himalaya: Azam et al., 2018). The runoff peak could be in
about 40 years in Iceland (Guðmundsson et al., 2009; Aðalgeirsdóttir
et al., 2011), and 35 years in the Himalayas (Lutz et al., 2014; Ragettli
et al., 2015; Azam et al., 2018). In the Alps, the glacierised areas
contribution to main rivers runoff could decrease by 75% by the end of
the century (Huss, 2011). In the tropical Andes the situation is even
more dramatic, with a peak runoff potentially reached in the next
15 years (Asaoka et al., 2014; Ragettli et al., 2015).

Temperate glaciers have an englacial hydrological system (see de-
finition in Table 1), often draining out by a subglacial system, primarily
sustained by water flowing from the englacial system, and also supplied
by pressure and frictional melting (Björnsson, 1998; Hart et al., 2015).
Subglacial systems consist of the connection between channels of dif-
ferent types (see Fig. 2 below; e.g. Röthlisberger, 1972; Hook, 1989;
Hock and Hooke, 1993; Walder and Fowler, 1994; Schroeder et al.,
2013; Flowers, 2015).

Subglacial channel have been studied in relation to their roles in the
glacier movement (Lliboutry, 1968a, 1968b; Kamb et al., 1985), in the
erosion processes (e.g. Vivian and Zumstein, 1973; Koppes et al.,
2015b), and in relation to outburst floods (Björnsson and Pálsson,
2008).

In theory, subglacial flow includes flow through the till underneath
the ice (Hook, 1989; Hart et al., 2015), but most of the glaciological
and/or hydrological models and studies of present systems do not take
into account groundwater dynamics (Hood et al., 2006; Robinson et al.,
2008). Thus unanswered questions remain concerning the role of
groundwater: ● Does this melt volume flow mostly between ice and
ground, and increase surface meltwater discharge, or also recharge
aquifers? ● What is the role of groundwater in the water cycle of
catchments headed by temperate glaciers? ● What is the aquifer hy-
drodynamical response, in time and amplitude, to the onslaught of
climate change?

In quite some areas, the role of groundwater is overlooked (e.g.
Savéan et al., 2015) or not addressed (e.g. Legchenko et al., 2014 and
Garambois et al., 2016) and highlighted as a gap to be dealt with in
order to achieve a right and complete understanding of glacierised
catchments systems (Hood et al., 2006; Villacis, 2008; Munoz Martinez,
2016; Vuille et al., 2018) and even of ice sheets (Siegert et al., 2016;Ta
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Key and Siegfried, 2017), especially in areas with high permeability
rocks (Jónsdóttir, 2008). The scientific community recognises the lack
of knowledge and research on the glaciers-aquifers interactions and

how they will be impacted by climate change (Gremaud et al., 2009;
Langston et al., 2013; Baraer et al., 2015; Levy et al., 2015; Somers
et al., 2016; Wilson et al., 2016; Vuille et al., 2018). The present review

Fig. 1. Map showing localisation of studies concerning glaciers and groundwater (see also Table 2), adapted from a public domain Miller cylindrical projection, from
NASA's Earth Observatory « Blue Marble », based on MODIS satellite images. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. From Flowers, 2015: Types of sub-glacial channels.
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focuses on this knowledge gap: the particular hydrogeology en-
countered under and downstream of glaciers, i.e. sub-, pro- and peri-
glacial hydrogeology, and its sensitivity to climate change.

1.2. Examples of aquifers presence, identified or highly suspected in
catchments headed by temperate glaciers (see Tables 2 and 3)

Some studies demonstrate the existence of sub- or pro-glacial
aquifers in catchments headed by temperate glaciers, e.g. in Iceland
(Boulton and Dobbie, 1993; Jónsdóttir, 2008; Marteinsson et al., 2013;
Levy et al., 2015; Dochartaigh et al., 2016), or in Ecuador (Favier et al.,
2008; Hemmings et al., 2016 and Munoz Martinez, 2016), Peru (Cor-
dillera Blanca: Baraer et al., 2015; Gordon et al., 2015; Somers et al.,
2016), the US and Canadian Rocky mountains (Clow et al., 2003; Hood
et al., 2006; Langston et al., 2013; Arendt, 2015), the French and Swiss
Alps (karst systems: Sesiano, 1994; Gremaud et al., 2009; Malard et al.,
2016) and other parts of the world (South Greenland: Kristiansen et al.,
2013; Svalbard: Wadham et al., 2007). A total of 49 such studies have
been found in the scientific literature. See Table 2 and Fig. 1 for an
overview and localisation of all studies mentioning aquifers and their
hydrodynamic role in glacierised catchments cited in this review, and
Table 3 for studies cited in this review where a groundwater source is
acknowledged, but not studied itself.

Some studies suggest strong coupling between rivers and the aquifer
(Dzikowski and Jobard, 2012; Levy et al., 2012; Somers et al., 2016;
Dochartaigh et al., 2016; Guido et al., 2016) and between lakes and the
aquifer (Hood et al., 2006), and demonstrate groundwater recharge
partially due to meltwater (Somers et al., 2016; Malard et al., 2016;
Ansari, 2016). Other expect stronger recharge in the future due to
glacier melting (Malard et al., 2016), a consequence of climate change,
or demonstrate it in past climates (Person et al., 2007).

2. Proglacial and subglacial aquifers characteristics

The few available studies allow to outlines initial information on the
interactions of proglacial and subglacial aquifers with surface hy-
drology (Sections 2.1 and 2.2), and on their hydrodynamic character-
istics (Section 2.3).

