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THE HYDROLOGIC CYCLE -
Anthropogenic Contribution

Anthrohydrologic
Influence

Coastal processes including
barriers (hydrologic and
physical) to sea level rise
ingress, and land
development impact to
hydraulics

Agricultural drainage
pumping, diversions,
watershed
disruption and land
manipulation

Modified after Horton, 1931
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Effects from excess drying & atmospheric dust

Anthroecoclimatosphere

Prepared By
Robert E. Horton
(Not drawn to Scale)

Water
infrastructure-
regional and local
redistribution &
geo-biochemical
mixing from
‘foreign” water
introduction

Urban drainage,
pumping, barriers,
watershed
disruption and
diversions




CONCEPTUAL HYDROLOGIC MODEL (CHM)
CHM + Anthropogenic Influence

Climatic Stress increase with time

Vulnerability Envelope
T Hydrologic Cycle= f(H® + AH")

In Situ Groundwater
Remediation System

Aquifer Storage and i Temporary storage
Recovery (ASR) ponds for bank
7 in limestone aquifer, infiltration

Rainwater harvested
from roof

Abstraction from
sandstone aquifer |
for urban supply

Aquifer Storage and
Recovery (ASR)
in limestone aquifer,

Discharge out of watershed

Recharge from
irrigation canals|
and basins

™\ Pumping from deep 'Bubble’ of .
boreholes dries potable water ‘-
shallow wells \ "

Remedial Design as a function of system stress over time

Modified after IAH (2019) Climate Change
Adaptation and Groundwater
(https://iah.org/wp-content/uploads/2019/07/IAH_Climate-ChangeAdaptationGdwtr.pdf)

H° = Natural Hydrologic cycIeI H" = Anthropogenic influence on AH®




THREAT OF CLIMATIC FACTORS TO CONTAMINANT SITES
NATURAL AND ANTHROPOGENIC

[USGAO (2019) Superfund Vulnerability https://www.gao.gov/assets/710/702306.pdf 1
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More Than 2,500 Sites That Handle Toxic Chemicals
e cw 01‘ @Im e 5 Are Located in Flood-Prone Areas Across the Country.
© Site in area at high risk of flooding © Site in area at moderate risk of flooding
Tuesday, February 6, 2018 = Today's Paper  m« Video 77°F | Shanghai -3.35% ¢ .

Floods Are Getting Worse, and 2,500 ..’5",%. o ) o A
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As flood danger grows — the consequence of a warming by,
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climate — the risk is that there will be more toxic spills like \@/”

the one that struck Baytown, Tex., where Hurricane Harvey \J/ " IChael
swamped a chemieals plant, releasing Iye. Or like the ones at
a Florida fertilizer plant that leaked phosphoric acid and an
Ohio refinery that released benzene.

Source: NYT, February 6, 2018



SEA LEVEL INUNDATION/GROUNDWATER INTERACTION

CALIFORNIA AND AUSTRALIA

https://www.

adaptingtorisingtides.org/
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https://geotracker.
waterboards.ca.gov

San Francisco Bay, USA
“Approximately 3000
clean-up sites may
potentially be affected
by sea level rise and

groundwater rise.”

Fort Denison, Sydney Harbour
Sydney
Harbour4

Catchment

Sydney Harbour Catchment Model
Land Use

Montoya, 2015. Briefing Paper No. 03/2015 for the NSW Parliamentary Research Service

Monthiy sea level at Sydney (Fort Denison), NSW
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REMEDIATION CHALLENGE WITH . :
RISING SEAS/GROUNDWATER Closed landfil

on sea margi

Phyto protectionzone

Higher groundwater and
rising contamination,
saline water increasing

N——

Aquifer/groundwater

_______ >
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Ocean f

Bedrock Saline
mixing
/ zone
Remediation
Zone

Evaluate Geochemical / Biological Impact Zones
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CLIMATE-INDUCED POTENTIAL CHANGES

CRITICAL TO REMEDIATION DESIGN PERFORMANCE
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Severity of climate change

