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HONOURING CARETAKERS OF THE LAND

O

We acknowledge the Traditional Custodians of the land in which we reside
and pay our respect to Elders past, present and emerging. 

We extend this acknowledgement to the Awabakal people of the land in which the 
Callaghan campus resides and which we work. 

We extend this acknowledgement to the Miwok people of the land in coastal
Northern California in which the lead author resides and works.



 Organization for Today’s Discussion

Why this Topic / What is Different

 Sustainability & Resiliency => 
Adaptive Capacity & Durability for 
Groundwater Treatment Remedies

 Effect of Changing Climate on Remedy

 Coping and Closing

 

Background: 

Marin County, California USA after record rains, 

March 2019

Inset: Air quality degradation

Northern California Wildfires, 

September 2020



CLIMATE CHANGE FOR AUSTRALIA -
PREDICTION FOR EASTERN AUSTRALIA

• Ave Temp increase                
(very high confidence).

• Ave winter and spring rainfall 
decrease ( medium confidence).

• Increased intensity of extreme 
rainfall events is projected (high 
confidence).

• Natural variability in the climate 
system can either mask or 
enhance the long-term human 
induced trend, particularly in the 
next 20 years.

• Sea level rise will continue with 
increased extreme sea-rise 
events

4https://www.climatechangeinaustralia.gov.au/en/climate-projections/



AND IN THE UNITED STATES…

Source: NYT, February 6, 2018

15 Sept 
2020



CLIMATE CHANGE AND THE CONCEPTUAL SITE MODEL (CSM) 
WE ARE IN THE ANTHROPOCENE - ANTHROECOVERSE
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https://clu-in.org/contaminantfocus/default.focus
/sec/Sediments/cat/Conceptual_Site_Models/

CSM – the Anthro-CSM

(anthrohydrology, -biology, -geochem) 

Considerations on Remedy

Extreme (acute) recharge and long-term(chronic) 

increase/decrease in recharge impacts to aquifer 

hydraulics and ecology:

Groundwater (and surface water) quality effects during:

(a) drought/lower hydraulic head

(b) Sea level rise/higher hydraulic head near shore

(c) Land use changes to hydrology and drainage



CASE IN POINT:
SEA LEVEL/GROUNDWATER LEVEL RISE WHERE SITES EXIST

San Francisco Bay, USA Approximately 3000 

clean-up sites may potentially be affected by sea 

level rise and groundwater rise. 

Zone of 
possible 
sea level 
rise or 
impact.

Clean up sites



 SUSTAINABILITY, RESILIENCY, DURABILITY
Sustainability: (ITRC, 2011)
“The site-specific employment of products, processes, 
technologies, and procedures that mitigate contaminant risk to 
receptors while… balancing community goals, economic impacts, 
and environmental effects.”

Resiliency: (https://www.unisdr.org/)
“The ability of a system, community or society exposed to hazards 
to resist, absorb, accommodate to and recover from the effects of 
a such a shock”

Durability (US Presidential Memo, 2015)
“A state in which the measurable environmental benefits of 
mitigation will be sustained…for as long as the associated harmful 
impacts of the authorized activity continue.” 
https://obamawhitehouse.archives.gov/the-press-
office/2015/11/03/mitigating-impacts-natural-resources-development-
and-encouraging-related

Emeryville Marina,        

SF Bay, California, USA
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 Sustainability w/o Resiliency =

Potential for incomplete long-term 
remedial performance (even with the 
“green” advantage”) particularly in the 
face of climatic or hydrologic shock

 Sustainability + Resiliency = Durability

Adaptive Capacity
Sydney Harbour from 
Harbour Bridge 2019
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REMEDIAL MEASURES FOR CONTAMINANT MITIGATION
SUSCEPTIBILITY TO HYDROLOGIC CHANGES 

Source Removal 
and/or Treatment

Interdiction & Active 
Remediation Enhanced Attenuation

Monitored Natural 
Attenuation 

(Base Figure from 
ITRC EACO-1, 2008)

Active Passive
Climate
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? Resilience ?

Susceptibility



CLIMATE-INDUCED POTENTIAL CHANGES
CRITICAL TO REMEDIAL PERFORMANCE

Warner (2014). 
Remediation 
Australasia No. 16 
https://www.crccare.
com/files/dmfile/Re
mediationAustralasia
161.pdf



PR
B

EXAMPLE REMEDY
SUSCEPTIBILITY TO HYDRAULIC VARIABILITY 
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The Permeable Reactive Barrier (in situ treatment) is intended for 
long-term mitigation of a contaminant plume – hydraulically passive.

