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Outline

Managed aquifer recharge (MAR), also called groundwater 
replenishment, water banking and artificial recharge, is the 
purposeful recharge of water to aquifers for subsequent 
recovery or environmental benefit. 

----- IAH-MAR Commission



Surface:

Towards a Risk-Based 
Regulatory Approach

Dillon, P., W. Alley, Y. Zheng, and J. Vanderzalm (eds.), 2022, Managed Aquifer Recharge: Overview 
and Governance. IAH Special Publication. https://recharge.iah.org/ ISBN 978-1-3999-2814-4

Sub-surface:
 Recharge Basin/Ditch/Pond

 Soil Aquifer Treatment (SAT)

 River Bank Filtration (RBF)

 In-Channel Modification

 Recharge Well

 Aquifer Storage 
Recovery (ASR)

Source Water:

 Natural & Drinking 
Water

 Storm & Flood Water

 Recycled Water & Blends

Water Resource Infrastructure

 Challenges in Governance: 
water rights and water quality risks

Zheng et al. (2022) The 21st Century Water Quality Challenges for Managed Aquifer Recharge: 
Towards a Risk-Based Regulatory Approach. Hydrogeol J 



 Cost-benefit and sustainability analysis of 
28 diverse Managed Aquifer Recharge (MAR) 
cases in operation over many years;

 Irrefutable evidence that MAR produces a 
wealth of benefits from integrated 
management of a wide range of conventional 
and un-conventional water resources, 
paving the way for global adoption to achieve 
sustainable development goals for water.

Zheng, Y., Ross, A., Villholth, K.G. and Dillon, P. (eds.), 2021. Managing Aquifer 
Recharge: A Showcase for Resilience and Sustainability. Paris, UNESCO, pp379.

https://recharge.iah.org/
unesco-iah-mar-
publications

5 North America cases: 
Orange County, California; Platte Riv. Nebraska; 

Hilton Head Island, South Carolina; Central Arizona;
San Luis Río Colorado, Sonora, Mexico



Part I

21st Century Water Quality Challenges 
for Managed Aquifer Recharge



深圳大鹏发现布氏鲸尸体，疑似“小布”
体外无明显伤口，死因未知

Novel chemical and biological entities         unsafe operating space?

21st Century Water Quality Challenges

RockstrÖm
Nature 2009

Steffen et al
Science 2015



深圳大鹏发现布氏鲸尸体，疑似“小布”
体外无明显伤口，死因未知

Mismatch in goals and scales of toxicology based environmental 
health risk assessment and systems approach based risk assessment

Priority: Human health>aquatic organisms>microbes>groundwater>soil？

Dillon et al 2019

21st Century Water Quality Challenges

A paradigm shift:
Experimental animals and 

apical end points
In vitro tests and 
computational techniques

Validity of Toxicity Assessment: Metabolism
in vitro tests problems:
(a) modeling human metabolism
(b) maintaining tissue-specific function in vitro 
(c) selecting an appropriate xenobiotic
metabolizing system
(d) keeping enzyme activity stable over time
(e) the adverse effects to toxicity-indicator cells 
of subcellular metabolizing fractions
(f) the testing of mixtures of chemicals that 
might require different enzyme systems
(g) the inactivation of exogenous 
biotransformation systems, due to exposure to 
certain solvents and test substance

NRC, 2007

???



深圳大鹏发现布氏鲸尸体，疑似“小布”
体外无明显伤口，死因未知

Uncertain human and ecosystem health risks from novel entities

Confined Aquifer

Unconfined aquifer

SMART
Sequential MAR Technology

Surface -> unconfined -> confined

Baoding Plain 
MAR suitability index
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21st Century Water Quality Challenges

https://www.mar-china.geus.dk/

Hellauer et al (2018) J Hydrol
Redox manipulation; Berlin Germany



深圳大鹏发现布氏鲸尸体，疑似“小布”
体外无明显伤口，死因未知

~ 350,000 chemicals, ~80,000 in frequent use, 
>80% with uncertain or unknown toxicity

