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Introduction
Recently, the dialogue on water and the environment has significantly shifted towards ways in
which the environment can not only be conserved but managed to meet human needs
sustainably, with a focus on working with nature to produce co-benefits for both people and
nature. The World Water Development Report 2018: Nature-based Solutions for Water has
contributed importantly to the dialogue [3]. As part of this shift, groundwater and the subsurface
environments that contain it (aquifers) are increasingly seen as strategic and integral resources
(natural capital) for providing water supplies and other natural ecosystem services that support
human development and resiliencei [2]. In a complex world influenced by population growth,
climate change, and demographic and environmental changes, it is increasingly important to
enhance, manage and sustain services derived from groundwater and the subsurface.
Technological advances and increased knowledge and expertise related to groundwater, and the
subsurface and environmental processes make it possible to develop a broad portfolio of
approaches that permit better management of these natural resources and services. Purposefully
and strategically managing groundwater services and associated environments enhances the
resilience of populations and economies, while sustaining desirable ecosystem functions.
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Managing and optimizing underground water storage can increase resilience in dry periods or
seasons of uncertain and variable climate. The option of building more surface water reservoirs is
increasingly limited by decreased runoff, reservoir siltation, environmental concerns and the fact
that in many countries, the most cost-effective and viable sites have already been used. In
addition, increasing temperatures lead to increased water loss through evaporation. Aquifer
recharge, storage and recovery are being adopted as a viable alternative [4]. Managed aquifer
storage plays a key role in helping communities to adjust to climate variability and uncertainty by
enabling irrigators and other users to continue having access to water during droughts. Aquifer
storage can be more sustainable and cost-effective than traditional human-built, or “grey,”
infrastructure such as dams [3] [5]. Also, in contrast with centralized surface storage, managed
aquifer recharge (MAR) is decentralized, allowing for the diversification of water source types used
to augment recharge (e.g., treated wastewater and urban stormwater). This helps build local
resilience [5].
Another issue is how to use naturally occurring biophysical and chemical processes in the
subsurface to better enable communities to maintain or enhance water quality for different
purposes. In many cases, the options provided by subsurface solutions to enhance water quantity
or quality are cost-effective and replace or complement other types of interventions that rely on
built infrastructure on the ground, like surface storage dams and water treatment plants.
Groundwater-based Natural Infrastructure (GBNI) offers a variety of co-benefits, like flood control,
water purification, conjunctive use, habitat benefits and recreation.
A diverse menu of interventions called GBNI solutions can provide critical services and multiple
benefits that hinge on controlling groundwater processes.
Definition of Groundwater-based Natural Infrastructure solutions:
Human approaches or interventions that intentionally utilize and manage groundwater and
subsurface systems and processes in order to increase water storage, retention, water quality
and environmental functions or services for the overall benefit of water security, human
resilience, and environmental sustainability
What are GBNI solutions, and what do they do?
GBNI solutions are an extension of historical reliance on and exploitation of groundwater and its
associated natural services (Figure 1). However, with GBNI, these services are intentionally
enhanced and managed for multiple benefits, with strong emphasis on achieving environmentally
sustainable outcomes, while focusing on provisioning services from groundwater pumping, such
as water for multiple uses. The World Water Development Report 2018: Nature-based Solutions for
Water [3] has focused the water and environment dialogue on ways in which the environment can
be managed to meet human needs for water and other ecosystem services. While including
examples that involve groundwater and the subsurface, however, the report falls short of a
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comprehensive overview of GBNI. Hence, we present here an integrated framework and examples
of the multiple and often interlinked solutions provided by groundwater and the subsurface for
water management and environmental protection.

Figure 1. Conceptual diagram of the many ecosystem services associated with groundwater on a landscape
scale. People benefit from and influence ecosystems throughout the process (source: WLE 2015 [10]).