2.1. The role of subglacial hydrology in the recharge of aquifers within
watersheds headed by temperate glaciers

What is the role of subglacial hydrology in, the recharge of aquifers
within glacierised watersheds? Though this recharge term is very rarely
quantified, glacier meltwater is often supposed or identified as a sub-
stantial source of recharge for nearby aquifers, either porous, karstic, or
fractured:

- in porous aquifers (Kristiansen et al., 2013; Munoz Martinez, 2016;
Somers et al., 2016), more specifically in alluvial sandur (see defi-
nition in Table 1) (Dochartaigh et al., 2016), in talus (see definition
in Table 1) (Baraer et al., 2015, see Fig. 3) or in moraine (see de-
finition in Table 1) (Favier et al., 2008; Robinson et al., 2008);

- in karstic aquifers: Sesiano (1994) identified a karstic system under
the Fonds glacier (Swiss-French border); Malard et al. (2016) assess
that for karst in Swiss alpine areas above 2500m, recharge is due
both to precipitation and to glacier melting; Arendt (2015) ac-
knowledges a karstic aquifer in the Middle Cambrian limestone and
carbonic shale under Athabasca Glacier (Canadian Rockies, Alberta,
Canada) which is recharged by meltwater from the Columbia Ice-
field; Zeng et al. (2015) studied a meltwater recharged karstic
system in the Yunnan province (China), itself recharging a moraine
aquifer;

- and less frequently observed, in fractured aquifers (Maréchal, 2000;
Munoz Martinez, 2016).

Existence of aquifers can be establish by example because karst
outspring does not only reflect the rainfall regime (Gremaud et al.,
2009; Malard et al., 2016), or the hydrological and glaciological bal-
ances need to integrate groundwater to be indeed balanced (Vincent
et al., 2017), or thanks to numerical modelling (Hemmings et al., 2016)
or to tracer experiments (Gordon et al., 2015; NaCl: Favier et al., 2008;
NaCl and temperature: Langston et al., 2013; fluorescent dyes in karst
areas: Sesiano, 1994, 2004; Gremaud et al., 2009; Somers et al., 2016).
Finally water stable isotopes (δ18O and δ2H) and major ions are often
used as environmental tracers (Kristiansen et al., 2013; Gordon et al.,
2015; Baraer et al., 2015; Dochartaigh et al., 2016; Guido et al., 2016;
Munoz Martinez, 2016; Neupane et al., 2016; Wilson et al., 2016), to
help characterise the aquifers and their flows, to localise recharge and
surface-underground coupling areas.

Few values of meltwater recharge to groundwater are estimated,
either in the proglacial area or in the subglacial one (Hemmings et al.,
2016). Sigurdsson (1990) proposed values for Iceland: 130 to
220m3·s−1 (i.e. 2.1·10−8 to 3.4·10−8m.s−1 on 6460 km2, under
Langjökull, Hofsjökull, NW and W Vatnajökull, N Mýrdalljökull).
Vincent et al. (2017b) estimate the subglacial recharge under Skálafell
glacier at 2.2·10−8m·s−1 (685mm·year−1), representing 85% of the
glacial melt. Meng et al. (2015) evaluate that a third of groundwater in
an alpine glacierised region in SW China is derived from ice and snow
meltwater. The quantification of meltwater recharge to groundwater in
the subglacial and proglacial areas of glacierised areas is one of the key
point on which information is lacking.

In many areas under the glacier, meltwater reaching the subglacial
system might preferably flow between the ice and the sediment, and
infiltrate slowly along the way. The main subglacial channels can drain
the subglacial aquifer, as shown by field measurements (Boulton et al.,
2007a).

Melting of ice in temperate glacier can occur in various parts of the
glaciers: surface melt due to air temperature and the energy balance in
general, and bed melt due to pressure and friction (Hart et al., 2015;
Saby et al., 2016), and sometimes geothermal energy flux (Lawler et al.,
1996; Hemmings et al., 2016; Saby et al., 2016) or volcanic activity
(Salamon, 2016).

Increase in glacier melting due to climate change (see Section 1.1),
leading to stronger recharge to subglacial aquifer, can be expected in
the near future (coming decades), as already suggested by Malard et al.
(2016) in an alpine karst system above 2500m in Switzerland.

At present enhanced recharge is already observed at a large scale,
e.g. by Xiang et al. (2016) on the Tibetan plateau. They observed
groundwater storage (GWS) changes through hydro-geodesy (GRACE
data) from 2003 to 2009, and noted increasing trend rates in ground-
water storage for eight basins. They identified this trend as partly due to
more important recharges from meltwater of the glaciers (and also
snow-cover and permafrost) especially in the upper parts of the
catchment, under the condition of increasing air temperatures. How-
ever this method accuracy is sensitive to the estimated ice volume, and
estimation till date is quite uncertain for the Himalayas.

2.2. How intense are the surface-underground water exchanges in
catchments headed by temperate glaciers?

A few studies notice or suggest substantial water exchanges between
river and groundwater, i.e. a strong coupling (Dzikowski and Jobard,
2012; Levy et al., 2012; Dochartaigh et al., 2016; Somers et al., 2016),
even more in the moraine section of the river (Vincent et al., 2017).

This connection has been put in evidence e.g. through water tem-
perature-tracing techniques, in combination with dye tracing (for the
combination of both methods: Somers et al., 2016). Surface water flow
can clearly support groundwater level: in Virkisjökull upper sandur
(Dochartaigh et al., 2016), during high episodic discharge in the river of
Skeiðarársandur, the world largest active sandur, groundwater level
increases (Levy et al., 2012), or downstream of Skaftafellsjökull, where
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fluctuations in groundwater level, temperature and electro-conductivity
suggest strong response of the aquifer to changes in river level (Levy
et al., 2012, 2015).

As many studies highlight, surface water is fed by groundwater in
numerous glacierised catchments (see also Table 3):

- in South America in the Cordillera Blanca (Peru: Baraer et al., 2015,
2 to 10 km from the glaciers; Gordon et al., 2015; Guido et al., 2016;
Somers et al., 2016, at least as far as 8 km from the glacier outlet),

- in North America: McDonald Creek watershed, Glacier National
Park (USA, Neupane et al., 2016),

- in the Arctic: Central Spitsbergen, Ebba river (Marciniak et al.,
2014; Dragon et al., 2015),

- in Iceland: Virkisjökull lower sandur (about 2 km from the glacier)
(Dochartaigh et al., 2016), and in Skeiðarársandur, by groundwater
seepage, and nearby the temperate valley glacier Skaftafellsjökull
(Levy et al., 2012),

- in Europe: Taillon glacier valley, French Pyrénées, along with snow
melt and glacier ice melt (Brown et al., 2007a, 2007b), in Eastern
Italian Alps (Engel et al., 2016) 2 to 10 km from the glaciers, Damma
glacier valley, Switzerland (Kobierska et al., 2015),

- and in Asia: Langtang River basin (Wilson et al., 2016), and 12 other
catchments (Andermann et al., 2012) in Nepal, or in Yarkant River,
North-West China (Liu et al., 2016).