Inj. Well

Rec. Well

Fresh

Saline

Mixture
MAR regulates hydraulic retention time:

log reduction of virus, biodegradation of trace organic contaminants, etc

21st Century Water Quality Challenges

Page et al (2010) Wat Res Ma, M. et al (2019) EST; Ma, Y. et al (2010) Wat Res (2021)

Courtesy: Peter Dillon



Managed Aquifer Recharge in North China Plain
https://www.mar-china.geus.dk/



Zhu and Dou (2018)

Yr 2020

Urban reclaimed water use： 14.6 billion m3 

(23.3% of total urban supply)

Beijing: ~ 1 billion m3 

Treated waste water reclaimed for landscaping & env. use

Beijing

Shenzhen Central Park



Surface water Shallow groundwater

Beiyun River in Beijing, the North China Plain: >90% of flow is reclaimed water. 
(Beijing Institute of Geo-Environment Monitoring 2018&2019)

Risks from incidental recharge during environ. reuse



Fe
 (

μ
g
/L

)

DOC consumption         →     Fe dissolution                 →  As mobilization

NCP
aquifer 
sediments

Beiyun
riverbed 
sediments

(Yuxia Yang, Master thesis, 2020)

• Five out of six Beiyun organic rich riverbed sediments incubated show > 10 mg/L As 
released concurrent with Fe mobilization and DOC consumption. 

• Consumption of DOC did not trigger much Fe and As release for all 10 organic poor, 
Baoding Plain aquifer sediment

Risk I: Mobilization of Arsenic Revealed by Batch 
Incubation Experiments



Batch and Column Experiment Key Findings

→ Batch: 

Redox-dependent biotransformation of sulfonamide antibiotics 

exceeds sorption and mineralization (Ma et al 2021).

→ Column: 

Substrate limitation is associated with slow biodegradation of 

sulfonamide antibiotics across oxic to anoxic conditions (Ma et al in 

prep).

Unknown metabolites/intermediate biodegration products are concerning. 

Sulfonamides ：
SMX, SDZ, SMZ



• Batch-1: Sorption tests
• Batch-2: Mineralization tests
• Batch-3: Removal tests → Biodegradation

Percentage of removal attributed to sorption, mineralization, and biodegradation 
during (A) oxic and (B) anoxic (NO3

--reducing) degradation tests.

(Yunjie Ma et al , Water Res. 2021)

Sulfonamide Removal: 
biodegration >> sorption > mineralization



The first-order degradation kinetics 
t1/2,oxic = 12 ± 11 days 
t1/2,anoxic, day 28 = 69 ± 25 days
t1/2,anoxic, day 2 = 1.1 ± 0.3 days

Proposed transformation processes in SMX 
biodegradation under oxic and anoxic conditions. 

Yunjie Ma et al, Water Res. 2021

SMX Degradation Kinetics: 
Oxic > Anoxic

In situ experiment t1/2,suboxic/anoxic:3.1 ± 0.2 days; 6.5 ± 0.6 days  Meng Ma et al, ES&T, 2019



Sulfamethoxazole (SMX) degradation rates through in situ experiment

Exp Well 4-5 Inj Well 4-4 

Ma, Dillon & Zheng. 2019. ES&T



Sulfonamide removal (%) of SDZ, SMZ and SMX, and the total production of three SMX 
metabolites (% to initial SMX concentrations) in different redox zones over 120-day infiltration.

(Yunjie Ma, submitted to Water Research)

Removal is limited by substrates and reaction time! 
Some removalRemoval: +C +NH4 Little removal

Riverbed 
sediments



Summary

• Incidental recharge due to large scale reclaimed water use for landscaping and environmental flow 
purposes in the North China Plain is a threat to groundwater quality by introducing not-so-
biodegradable contaminants of emerging concerns such as sulfonamide antibiotics and by 
mobilizing geogenic contaminant such as arsenic.  

• In water-sediment systems, the removal of sulfonamide antibiotics is primarily via biodegradation 
involving microbes, however, it is redox-dependent, usually incomplete with unknown metabolites, 
with variable degradation kinetics possibly influenced by substrate availability and retention time. 
Acceleration of biodegradation and full mineralization through manipulation of hydraulic retention 
time, primary substrates, and redox conditions etc. need to be investigated. 