GBNI solutions take advantage of the natural processes of water infiltration, purification, storage
and discharge, enhancing them through human intervention to achieve economic, social and
environmental outcomes. The solutions are organized according to four key contributions: (1)
water availability, (2) water retention, (3) water quality, and (4) environmental functions (see Table
1). The relative importance and feasibility of the various services and benefits that GBNI can
provide vary, depending on the natural and socioeconomic context; but often the benefits are
somewhat interlinked, and the GBNI solutions are often developed with multiple objectives in
mind.
GBNI refers to natural (“green”) infrastructure and processes that depend on groundwater and/or
aquifers. Some elements of built (grey) infrastructure (e.g., water wells or detention storage basins)
may form part of GBNI solutions in order to enhance and manage the natural infrastructure. A
combination of green and grey infrastructure and related integrated interventions are likely to
provide the most effective and efficient solutions in particular cases [4].
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Table 1 provides a framework for and typology of the main types of GBNI solutions, and various
policy interventions that support their implementation. This classification focuses on GBNI for
providing water for human uses, while improving resilience and environmental conditions. It does
not specifically address the management and protection of in-situ aquifer biodiversity and
ecosystem health [6]. Nor does the framework take into account subsurface natural infrastructure
and services associated with the subsurface space (like geotechnical functions, and storage and
deposition of material and waste in the subsurface) or with extractable non-water subsurface
resources (like minerals and energy) [7].
Green and grey infrastructure related to GBNI
A wide range of GBNI solutions provide a buffer against droughts and floods (GBNI Functions 1
and 2 in Table 1). Various water sources, including rainfall, runoff, river water, stormwater and
treated wastewater, are used to augment underground storage. GBNI often relies on other sources
of water and is predicated on conjunctive management of water resources. Green infrastructure
for buffer solutions includes natural floodplains, temporal wetlands, improved soil and landscapes.
GBNI solutions that enhance water purification (GBNI Function 3 in Table 1) utilize natural
infrastructure, including the subsurface environment with its natural (bio)filtration, attenuation,
and carbon and nutrient regulation processes [6]. Grey infrastructure supporting GBNI includes
infiltration wells or basins supporting MAR, wells for pump-and-treat, subsurface reactive barriers,
etc. These approaches are supported by policy interventions, such as protection of recharge zones,
land use regulations, groundwater use entitlements, groundwater markets, groundwater quality
standards, and reserve or environmental flow requirements (see Table 1).
Examples of GBNI solutions from implementation around the world
Table 1 includes links to diverse cases around the world in which GBNI solutions have been applied
to enhance water and environmental security. These differ not only in terms of the purpose of the
GBNI technology but also the overall context of the intervention and its possible integration into
wider strategies and management approaches to water, land, environment, infrastructure and
livelihoods at various scales. The cases illustrate both positive outcomes as well as challenges.
Summing up benefits and challenges with GBNI
Groundwater is often utilized and managed unsustainably, with poor outcomes for people and
the environment [8]. GBNI solutions provide opportunities to:
 enhance sustainable management of groundwater;
 raise awareness of the need to deliberately incorporate solutions based on groundwater
into nature-based solutions [4];
 offer a broader portfolio of solutions for water security, resilience and environmental
sustainability;
 promote integrated and conjunctive water resources management; and
 optimize environmental outcomes of nature-based solutions.
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Table 1. Types of GBNI solutions.
Function

Goal

1. Groundwater
storage









2. Water
retention/reg
ulation







1

Solution

Increased water
security
Restoring
depleted
aquifers
Counteract
subsidence
Counteract
coastal saline
intrusion
Increased water
supply

Managed
aquifer
recharge
(MAR), aquifer
storage and
recovery (ASR)

Increased
climate change
resilience
Increased
disaster risk
reduction (DRR)
Increased water
supply

MAR and ASR
during
floods/wet
periods and
recovery
during dry
periods

Green
infrastructure
 Natural
infiltration
 Revegetation
 Conservation
agriculture1

Grey infrastructure







Water
retention/infiltrati
on basins
Runoff harvesting
In-channel
mechanisms
Recharge wells
Riverbank
filtration

Policy intervention











Floodplains
Wetlands/lakes








Water
retention/infiltrati
on basins
Runoff harvesting
In-channel
mechanisms
Irrigation canals
Recharge wells






MAR policies
Protection of recharge
zones
Managing
groundwater discharge
Land use regulations
Managing
groundwater
use/entitlements
Groundwater
markets/payments for
ecosystem services
(PES)
Climate change
adaptation
DRR policies
Land use regulations
Managing
groundwater
use/entitlements

Conservation agriculture is based on three principles: minimal soil disturbance, permanent soil cover and crop rotations (http://www.fao.org/ag/ca/).
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Function

Goal

3. Water quality






4. Environmental
support







Improved water
quality
Enhanced
environmental
quality
Counteract
coastal saline
intrusion

Increased
environmental
flows
Protected
biodiversity
Increased water
supply
Increased
aesthetic value

Solution







Water
purification
through
(partial) insitu
processes
MAR and
ASR

MAR and
ASR
Natural
recharge
and
discharge
protection

Green
infrastructure
 Subsurface
environment
providing:
 Natural and insitu attenuation
of contaminantsii
 Carbon and
nutrient
regulationiii
 Riparian buffer
strips






Protecting
springs
Protecting
pressure of
artesian aquifers
Protecting
natural recharge
and discharge
areas

Grey infrastructure















Policy intervention

Pump-and-treat
solutions
Managed/enhance
d in-situ soil and
aquifer treatment
Reactive
subsurface barriers
Subsurface dams
Riverbank
filtration
Injection wells in
coastal areas