Contaminant source

λ – destruction/immobilization half life

PRB constructed here

Treated 
groundwater

Dd=f(V λ) 
Dd – design dimensions 

Redox “zoned” 

design



PR
B

Water 
Level 
Rise

SUSCEPTIBILITY TO HYDRAULIC 
VARIABILITY FOR PRB DESIGN

PRB does not intersect 
plume, contaminants 
impact surface water
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Dd=f(V λ)

Dd=f(V λ ψ) / t 

Dd – design dimensions                              V – groundwater velocity

λ – destruction/immobilization half life    Ψ - resilience or change component

t - time

A change in gradient directions, or potentiometric head, 
or groundwater temperature may result in under 
performance or failure – and may impact geochemistry!



REDUCING SUSCEPTIBILITY TO HYDRAULIC 
CHANGE FOR PRB DESIGN
(PRB IS REPRESENTATIVE OF OTHER ADVECTIVE-TYPE IN SITU TREATMENTS)
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Extending the flow path away from the treatment zone provided a more 
uniform velocity regime that keeps the treatment process intact to meet 
residence time criteria. Design from 1993-1995 – site still functioning



“Climate Adaptive Design” 
Level for Remediation
Mass flux today v Mass flux future

Ability to mitigate mass flux increase or path 
change due to hydraulic impact

A. Non-adaptive design

B. Transition (either)

C. Adaptive design 
recommended
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Time steps may require remedy changes.

REM 1 REM 2
REM 3

Different remedies may be needed to take a site completely to closure -
for example:
REM 1 = excavation and mass removal; 
REM 2 = hydraulic control with in situ chemical reduction ; 
REM 3 = Monitored natural attenuation

REMEDY COPING ANALYSIS



CONSIDERATIONS
• Future changes to salinity and groundwater levels near coast:

 Phytoremediation – salt tolerant vegetation sooner than later

• Hydraulic gradient changes to PRB or bioremediation system
 Extending passive hydraulic controls
 Considering treatment mixture optimization to reduce DO/geochem

impacts with changed hydraulics
 Redox zone design for vertical and lateral changes

• Redundant hydraulic capture systems

• Treatment buffer zones

• Monitoring innovations to anticipate geochemical / hydraulic changes
 In situ continuous redox measurements, long-term groundwater gauging

16



References (short list)

• United Nations World Water Development Report 2020: Water and Climate Change 
https://unesdoc.unesco.org/ark:/48223/pf0000372985.locale=en

• BSI Standards Publication, International Standard: Soil Quality – Sustainable Remediation.        ISO 18504:2017 
https://www.iso.org/standard/62688.html

• Sustainable Remediation Forum (SuRF) https://www.sustainableremediation.org/library
• SuRF-UK https://www.claire.co.uk/projects-and-initiatives/surf-uk
• SuRF-ANZ https://landandgroundwater.com/interest-groups/sustainable-remediation
• Interstate Technology & Regulatory Council (ITRC) Green and Sustainable Remediation Team 

https://www.itrcweb.org/Team/Public?teamID=7

 Warner, S.D. (2007) Climate Change, Sustainability, and Ground Water Remediation: The Connection, Groundwater Monitoring & 
Remediation, V 27, Issue 4 https://ngwa.onlinelibrary.wiley.com/doi/abs/10.1111/j.1745-6592.2007.00175.x

 Rowe, Greene Warner, Gimre (2017) Remediation and water resource protection under changing climatic conditions. Env. Tech. Inv.     
V8, pp. 291-298 https://doi.org/10.1016/j.eti.2017.07.008

 Warner, Bekele and Hadley (2019) Sustainable Remediation: Integrating Risk, Science, and Sustainability Principles.  Ency. Sust. Sci and 
Tech. https://doi.org/10.1007/978-1-4939-2493-6_55-5

• State of Washington (USA) Guidance on Climate Change and Cleanup https://fortress.wa.gov/ecy/publications/documents/1709058.pdf
• Australian National Remediation Framework

• CRC CARE introduction https://www.crccare.com/files/dmfile/IntroductiontotheNRF_Rev3.pdf
• ALGA review https://landandgroundwater.com/story/national-remediation-framework-review

• Societal perceptions on remediation technologies: guidance for engagement with residents. Technical report No 45, CRC CARE, 2019
https://www.crccare.com/files/dmfile/CRCCARETR45_Societalperceptionsonremediationtechnologies_final.pdf

• Presidential Memo on Mitigating Impacts on Natural Resources, https://obamawhitehouse.archives.gov/the-press-
office/2015/11/03/mitigating-impacts-natural-resources-development-and-encouraging-related 3 November 2015

17



THANK YOU

SCOTT.D.WARNER @ UON.EDU.AU
SWARNER @ RAMBOLL.COM
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“Slow down and listen to 

the earth spin”

Eastern Sierra Nevada, 

California USA, 2019