• To protect human and ecosystem health, regulations governing water recycling will do well to 
address risks associated with incidental recharge, and better yet, developed with enabling 
managed aquifer recharge to take advantage of the soil-aquifer systems natural attenuation abilities. 



Next: How to accelerate & enhance biodegradation?

Riverbank filtration
Reclaimed water

Engineering: 
Redox & retention time 

manipulation

PRB barriers

Robert Maliva, Thomas Missimer (2012)

Courtesy: Jens Aamand of GEUS



Part II

Reasons for MAR regulations



https://recharge.iah.org/

Global MAR Inventory                                    Quantity (km3/yr)

Asia
292

Africa
43

North 
America

314

South 
America

112

Europe
280

Oceania
95

Courtesy: Catalin Stephan

1136 cases
60 countries

Groundwater 
Use in 2010

MAR 
Quantity 
in 2015

%MAR of 
GW Use

Global 982 9.9 1.0%

USA 112 2.5 2.3%

Australia 4.96 0.41 8.3%

China 112 0.106 0.1%

India    
(5 states)

39.8 3.07 7.7%

Denmark 0.65 0.00025 0.0004%

Finland 0.28 0.065 23.2%



Lack of clarity in governance amplifies other barriers for MAR as a 
tool to integrate surface water and groundwater management 

Perception of Risks
Too many unknown risks, therefore not worth taking them
Fear of using MAR to dispose of waste water
Groundwater storage is invisible
Scientific Understanding of Risks and Benefits
Not enough in-depth investigations 
Project implemented without research
Engineering Know-How
Mostly surface methods: In-channel, spreading, and induced bank infiltration
Limited role of private sector
Governance
Few have detailed guidelines like Australia
Few have enacted regulations like Arizona

Dillon, P., W. Alley, Y. Zheng, and J. Vanderzalm (editors), 2022, Managed Aquifer Recharge: Overview and Governance. IAH 
Special Publication. https://recharge.iah.org/ ISBN 978-1-3999-2814-4

Reason I



Chaobai River, Beijing MAR

SNWD water from Sept 2015:

 Total amount of recharge: 270 Mm3

 More in wetter years 

Chaobai River Before: 
Dry River Bed

Chaobai River Now: 
In-Channel MAR

SNWD

Alternating
Dry & Wet
Recharge

Courtesy: Binghua Li/BWSTI

2021 GWMRC
Artificial recharge of groundwater shall comply with the relevant water 
quality standards and shall never deteriorate groundwater quality.



Source water for recharge and groundwater quality risks during in-
channel & spreading basin MAR need management

Reason II

Zhao et al. 2021. Screening of organic chemicals in surface water of the North 
River by high resolution mass spectrometry. Chemosphere. 290:133174

Drinking water source for Guangzhou: North River
402 trace organic pollutants

129 Groundwater 
Monitoring wells 



CECs

Normandy, France

TN

Pond（3.5ha)+Aquifer (2-10m)

MAR

Purpose: Environmental ;  Treated Waste Water Recharged: 500 – 5000 m3 per day    

26

Successful Reclaimed Water MAR

Picot-Colbeaux et al. (2021). Case Study 17: Sustainable coastal MAR-SAT system in Agon-Coutainville, Normandy, France in Zheng et al (eds). Managing Aquifer 
Recharge: A Showcase for Resilience and Sustainability, UNESCO, Paris.



Reclaimed water with high nitrogen, phosphorus and other pollutants threatening 
vulnerable coastal ocean ecosystems. 

Treated Waste Water
Small 
Creek

WWTP: Secondary

MAR:

Coastal sea

Shenzhen Coast

Wetland + SAT + in-channel PRB

Reason III
Underutilization of natural treatment ability and storage 
capacity of coastal brackish aquifer



Bangladesh: Micro MAR
Purpose: Recharge and store freshwater 
for drinking in 9-months long dry season.
 Year constructed: 2010

 Annual Recharge:  0.000667 million m3

 Annual Recovery:  0.000226 million m3

 Cost of Recovered Water:  US$ 5.3 per m3

 Benefit Cost Ratio: 1.5 (compared to RO)

 Sustainability Rating: Good (1.3)

 Risks:  clogging

arsenic in ~ 10% of the schemes
Ahmed et al. (2021). Case Study 1: A resilient drinking water supply using aquifer storage 
recovery for coastal communities in Batiaghata, Khulna, Bangladesh. in Zheng et al (eds). 
Managing Aquifer Recharge: A Showcase for Resilience and Sustainability, UNESCO, Paris.