Water/runoff
retention/infiltrati
on basins
In-channel
mechanisms
Irrigation canals
Recharge wells
Capping freely
flowing artesian
wells
















(Ground)water and soil
quality standards
Groundwater and soil
protection policies
Pollution liability
regulations
Stormwater,
wastewater and
sanitation policies

Reserve/environmental
flow requirements
(Ground)water quality
standards
Recipient
environmental quality
standards
Land use regulations
Managing
groundwater
use/entitlements
Regulation of
recharge/discharge
Regulation of
boreholes and drilling
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The success of the wide spectrum of novel GBNI solutions should be gauged according to various
criteria, including bankability, social acceptance, equitable access to benefits, environmental
sustainability, proper operation and maintenance, and adequate institutional and policy
frameworks. Green and grey infrastructure are sometimes presented as separate solutions. With
GBNI solutions, green infrastructure is key. However, green and grey infrastructure solutions are
often combined and supplement each other in order to address specific problems with
groundwater overexploitation and/or environmental and water quality. Consequently, one GBNI
solution may serve several functions, e.g., water storage as well as environmental flow regulation.
In order for GBNI solutions to fulfil their promise and prove sustainable, it is important to develop
critical knowledge and capacities, while generating evidence from particular contexts. A poor
understanding and inadequate control of the processes involved with GBNI solutions could
undermine the approach, leading to further deterioration of already degrading subsurface
environments and services (see example here). Also, GBNI needs to be integrated into wider
strategic and basin-scale approaches. Localized and distributed recharge interventions can be
positive but are not sufficient if not considered as part of a larger basin-scale approach – one in
which land and water management are integrated in order to preserve and use groundwatersurface water interactions for the benefit of managers, users, and the environment (see example
here). GBNI mostly depends on healthy aquifers and may not be viable if aquifers are polluted or
excessively depleted. On the other hand, GBNI may provide partial solutions to groundwater
depletion and to certain types of contamination. However, GBNI will only be successful if
accompanied by proper groundwater management and policies, and sufficient investment in
knowledge development and infrastructure. If groundwater is not managed properly and in
conjunction with other water sources, the replenishment of aquifers with additional water could
inadvertently lead to further overexploitation or degradation of aquifers and water resources more
broadly, as users will find more water to pump or use groundwater for uncontrolled dumping of
waste. The replenishment and recharge of aquifers and use of aquifers for water quality protection
should be seen as means to increase resilience and secure water supplies for all. Hence, this
approach needs to be coupled with sound land use management, water governance,
environmental monitoring, conservation practices in agriculture, increased efficiency of use, etc.
Networks around GBNI
GBNI receives important and increasing support through various networks. The Groundwater
Solutions Initiative for Policy and Practice (GRIPP) with its many partners and other organizations
has compiled the information presented in this document. The International Association of
Hydrogeologists (IAH) Commission on Managed Aquifer Recharge, among others, works
extensively to promote and sustainably develop MAR. The global portal for managed aquifer
recharge (Global MAR Portal) provides access to information on about 1,200 MAR interventions
globally. The success of MAR solutions depends on careful, site-specific planning, often done
using computer simulations [9]. The INOWAS platform is a free, web-based modelling platform,
which supports stakeholders in planning, assessing and optimizing MAR interventions. It is
imperative to further develop the community of practice around GBNI solutions to raise
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awareness, create knowledge and achieve more beneficial implementation and outcomes of these
integrated solutions.
For further information, contact GRIPP.
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Facts on groundwater. Aquifers (subsurface water reservoirs in geological porous media)
store 98-99% of the liquid freshwater on Earth, up to 10 million km³ [1]. Globally, 2.5 billion
people depend on groundwater to satisfy their basic water needs. Groundwater accounts
for 43% of all water used for irrigation. Aquifers also have important ecological functions,
such as maintaining base flows of rivers, lakes and wetlands; maintaining soil moisture and
water temperature in connected streams and estuaries; and recycling and regulating
nutrients. Sustainable management of groundwater is vital for terrestrial, coastal and
estuarine aquatic ecosystems, and for their functions and services. Likewise, sustainable
management of land and surface water resources is vital for sustainable services from
groundwater. Water in the subsurface and the services these systems provide are critical for
sustaining human life and nature [2].
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i

The capacity to respond and adapt to change.
The United States Environmental Protection Agency (US EPA) defines natural attenuation as "a variety
of physical, chemical, or biological processes that, under favorable conditions, act without human
intervention to reduce the mass, toxicity, mobility, volume, or concentration of contaminants in soil or
groundwater. https://toxics.usgs.gov/pubs/eos-v82-n5-2001-natural/
iii
This includes conversion, retardation, immobilization, inactivation and elimination of contaminants [5]
ii
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