Hydraulics
Hydraulics DO. MB
wa

Stable
design
parameters

Time into future

Wamer (2014). Remediation Australasia No. 16
https://www.crccare.com/files/dmfile/RemediationAustralasial61.pdf

DO = Dissolved oxygen
MB = Microbiology

waQ = Water quality
parameters (pH, specific
conductance, temperature)

Hydraulics = hydraulic
gradient (magnitude and
direction), water velocity,
water levels

Figure 1: Necessity of assessing remedy
design parameters as severity of
climate change influence increases.
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ROPGENIC DROLOGIC ODEL

Submltted Manuscript in Review: Warner, et al., 2022. Integrating Anthrohydrology into
ndwater Rem Design Pr . Environmental Technol

Climate Impact

s  Fluxin (dCa/ dt) x 3K as = dCg / dt. Flux out o)

Precipitation
(rain, snow) Air Temperature Evapotranspiration Atmospheric Conditions

(rate and timing)

Phase Transfer I

Vadose zone moisture Flow rate Surface Water

Recharge/Discharge  Saturated zone (groundwater) levels Water rock Soil (Vadose zone)

Conditions Hydraulic gradient (three-dimension) interaction Groundwater
time

Phase Transfer ‘

Solid — Liquid phase transfers
Geochemical / Biological

!

Engineered mitigation process —
pH shift, DO shift, redox shift - liquid/solid/energetic — chemical equilibria shift forced geochemistry/biology

Oxygen content/distribution, rock/sediment dissolution, redox shifts,
biological activity due to oxic/anoxic shifts, pH shift/distribution

Phase Transfer




SUSCEPTIBILITY OF REMEDIATION MEASURES TO
CLIMATE AND ANTHROPOGENIC INFLUENCE

Q) Source Removal Interdiction & Active . Monitored Natural
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Qosw __Hl-lll“
L& § 5 £ 5y ¥ & § & s %
So £ & & & &£ £ i§ & § 2
Ly £ 5§ 3 2 3 g 3 &
& & £ 2 S IS o [ S b3
o 9 & P ) 7 g o 9 o
¥ g 3 A 5 & s & &
v g & § ¢ g & g #
. 4 O
£ & ¢ £ ¥ s & 8 &
g & g F§ 0§ 703
o v @
S § § & 9
& 3 S &
LN (J
$ g Q '3
had Qq" (Base Figure from

Active IIImmmmmmmmmmmw) Passive ITRC EACO-1, 2008)
Climate ) Susceptibility

EE—— - )
Resiliency?




MODIFY THE CONCEPTUAL SITE MODEL (CSM) FOR
CONTAMINATED LAND SITES USING FUTURE SCENARIOS

) Potential Vulnerabilities for Remedial Measures
Framework for Sustainable and

Durable Remediation Approach

Sea level rise/higher hydraulic head near shore
Contaminant Occurrence and Distribution

+ Land use changes to hydrologic gradient and drainage
ystem

« Mobilization of contaminant mass

Dynamic
Geochemistry / ¢ Durable Biochemistry
! Remediation . . .
Approach & - Erosion of protective barriers
Technology

AN
Climatic - Saline/geochemistry changes to remedial methods
A including: Bioremediation, abiotic, phytoremediation

Conceptual Site Model

+ Performance metrics - longevity, uniformity, capture

——+ Direct Influence
—————— . Indirect Influence

Submitted Manuscript in Review: Warner, et al., 2022. Integrating Anthrohydrology into the
Groundwater Remedy Design Process. Environmental Technology & Innovation (S
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CLOSING
« Evaluate anthropogenic influence - present and future - within the CHM.

« Lack of considering anthropogenic influence may result in deficiencies in:

v Site characterization
v Risk management approach for contaminated land

« Model or predictive scenarios would consider:

v future hydrologic impacts
v' potential geochemical and biological changes
v remedy vulnerabilities due to future changes

« The Anthropogenic Hydrologic Model (ANTHYM) is a process for
evaluating, projecting, and testing evolving conditions.
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