Sultana et al. (2015). Low-Cost Aquifer Storage and Recovery: Implications for Improving Drinking 
Water Access for Rural Communities in Coastal Bangladesh. J. Hydrol. Eng. , 
10.1061/(ASCE)HE.1943-5584.0001100 , B5014007. Construction of Recharge Wells in Coastal Bangladesh



Part III

Improving MAR Governance 



Locations of 28 MAR Schemes: Recharge methods and volume, source water types

Natural or Drinking Water (18)

Urban Stormwater (1)

Source water

Recycled Water and Blends (9)

Zheng, Y., Ross, A., Villholth, K and Dillon, P. (eds)  2021. Managing Aquifer Recharge: A Showcase for Resilience and 
Sustainability, UNESCO, Paris, France, pp.365

Mean Annual Precipitation (mm) 
1950-2000

Recharge Wells (7)

Surface Methods (14)
Riverbank Filtration (4)

Recharge Volume

Recharge Method

Combinations (3)

<105 105 - 107 > 107 (m3/yr)



MAR is cost effective

 MAR schemes achieved the 
same purpose at less than 
half the cost of alternatives. 

 Unit cost is higher for 
recycled water schemes 
than that of natural water 
schemes.

Recycled
0.75 $/m3

Natural
0.16 $/m3

RBF
0.10 $/m3

Ross, A. (2021). Chapter 4. Economic Costs and Benefits of Managed Aquifer Recharge Case 
Studies. in Zheng et al (eds). Managing Aquifer Recharge: A Showcase for Resilience and 
Sustainability, UNESCO, Paris.



MAR is sustainable
 MAR helps to maintain groundwater 

balance, though recharging recycled 
water can be energy intensive.

Vrecovered/Vrecharged (n=26)
• Range: 0.0-8.3
• Mean: 1.4 ± 1.7

River Bank Filtration (n=3): 
• 1.1, 1.2, 1.4

Vrecovered/Vrecharged>2 (n=4)
• London UK for drought: 3.2
• Sergovia Spain for drought: 3.6
• Windhoek Namibia for drought: 2.9
• Rajasthan India for drought: 8.3

Zheng et al (2021). Chapter 3. Assessment of Environmental and Social Sustainability of 
Managed Aquifer Recharge Case Studies. in Zheng et al (eds). Managing Aquifer Recharge: A 
Showcase for Resilience and Sustainability, UNESCO, Paris.



Zheng et al (2021). Chapter 3. Assessment of Environmental and Social Sustainability of Managed Aquifer Recharge Case 
Studies. in Zheng et al (eds). Managing Aquifer Recharge: A Showcase for Resilience and Sustainability, UNESCO, Paris.

Table 4. Location, Purpose, Technique, Size, and Energy Intensity of MAR Cases from 5 North American Countries from Zheng et al 2021
Total Ratio Indicator1:

Volume 
(1000 
m3/yr)

Energy 
Intensity 

(kWh/m3)

Volume 
(1000 m3/yr)

Energy 
Intensity 

(kWh/m3)

Energy 
Intensity 

(kWh/m3)

Vrecovered/

Vrecharged

Expert 
Mean 2

Orange County, CA Domestic/Drinking IBs for Santa Ana River 148000 0.06 148000 0.45 0.51 1.0 Good 2.1
Platte River, NE Ecological Flow Rehabilitated Irrigation Canals 8380 1290 0.2 Good 2.4
Hilton Head, SC Domestic/Drinking ASR of Drinking Water 1000 1000 0.3 0.30 1.0 Good 1.2

Arizona Water Banking IBs+ for Colorado River 342000 1.23 - 2.16 76000 0.48 - 0.91 2.39 0.2 Good 1.5