Most of these studies are geochemical ones, seldom describing
geomorphology or any information on the quantification (other than in
% of stream flow) of fluxes.

Oxygen and hydrogen isotopes are used in most of these studies,
distinguishing between glacial melt water and groundwater end mem-
bers. Indeed variations in δ18O and δ2H allow to distinguish between
waters of different origins, and having thus specific isotopic signatures.
They are also an interesting tool to study groundwater in glacierised
catchments (e.g. Baraer et al., 2015; Meng et al., 2015; Zeng et al.,
2015). The local meteoritic line is to be used to check any in between
evaporation process. 18O and 2H analyses can thus help identify the
sources of the aquifer recharge (glacial melt water, precipitations), and
even their respective importance (Meng et al., 2015; Zeng et al., 2015),

or estimate the elevation of the recharge (Baraer et al., 2015).
Surface-underground exchanges happen not only between rivers

and aquifers, as described above, but also between lakes and aquifers,
and subglacial streams and aquifers. Direct connection between glacier
meltwater lakes and creeks and groundwater exist as well, e.g. Lake
O'Hara in the Canadian Rockies, representative of numerous alpine
headwater lakes in the area (Hood et al., 2006), and is formulated as a
reasonable hypothesis by Munoz Martinez (2016). Finally the connec-
tion of subglacial streams and subglacial aquifers is seen at least in
Iceland (field multi-monitoring: Boulton et al., 2007; numerical mod-
elling: Vincent et al., 2017).

2.3. Aquifers hydraulic characteristics

The most evident aquifer systems connected to glaciers are in the
glacial and peri-glacial formations, i.e. in the first several meters of tills.
But aquifers in underlying formations (fractured bedrock) are also im-
portant (see Fig. 4). Sub-, pro- and para-glacial tills aquifers are typi-
cally coarse-grained, though quite mixed in grain-size and very het-
erogeneous (Parriaux and Nicoud, 1993; Dochartaigh et al., 2016;
Labak-Mechowska, 2016). A study of the formation of till under and
near an Icelandic glacier (Hart, 2017) has revealed subglacial clast-rich
till: grain size from<2 μm to>20 μm, with 2 to 44% of clay; and in
moraines a layer of about 20 cm of clast-rich till, on top of 2 to 3m of a
mix of silt, sand and gravel. This is the result of erosion in glacial and
periglacial environment, which can reach particularly high rates
(> 10mm.yr−1) (Koppes et al., 2009; Koppes and Montgomery, 2009;
Koppes et al., 2015b).

Some glacial formations tend to have higher hydraulic con-
ductivities (see definition in Table 1) than others: e.g. eskers (see de-
finition in Table 1) formed by subglacial streams (Boulton et al., 2007).
When the glacier retreats, eskers can outcrop or become covered by
younger sediments.

Consequently the hydraulic conductivity of glacial formation
strongly varies, with depth (Ameli et al., 2016), and laterally (Parriaux
and Nicoud, 1993), or because of structures such as eskers.

Indeed, specific geological glacial features formed by the glaciers,
such as moraines (Parriaux and Nicoud, 1993), eskers and drumlins (see

Fig. 3. From Baraer et al., 2015: Conceptual model
of the dry season hydrology and spring systems of
the glacierised watersheds in the Cordillera Blanca
(Ecuador). Recharge and pathway numbers are as
follows: (1) direct recharge from precipitation, (2)
surface runoff from overlying surfaces, (3) recharge
from melt water, (4) flow through the talus slopes,
(5) flow through the talus and interconnected glacial
deposits, and (6) possible fracture flow through
bedrock.
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definition in Table 1) are generally good candidates to become aquifers
(see Fig. 4). Similarly periglacial features, which often develop, have
interesting hydraulic properties, e.g. talus slopes or glacio-lacustrine
deltas and fluvio-glacial deposits (including sandur) (Parriaux and
Nicoud, 1993) or areas flooded by jökulhlaup (see definition in
Table 1). In addition in the Andean area, pampas (see definition in
Table 1) also act as groundwater storage entities (Somers et al., 2016).

Despite this heterogeneity, some authors indicate average hydraulic
conductivity values for those aquifers (see Table 4). Strictly glacial
formations, made by coarse material (i.e. main grain textures belong to
gravels, stones and rocks), can be divided into lateral and frontal
moraines. Parriaux and Nicoud (1993) give values of hydraulic con-
ductivity about 10−6 to 10−4m.s−1 for the lateral moraines, mainly
due to poor sorting of the material. They also indicate a total porosity of
15%, and a reduced infiltration capacity due to sharp slopes. For frontal
moraines, the range is larger for the total porosity, 15% to 25%, as well
as for the hydraulic conductivity: from 10−5 to 10−4m·s−1 (in case of
absence of continuity of the permeable layers) to 10−2m·s−1 (in high
mountain areas, with a lot of large rocks in the moraines). Other au-
thors confirm this range for frontal moraines: Boulton et al. (2007a)
have measured, through pumping test (texture: mainly sandy gravels), a
hydraulic conductivity of 2·10−5m·s−1, and Robinson et al. (2008),
through grain-size distribution analysis of slightly gravely muddy sand
to sandy gravel, have values from 1·10−5 to 3·10−4m·s−1. Values ob-
tained in specific glacial features tend to be high, and very hetero-
geneous: in jökulhlaup inundated areas 1.8·10−3m·s−1 (Robinson
et al., 2008) and in eskers 4·10−5 to 2.1·10−3m·s−1 (Sauriol, 2016).

For one of the main types of para-glacial formations, the sandurs,
the hydraulic conductivities values are a little higher in average than in

strictly glacial formation, because of the well sorted material of the tills:
10−4 to 10−2m·s−1 according to Parriaux and Nicoud (1993), and
3.5·10−4 to 3.5·10−3m·s−1 according to Dochartaigh et al. (2016), and
2.2·10−4m·s−1 by numerical modelling calibration (Vincent et al.,
2017). Parriaux and Nicoud (1993) complete their description with a
total porosity from 15 to 20%, and a high infiltration capacity.

Most of the sub- and periglacial aquifers described in the literature
are thus in geological formations which are the direct product of gla-
ciers, but the underlying formations are seldom mentioned (e.g.
Kobierska et al., 2015) and even more rarely characterized, which is an
important knowledge gap.

2.4. Biodiversity in surface and ground waters in glacierised catchments

Only a few studies exist about hydrobiology of glacial streams
(Wadham et al., 2007; Brown et al., 2007a,b, 2015; Cauvy-Fraunié
et al., 2015; Khamis et al., 2016; Robinson et al., 2016; Windsor et al.,
2017), and about subglacial biology (Marteinsson et al., 2013; Górniak
et al., 2016).

Authors of those publications have mainly used physicochemical
methods (Robinson et al., 2016), and macroinvertebrates studies
(Brown et al., 2007a,b; Cauvy-Fraunié et al., 2015; Khamis et al., 2016;
Windsor et al., 2017), or other biological indicators (Robinson et al.,
2016; Marteinsson et al., 2013).

The biological activity in glacial catchments is of great interest,
because different sources of water in glacial valleys streams (meltwater
or groundwater) lead to different chemical and physical (e.g. bed sta-
bility) conditions, and thus to variability in biodiversity (e.g. Khamis
et al., 2016). Groundwater fed streams in glacial valleys can even be
considered aquatic biodiversity hotspots (Windsor et al., 2017) in
otherwise “harsh” environment (Cauvy-Fraunié et al., 2015). The in-
termittent runoff in streams is another important factor of a particular
biodiversity (Robinson et al., 2016). Groundwater-fed kettle lakes could
also be of potential ecological significance (Robinson et al., 2008).

Biodiversity in glaciated catchments is particularly sensitive to cli-
mate change because of the coupling between glaciers, hydrology and
hydrogeology (Brown et al., 2007a; Khamis et al., 2016; Windsor et al.,
2017). As previously discussed, the shrinking of glaciers will lead ul-
timately, after a runoff peak, to the decline of meltwater contribution to
streams, and consequently to more homogeneous river habitats, as
there will be much less meltwater-dominated streams, and more mix
facies (groundwater and meltwater) (Brown et al., 2007a; Khamis et al.,
2016), and thus a more homogeneous aquatic fauna (Cauvy-Fraunié
et al., 2015; Khamis et al., 2016), with most probably the loss of spe-
cialized species in glacier meltwater-fed streams (Cauvy-Fraunié et al.,
2015; Khamis et al., 2016).

Moreover the retreat of glaciers would mean reduced recharge to
groundwater, as often precipitation is smaller than the previous melt-
water recharge rate, and thus streams fed by only meltwater would
disappear, and streams fed partially by groundwater could change from
permanent to intermittent (Windsor et al., 2017). Flow permanence is,
as demonstrated by Windsor et al. (2017), essential for abundance,
taxonomic richness and structure of macro invertebrates community.
Change in groundwater recharge will also impact lakes levels in sandur
plains, which is expected to have negative consequences on its biodi-
versity (Levy et al., 2015).

Microbial activity could be used as a tracer of subglacial water.
Indeed subglacial biological activity has been documented, e.g. by
Marteinsson et al. (2013) in subglacial lakes beneath the Vatnajökull ice
cap (South-East Iceland), and by Górniak et al. (2016) in South-West
Spitsbergen (Arctic). Drilling>100m through the ice enabled
Marteinsson et al. (2013) to take samples in two subglacial lakes, in
addition to samples taken from a jökulhlaup, and a former subglacial
lake, now exposed to the atmosphere. They concluded that five bac-
terial taxa dominate, and are widely distributed beneath the ice.

How these microorganisms have disseminated under the ice and

Fig. 4. Schematic glacier-surface hydrology-hydrogeology system, adapted
from Benítez (2004) and Hillewaert (2006).

Table 4
Values of hydraulic conductivity found in the literature for glacial or peri-gla-
cial formations.

Hydraulic conductivity (m.s−1)

Lateral moraines 10−6 to 10−4 (Parriaux and Nicoud, 1993)
Frontal moraines 10−5 to 10−2 (Parriaux and Nicoud, 1993)

2·10−5 (Boulton et al., 2007)
1·10−5 to 3·10−4 (Robinson et al., 2008)

Jökulhlaup inundated areas 1.8·10−3 (Robinson et al., 2008)
Eskers 4·10−5 to 2.1·10−3 (Sauriol, 2016)
Sandurs 10−4 to 10−2 (Parriaux and Nicoud, 1993)

2.2·10−4 (Vincent et al., 2017)
3.5·10−4 to 3.5·10−3 (Dochartaigh et al., 2016)
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arrived into the subglacial lakes is still unknown, but their wide dis-
tribution suggests an underground source (Marteinsson et al., 2013); an
underlying aquifer might connect the subglacial lakes (Marteinsson
et al., 2013).

3. What are the effects of glacial meltwater runoff on the supply of
groundwater springs or on offshore groundwater stocks?

Sub-, pro- and periglacial aquifers can discharge either to the sur-
face hydrological system, to a regional continental aquifer system, or to
an offshore aquifer system.

In the literature available, there are mostly examples of discharge to
the surface drainage system (see Section 2.2). Discharge from ground-
water to surface drainage system can happen through springs, but also
directly into rivers or lakes, or both. For example Dochartaigh et al.
(2016) have documented in Southeast Iceland extensive groundwater
discharge to a river throughout the year, particularly across the lower
sandur, and during winter. Several cases of discharge from groundwater
through terrestrial springs are documented, in the Rocky mountains
(Clow et al., 2003; Arendt, 2015), in the Andes (Gordon et al., 2015;
Somers et al., 2016), and in the Alps (Gremaud et al., 2009).