Mexico Sonora Agricultural Infiltration Basins of Treated Effluent10500 0.08b 31500 0.175 3.0 Acceptable 0.9

a IB = Infiltration basin, ASR = Aquifer Storage and Recovery, ASTR = Aquifer Storage Transfer and Recovery, RBF = Riverbank Filtration, UF = Ultra-Filtration, RO = Reverse Osmosis
  UV = Ultra-violet
b Excluding waste water treatment energy, for water conveyance to infiltration basins only
MAR using treated effluent is marked in red with a high mean energy intensity of 1.71 kWh/m3; RBF is marked in blue with a mean energy intensity of 0.32 kWh/m3; 

Rating by 
Two Experts

USA

Recover/Discharge

Country Location Purpose MAR Techniquea

Recharge 





Zheng et al (2021). Chapter 3. Assessment of Environmental and Social Sustainability of Managed Aquifer Recharge Case 
Studies. in Zheng et al (eds). Managing Aquifer Recharge: A Showcase for Resilience and Sustainability, UNESCO, Paris.



http://www.environment.gov.au/water/quality/publications/nwqms-australian-guidelines-water-recycling-managing-health-phase2-aquifer-recharge

Arizona, USAAustralia

• In 1980, the Groundwater 
Management Act is signed 
into law by then Governor 
Babbitt. 

• The Act established the 
Arizona Department of Water 
Resources to secure long-
term dependable water 
supplies.

• Groundwater Banking 
Innovation: Credit

Risk-based approach 
adopted for MAR in the 
Australian guideline for 
water recycling Phase 2 
& groundwater banking 
credit in Arizona have 
encouraged uptake of 
MAR to restore 
groundwater balance 
and to improve water 
quality. 

Examples of guidelines and regulations



Australian Guideline： Attenuation Zone

 Provides adequate residence time of recharged water for natural 
attenuation of all hazards to meet environmental values

 Some hazards may not attenuate and these should be reduced 
to acceptable concentrations before recharge 

 

  

Recharge zone 
Attenuation zone 

Recovery well 

Observation well 

C 

distance 

A 

A 

B 

B 
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Water Reuse: EU Perspective 

Closing the loop – An EU action plan for the circular 
economy” COM (2015)614: Actions to promote the 
reuse of treated wastewaters, including development 
of a regulatory instrument on minimum quality 
requirements for water reuse in agricultural 
irrigation and aquifer recharge.



Lesson from Australia: Follow risk-based approach, 
consider end use and develop guidelines in phases



40

Lesson from California: Work with waste water treatment, 
urban planning, agriculture, groundwater, and health experts 



Harmonize the regulatory framework to 
protect groundwater and to recycle water



A soon-to-be-effective European Union Directive 
2020/741 has set minimum requirements for water 
quality, as well as monitoring and provisions on risk 
management applications for agricultural use of 
reclaimed water. 

A risk-based EU directive specific for MAR to 
further expand water reuse and recycling is a logical 
next step for the EU and any designated regulatory 
entities to consider.



Vanderzalm, J., D. Page, P. Dillon, and Y. Zheng, 2022, Considerations for Water Quality Management, in Managed Aquifer Recharge: Overview and Governance. IAH 
Special Publication. https://recharge.iah.org/ ISBN 978-1-3999-2814-4

Seamlessly integrating 
MAR into a treatment train



Stages of Water Quality Risk Management



Reclaimed Water

45
Towards a Risk-Based Regulatory Approach : 
Designate a Subsurface Attenuation Zone 

Zheng et al. (2022) The 21st Century Water Quality Challenges for Managed Aquifer Recharge: 
Towards a Risk-Based Regulatory Approach. Hydrogeol J 





 A risk-based approach over a prescriptive 
parametric approach

 Committee drafting the regulations should have 
expertise including but not limited to water 
resources management, waste water treatment, 
urban planning, agriculture, groundwater, ecology 
and health.

Recommendations
MAR regulations should be part of water 

recycling and reuse regulations

A communitarian ethic grounded in the 
precautionary principle.



Thank You

yan.zheng@sustech.edu.cn

沉寂的春天
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UNESCO for funding; IAH for support.