Sub-, pro- and periglacial aquifer systems can also discharge into
other terrestrial aquifers or to offshore aquifers. It seems indeed plau-
sible that some proglacial hydrogeological aquifers, for example in
Iceland, discharge into the sea through marine springs, but none is
documented in the consulted literature, other than as a potential hy-
pothesis (Jónsdóttir, 2008). Many sandur aquifers in southeast Iceland
discharge offshore (e.g. in Skeiðarársandur at 2.5 m3.s−1Robinson
et al., 2008; in Skálafell at 0.5m3.s−1, Vincent et al., 2017), but it is so
far unknown if it is through springs into the ocean or into an offshore
underground system. Fig. 5 is a put forward conceptual model of these
systems, based on observations and numerical modelling.

Offshore fresh groundwater stocks in littoral areas are being in-
creasingly recognised (Post et al., 2013; Vincent and Violette, 2017),
but their origins are still speculative.

Following the work of Kooi and Groen (2001), Post et al. (2013)
conducted a thorough review of offshore freshwater occurrences, i.e.
important aquifers beneath the sea floor of continental shelves, around
the world. The review demonstrated that there is a possibility for the
saline/freshwater demarcation surface to be located further than the
coastline, most frequently for confined aquifers. They even show that
this is a frequent configuration, considering bodies at least 1 km long
and with Total Dissolved Solids< 10 g/L. Studies on such systems are
developing e.g. the offshore groundwater stock suggested by observa-
tions and numerical modelling and flux estimation in the Vanur aquifer,
south-east India (Vincent and Violette, 2017), or the geophysical pro-
filing establishing evidence of an offshore fresh groundwater system in
the southwestern waters of Hong Kong (Jiao et al., 2015; Kwong and
Jiao, 2016; Kwong et al., 2016).

Present offshore fresh groundwater stocks could be the relics of
periods when glaciers were more extended (Kwong et al., 2016) and
recharge more important due to glacial meltwater (Baltic Artesian

Basin, Pleistocene: Haldorsen et al., 2016; Baltic Artesian Basin under
the Scandinavian Ice Sheet: Pärn et al., 2016). The concerned periods
could either be recent (e.g. the Little Ice Age) or more ancient (Pleis-
tocene), like the Last Glacial Maximum (LGM). Indeed, as shown above,
recharge from subglacial meltwater was more important then, enabled
by the quantity of meltwater, and by the hydraulic characteristic of
sedimentary aquifers (Boulton et al., 1995; Pärn et al., 2016).

The LGM period was particularly favourable to the formation of
groundwater stocks, as it offered moreover perfect conditions for an-
other potential process: enhanced meteoric (i.e. by precipitation) re-
charge at low eustatic levels (Groen et al., 2000; Post et al., 2013).
Kwong et al. (2016) present in most of the identified stocks are se-
questered in relict fluvial systems during glacial periods. In the case
they have studied, during the LGM, sea level was about 130m below
present sea level, which meant “the coastline receded approximately
120 km to the south of Hong Kong”. Specific geological features can
(relatively) protect an aquifer from seawater intrusion, e.g. volcanic
dykes (Comte et al., 2017), or thick clay layers (Kwong et al., 2016), or
both (Vittecoq et al., 2015).

4. How can groundwater flow mitigate or amplify water hazards
related to glaciers?

Glacier meltwater plays a role in creating or maintaining natural
hazards. As climate change will probably impact pro-, peri- and sub-
glacial aquifers, it will likely affect the water-related natural hazards.
Here the focus is on the role of peri- and sub-glacial groundwater in
those hazards, i.e. how can the groundwater mitigate or amplify water
hazards related to glaciers? The question is of high importance, as many
inhabited areas are vulnerable to glaciers related hazards, e.g. the Alps,
the Andean range, the Himalayas and Iceland.

In glacierised catchments several kinds of natural hazards can occur.
Because of the effects of climate change, concerns emerge about the
frequency and amplitude of flooding and landslide hazards, which are
discussed in the following sections. Other hazards can also occur like
the potential enhancement of seismic activity due to groundwater re-
charge should also be considered (Costain et al., 1987a,b), especially in
the case of interactions of subglacial groundwater and volcanoes
(Favier et al., 2008). Indeed earthquake triggered by groundwater re-
charge variations are documented, e.g. at Mt. Hood, Cascade volcanic
arc, Oregon, USA (Saar and Manga, 2003; see also in the Swiss Alps,
Roth et al., 1992; in Alaska, Wolf et al., 1997). The process involved is
changes in pore-fluid pressure, which affects the stability of faults in
volcanic areas (Saar and Manga, 2003).

Finally hydrothermal explosions can be triggered by the interactions
between a glacier, the surface and groundwater, and a geothermal or
volcanic system (Favier et al., 2008; Montanaro et al., 2016).

4.1. Flooding

Floods downstream of glaciers are often provoked by the glacier
melting, generally during summer (Sikorska et al., 2015). Named

Fig. 5. Conceptual model of glacier-aquifer systems in the southeast of Iceland.
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glacier-melt floods, they are one of the several kinds of floods that can
occur in mountainous catchments, the others being generated by pre-
cipitations and snow melting (Sikorska et al., 2015). Floods, down-
stream of glaciers, can also have slightly different processes, leading to:
glacial lake outburst flood events, sometimes acronymed GLOFs; jö-
kulhlaups (definitions of GLOFS and jökulhlaups overcross each other),
in which groundwater could sometimes play a role; and purely
groundwater-driven floods.

• GLOF: Glacial Lake Outburst Floods are due to the rupture of a
moraine dam (Mukherji et al., 2015; Zhang et al., 2015), or the
heavy subglacial drainage of an ice-dammed lake (Schwalbe and
Koschitzki, 2016). Glacial retreat impact the size of glacial lakes
(proglacial, englacial or subglacial ones), which will have for con-
sequence more frequent GLOF events. Cases of those can be found in
the Himalayas (Zhang et al., 2015 and Mukherji et al., 2015); in
Patagonia (Schwalbe and Koschitzki, 2016); or in the Alps, e.g. the
closely surveyed Tête-Rousse glacier (Garambois et al., 2016) where
preventive pumping was successful (Legchenko et al., 2014). The
study of 12 of those lakes from 1974 to 2014 in central west Hi-
malayas by Zhang et al. (2015), through satellite data, confirms the
link between the warming of the local climate and the expansion of
the lakes, leading to an outburst flood, and 3 lakes at high risk due
to it.
• Jökulhlaups include the outburst floods of ice-dammed lakes (e.g. in
Switerland, Gornergletcher site: Werder and Funk, 2009; Werder
et al., 2009, 2010), as well as the ones provoked by geothermal
fields forming subglacial lakes draining periodically (Mýrdalsjökull
glacier: Björnsson et al., 2000; the western part of Vatnajökull gla-
cier: Einarsson et al., 2017), and by the immediate draining of the
ice melted by volcanic eruptions (Björnsson et al., 2000; Björnsson
and Pálsson, 2008; Jones et al., 2015; Einarsson et al., 2017). They
are particularly frequent in Iceland, where 60% of the glacial area is
underlain by active volcanoes (Björnsson and Pálsson, 2008). The
consequences of jökulhlaups can be massive, geomorphologically,
on the vegetation, and on human infrastructures (Björnsson and
Pálsson, 2008).
• Groundwater-driven floods are less well known. However if the
aquifer water level rises because of the excessive recharge that oc-
curs during the enhanced melting of glaciers, this level can reach the
topographical level and cause flooding. One serious flood in 1998 in
Ecuador could be due to groundwater outflow, in interaction with
volcanic activity (Favier et al., 2008).

4.2. Landslides and rock slope failures

In the context of climate change, the large quantities of water re-
leased by glacier retreating, and the thawing of ice and permafrost
(both act as stability agents), are likely to trigger more and more fre-
quent landslides and rock slope failures (Huggel et al., 2012). Indeed a
greater amount of meltwater will probably lead to an enhanced re-
charge of aquifers. And enhanced recharge of aquifers can increase the
pore water pressure, which is a very important factor in deep-seated
landslides (Vallet et al., 2016; Nie et al., 2017), which can trigger or
participate to trigger landslides and rock failures (Andermann et al.,
2012; Wartman et al., 2016; Keller, 2017; Vallet et al., 2016; Nie et al.,
2017). Moreover retreat of glaciers leave behind great amounts of un-
stable material (Huggel et al., 2012), and the melting of important ice-
masses leads to debutressing, another landslide trigger (Comella et al.,
2017). Groundwater circulation also plays a role in the evolution of
deep-seated landslides (Comella et al., 2017).

Landslide frequency is increasing all over the world (Huggel et al.,
2012), especially in the Himalayas (Qiu, 2016), and in the Alps (Huggel
et al., 2012), where a substantial increase in the frequency of large
landslides events has been observed from the 1980s, and where a pre-
vious peak in the number of rock slope failures occurred around the

1940s, a period characterized by higher air temperatures (Huggel et al.,
2012). Furthermore over longer time scales (the Holocene), more
landslides are occurring during warmer and wetter periods in the Alps
and in the Himalayas (Huggel et al., 2012, referring to several studies).

A lot remains unknown in regard to landslides: e.g. the deep
groundwater in the Himalayas is poorly known, limiting the under-
standing of landslide risk (Nepal: Andermann et al., 2012).

5. Water resource evolution in catchments headed by temperate
glaciers

Meltwater is of great interest for human use considering on one
hand their low contamination and on the other hand their high po-
tential energy (Favier et al., 2008), and their easy access for mountain
populations. Climate change will impact the hydrology of glacierised
catchments, and probably pro-, peri- and sub-glacial aquifers. Climate
change will then affect the glacier related water resources (springs and
meltwater streams), and in some places they already are, for example in
the Hindu Kush Himalayas (Mukherji et al., 2015). Will the surface
water-aquifers interactions mitigate or worsen this evolution of the
available water resource? Somers et al. (2016) suggest that the im-
portance of groundwater as a resource will increase as glaciers shrink.
Socio-economic issues are important to address, to understand the im-
pacts of climate change and to conduct efficient adaptation research.
This can be done by integrating the groundwater component with re-
gional glacio-hydrological studies and ecological responses, as under-
lined by McDowell and Koppes (2017). The potential impacts of climate
change on domestic water availability will be first addressed, followed
by the ones on several economic sectors.

5.1. Potential social impacts

Changes, even small, in the climate or environment can have dra-
matic impact on those whose lives depend on local natural resources.
Glacier meltwater is a significant source of recharge for groundwater,
from which drinking water is extracted. About one-sixth of the Earth's
population relies on glaciers or seasonal snow packs for their water
supply (Barnett et al., 2005). For example in South America many
communities depend totally or partially on glacier-fed watershed
(Cordillera Blanca in Peru, Somers et al., 2016), about 2 million of
people in Bolivia (Guido et al., 2016), and in and nearby the Himalayas
up to 500 million people (Kehrwald et al., 2008) rely on the high ele-
vation glaciers, some entirely (in Ladakh, Schmidt and Nüsser, 2017).
Finally, Himalayan glaciers are headwaters of great rivers including the
Indus, Ganges and Brahmaputra rivers (Kehrwald et al., 2008; Mukherji
et al., 2015).

Concerns emerge about the evolution of the available water re-
sources for local populations: if glacier meltwater contributions will
initially increase as the glaciers lose mass, it will ultimately decrease as
they shrink, down to a cease of surface flow in the most dramatic cases
(Aðalgeirsdóttir et al., 2006; Guðmundsson et al., 2009; Aðalgeirsdóttir
et al., 2011). Groundwater resources might be affected too. Indeed in
Iceland, Levy et al. (2012, 2015) have already presented changes in
discharge and stream levels in Skaftafellsjökull valley, but also in
Skeiðarársandur, where lake levels have lowered dramatically, losing at
least a third of their surface and sometimes drying up completely be-
tween 1986 and 2012 (mostly after 1997), and groundwater level has
declined up to nearly 2m from 2000 to 2012 (no monitoring before).
The situation is particularly critical in many Andean catchments, as
glaciers retreat already reduces surface water resources coming down
from glaciers and high elevation mountains, in areas where populations
depend on them (Vergara et al., 2007; Baraer et al., 2015; Munoz
Martinez, 2016; Guido et al., 2016; Somers et al., 2016). Valleys
downstream of small glaciers will particularly be impacted, and in
Bolivia for example, most glaciers are small (< 0.5 km2, Guido et al.,
2016). Some springs used for domestic needs have already disappeared
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(Mark et al., 2010; Baraer et al., 2015), but some could maybe be
sufficient as a resource to replace stream water (Baraer et al., 2015).

Although some of the potential impacts of groundwater flux changes
under climate change are mentioned in the scientific literature, they
have not been studied in detail. Furthermore the role of groundwater as
a water resource is probably going to increase (Kristiansen et al., 2013;
Dochartaigh et al., 2016; Somers et al., 2016). For both these reasons,
more systematic studies of groundwater in glacierised catchments
should be carried out. The revival and strengthening of traditional
knowledge and water management techniques could also be helpful
(Ponce-Vega, 2015) to mitigate potential social impacts.

5.2. Potential economic impacts

Glacier meltwater is also a significant source of energy and a natural
resource for local economy, which are thus endangered by climate
change. We can expect impacts on different economic activities using
water, as detailed in the following paragraphs. Even if the use of surface
meltwater is generally predominant, the consequences on groundwater
have to be considered.

5.2.1. Agriculture through irrigation
Glacial meltwater is used for irrigation mainly in three regions: the

Himalayas, the Andes and the Alps.
In the Himalayas, springs that recharge partly by snow melt and

glacier melt are used for irrigation in Ladakh (Sudan and McKay, 2015),
or Nepal (Poudel and Duex, 2017), or Karakoram (Liu et al., 2016). In
Nanga Parbat (Pakistan, Nüsser and Schmidt, 2017) channels divert
meltwater for irrigation. Moreover the rivers in the two very large ir-
rigated areas of the Indo-Gangetic and North China plains are supported
by the snow-and-glacier-melt rivers of the Hindu Kush Himalayas
(Mukherji et al., 2015).

In the Andes surface glacial meltwater sustains farming in the
Cordillera Blanca valleys and commercial agriculture lower in the wa-
tershed (Peru, Somers et al., 2016). Groundwater is now virtually un-
exploited in Peru but historically it was (Ponce-Vega, 2015). The pu-
quio system of Nasca, drainage system of the Machu Picchu and muyus
of Moray, were all fed from groundwater, directly or through springs.

In the Alps, examples of irrigation from glacial meltwater exist in
Switzerland's Rhone Valley, where for hundreds of years, streams fed by
meltwater were diverted for irrigation (“bisses” system: Grove and
Grove, 1990; Reynard, 1995), and in the Upper Po basin (Ravazzani
et al., 2015), where numerous channels made, a long time ago, are still
distributing water. But the coming climate changes could cut their role,
and lead to smaller crop yields. However, the (winter) precipitation is
supposed to increase, and might be stored in the aquifers, creating a
new storage capacity for the water (Ravazzani et al., 2015).

Present irrigation systems in glacierised catchments in the
Himalayas, the Andeans or the Alps use mostly surface water, which is
often partly fed by groundwater, and also groundwater emerging in
springs. Thus, the evolution of pro-, peri-, and sub-glacial groundwater
are of interest for the future of irrigation both directly, and as a po-
tential replacement for decreasing meltwater. To lessen the effects of
decreasing meltwater, the following options can be explored: re-
activation of historical groundwater systems (Ponce-Vega, 2015),
community implication and education (Mukherji et al., 2016), or small
artificial glaciers (Ladakh, India: Norphel, 2009). Small artificial gla-
ciers are created by channelising stream water toward small dams near
the villages in the autumn. The water stored, turn to ice during winter,
and melt in the spring several weeks before the natural glaciers, higher
in elevation.

5.2.2. Energy: impacts on hydropower production
All the activities mentioned in this Section 5.2.2 use surface glacial

melt water, but any overexploitation of it, or change in surface flow due
to climate change, will make study of local groundwater necessary.

Local groundwater stock could be impacted by chain reaction, but could
also turn out to be an interesting substitution solution.

Natural storage of discharge in form of ice and snow in mountainous
or high latitude areas have a large potential for hydropower: estima-
tions made in Iceland suggested a potential of 187 TWh/year
(Jónsdóttir, 2008, from topographical and runoff map), and of 500 GW
in the Hindu Kush Himalayas region (Mukherji et al., 2015).

Thus, many hydroelectric plants are established in mountainous
area to use snow and glacial meltwater (e.g. Jóhannesson et al., 2011;
on the river Jhelum in Kashmir Himalaya, Mir et al., 2016). Hydro-
power provides 80% of energy in Peru and 50% in Ecuador (Vergara
et al., 2007), of which 10% is provided by the dams in the Cordillera
Blanca (Somers et al., 2016; Bury et al., 2011). Many more dams are
planned over the next 20 years in all the Andean area, mainly for hy-
dropower (Finer and Jenkins, 2012; Tinoco and Kondolf, 2017), with
no analyses of potential ecological and social consequences (Tinoco and
Kondolf, 2017; Finer and Jenkins, 2012). In Switzerland, hydropower
represents 50% of the total annual electricity production, and is de-
pendent on glacier and snow-melt (Schaefli et al., 2016). One of the
dams in the Upper Po basin (Italy, Ravazzani et al., 2015) derives water
supply from the ice-melt of two glaciers. In all those cases, glacier
shrinking will first lead to an increase in runoff, but then to a sub-
stantial decrease, which might affect the performances of hydropower
production. Vergara et al. (2007) estimate a diminution of power pro-
duction by 11 to 15% on the Rio Santa in Peru. In the cases where
runoff will increase for quite some years, it will not necessary lead to
much more power production, as the reservoir capacity of the stations
are not designed for such runoff (Sveinsson et al., 2010). The electricity
produced is sometimes used on site for industrial activities, e.g. alu-
minium production in Iceland (Krater and Rose, 2009; Bloxsome and
Óskarsdóttir, 2017).

Water shortage can cause conflicts between different uses, such as in
Peru in 2008 between farmers and a hydroelectricity company (Vuille,
2013; Somers et al., 2016).

Glacial melt-water is also used for other economic activities: some
industries (e.g. in the Andes, Somers et al. (2016); bar turning (pro-
cessing of revolution items) in the French Alps, Arve valley, Gide and
Houssel, 1992), and tourism. This last sector implies an increasing
pressure on water resources for accommodation in many regions, and
for ski resorts, in the Alps. Alpine ski resorts use artificial snow on a
regular basis. This technique is highly water and energy consuming,
and is used more and more as natural snow coverage is declining. The
snow-making costs (snow guns, high-elevation reservoirs) are covered
by the resorts, and supported by local government (see for example
Auvergne-Rhône-Alpes region Mountain Plan, 2016). Of less sig-
nificance but worth mentioning here is glaciers also have an added
marketing interest in the form of bottled drinking water, which is being
marketed in many northern countries.

6. Conclusion and research perspectives

The water cycle in catchments headed by temperate glaciers is
crucial as a resource for many populations, and is strongly affected by
climate change. It also plays a central role in many natural hazards. The
role of groundwater has long been the neglected part of this water cycle
in scientific studies and management plans. But overlooking the study
of groundwater is a hindrance to an effective response to the challenges
which have and will have to be dealt within catchments headed by
temperate glaciers and downstream of them around the world.

Numbers of aquifers have been identified in catchments headed by
temperate glaciers. Some of them have been studied, revealing the
following features:

- The importance of glacial melt-water recharge, both sub-glacial and
pro-glacial;

- The enhanced melt-water recharge in warmer climates;
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- The strong connection between surface water and groundwater;
- The heterogeneity of hydraulic conductivities;
- The high aquifer potential of some typical glacial and peri-glacial
formations;

- And the role of groundwater (e.g. through pore water pressure) in
landslides triggering.

The main knowledge gap identified in this review is the lack of
information on the particular hydrogeology (aquifer characteristics and
dynamic) encountered under and downstream of glaciers, i.e. sub-, pro-
and peri-glacial hydrogeology, and its role in the catchment dynamic.
Several questions should have priority:

- What is the dynamic and quantification of recharge of groundwater
by glacial melt-water? And in particular how can sub-glacial
groundwater flow and sub-glacial surface flow be (clearly) described
and quantified?

- What are the (respective) roles, and the hydraulic characteristics, of
the fractured bedrock and the glacial and peri-glacial formations in
the groundwater system?

- Where are the aquifers of catchments headed by temperate glaciers
outflowing, and how much are they discharging into e.g. deeper
regional aquifer systems or offshore fresh groundwater stocks in
littoral zones?

The sensitivity of groundwater fluxes to climate change, and climate
change potential impacts in terms of resources and natural hazards, is
yet to be addressed in all catchments headed by temperate glaciers.
They are of major importance for their populations, in terms of socio-
economic impacts: natural resource availability and security from nat-
ural hazards.

To address the gaps in the knowledge of the hydrogeology of
catchments headed by temperate glaciers, interdisciplinary research at
the interface of climate change, glaciology, geomorphology, surface
hydrology, hydrogeology, geosciences and socio-economical sciences is
needed. First of all hydrogeological knowledge of glacierised water-
sheds should be systematised, and connected to the surface and atmo-
spheric components. Indeed while the studies mentioned in this review
give a first overview of successful approaches to assess the role of
groundwater in pro-glacial contexts and/or glacierised catchments,
systematic and comparative studies still have to be done for the un-
derstanding of aquifers dynamic and water flux quantification. The
gathering of field data such as groundwater level, temperature, electro-
conductivity, but also location of springs and surface water discharge,
as well as hydrodynamic properties (measured thanks to hydraulic
tests) will allow characterisation of aquifer systems.

Such data, in addition to the data existing generally (topography,
geomorphology, weather) or relatively frequently (surface water), can
be used to build and validate comprehensive numerical models, spa-
tially distributed and physically based. These models facilitate better
understanding of hydrogeological systems around the world, and allow
predicting their response to climate change. Hydrogeological numerical
models should test at the minimum the hypothesis of 1-layer (e.g. tills
or fractured bedrock) in 2D and 2-layers (e.g. tills and underlying
fractured bedrock) aquifers systems in 2D-cross sections or 3D. If ex-
tended geological data exist or is acquired, complex geometries can be
considered in full 3D. In case of proximity to the coastline, part of the
undersea domain should be taken into account to manage the boundary
condition with the sea at best, an important one to study the potential
formation of offshore ground freshwater stock. And in addition to
classic flow equations, the effects of temperature variations on water
viscosity and density may be taken into account, although neglecting it
in a first approach can be acceptable (Lemieux et al., 2008).

Simulation tools used in existing models of former or present large
ice sheets could be evaluated in the glacierised catchments context.
However references to those models should be done with caution, as

they often consider the sub-glacial flow and part of the groundwater
flow as one single component.

Data analysis and numerical runs should particularly look at: (i)
Localisation, mechanism, quantification and evolution of the recharge
of aquifers during the glacier retreat; (ii) Aquifers discharge (typology
and quantification); (iii) Spatial heterogeneity of glacial aquifers hy-
draulic conductivity; (iv) Groundwater dynamics during and after the
retreat of the glacier; (v) Surface-subsurface-deep water exchanges,
including the clear distinction and quantification of sub-glacial flow
(strictly between the ice and the ground) and sub-glacial groundwater
flow.

Application of climate forcing and melt forcing in the models will
allow prediction of future conditions, including exploration of the po-
tential future hydrological response to climate.

To enable adequate resource response management and adaptation,
sociological studies should also be done. And as a first step toward
social reaction and adaptation, a participatory approach could complete
the physical one. Indeed the acquisition of data can be an effective way
to involve local populations in the understanding and protection of the
local water resources. Involvement of local people in field work and
data gathering can be considered, such as practised in the “Barefoot
Hydrologists” technique (Mukherji et al., 2016). Moreover the partici-
patory approach can lead to the elaboration of several deliverables, to
be used for mainstream communication.

The integrative multi-disciplinary approach of research in catch-
ments headed by temperate glaciers should allow to contribute to an-
swer key scientific questions such as the formation of offshore fresh
groundwater stocks. This approach will also help to develop optimal
management, for a better preservation of natural resources and pro-
tection from natural hazards.
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