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Abstract

The Effects of Sea Level Rise and Extreme
Precipitation on Emerging Groundwater and Contaminant Migration

By

James Alan Jacobs

Climate change is reshaping coastal hydrology, with sea level rise (SLR) and more
frequent extreme weather events intensifying the risk of flooding and shallow
groundwater emergence in urbanized lowland regions. In the San Francisco Bay
Area, these changes threaten to mobilize subsurface contaminants, many of
which remain in place from historic industrial activity, posing renewed risks to
environmental health and safety. As aging infrastructure with associated trenches
are increasingly exposed to rising groundwater and intensifying storm surges,
accurately predicting surface flooding, emerging groundwater, subsurface water
dynamics and contaminant transport becomes critical. This dissertation
addresses this challenge through an integrated, three-part analysis of hydrologic
response, geochemical indicators, and site vulnerability assessment tools tailored

to coastal conditions.

The San Francisco Bay Area faces mounting risks from sea level rise, a
consequence of climate change that threatens to exacerbate both coastal flooding
and the emergence of shallow groundwater. These hydrologic shifts can mobilize
legacy contaminants buried in coastal sediments and artificial fill, heightening
the potential for human exposure, particularly to volatile organic compounds that

pose vapor intrusion and groundwater contamination risks. This dissertation



presents an integrated, three-part investigation into the physical and geochemical
processes driving groundwater emergence and contaminant mobilization under
sea level rise and extreme climate events, with a focus on practical tools for risk

assessment and site prioritization.

In Chapter Two, field monitoring across 16 wells in three representative
low-lying communities, Manzanita, Tamalpais Valley, and Atchison Village over
Water Year 2023 was used to quantify the response of groundwater levels to
highest astronomical tides and atmospheric river events. Results show that sewer
trenches and preferential flow paths amplify groundwater rise, particularly in
artificial fill and near the coast, underscoring the critical role of subsurface

infrastructure in flood dynamics.

Chapter Three explores the geochemical signatures of groundwater, surface
water, and emerging water sources using stable isotopes (6180, 62H), major ions,
and geochemical ratios. These data were used to distinguish between rainwater,
tap water, saltwater, and true groundwater discharge. Mixing models and ternary
diagrams showed distinct chemical profiles for water samples influenced by
subsurface mobilization processes versus those from surface flooding from
marine overtopping or rainwater ponding, enabling a more accurate

identification of emerging groundwater.

Building on these physical and chemical insights, Chapter Four introduces
a rapid, cost-effective, multi-tiered indexing framework to prioritize
contaminated sites vulnerable to climate-driven hydrologic change. The core of
the framework is a modified DRASTIC index, which assesses hydrogeologic

vulnerability. To capture additional risk factors, three supplemental indices were
xi



developed: the Site Characteristics Index, Contaminant Characteristics Index,
and Inundation Vulnerability Index. These Supplementary Indices integrate site-
specific data on geologic permeability, contaminant mobility, and flood
susceptibility. Fourteen sites with volatile organic compound contamination—
specifically ~ chlorinated  solvents such as  trichloroethylene and
tetrachloroethylene, and shallow groundwater were evaluated as sea level rise
and groundwater rise vulnerability, with index scores standardized using z-score
transformation. Bivariate correlations and composite rankings, based on both
predefined and data-driven weights, identified sites at highest risk. A strong
correlation between the two weighting approaches confirms the strength of the

method.

Collectively, the findings of the research demonstrate that groundwater
emergence and contaminant transport are intensifying hazards in coastal settings
affected by sea level rise. The integrated framework developed in this study
provides a scalable, evidence-based tool for prioritizing investigation and
mitigation at contaminated sites, supporting proactive climate adaptation and

public health protection strategies in vulnerable urban areas.

Together, these chapters provide a unified framework for diagnosing,
interpreting, and prioritizing groundwater-related risks in coastal contaminated
sites. By combining field-based hydrologic monitoring, geochemical source
tracing, and index-based site ranking, this study offers a replicable approach for
identifying areas most susceptible to contaminant mobilization under future sea
level and climate scenarios. The findings underscore the importance of

incorporating subsurface processes into regional adaptation planning and

xii



provide a science-based foundation for directing limited resources toward the
most at-risk locations. As sea level rise accelerates, these methods offer timely
insights to guide sustainable land use, infrastructure resilience, and flood

mitigation in vulnerable coastal communities.
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1 Introduction

In coastal urban environments, sea level rise and extreme events are not
only increasing surface flood hazards but also driving the upward emergence of
groundwater, an underrecognized threat that is often amplified by subsurface

preferential flow pathways such as utility trenches and buried infrastructure.

Portions of many American coastal cities, including San Francisco,
California; Boston, Massachusetts; New York City, New York; Miami, Florida;
Seattle, Washington; New Orleans, Louisiana; and Charleston, South Carolina
have been developed on low-lying land that consisted of tidal flats and wetlands
(Sweet et al.,, 2017 and 2022). To accommodate urban expansion, these
landscapes were artificially raised using imported fill, often over compressible,
clay-rich bay mud. As climate change accelerates sea level rise (SLR) and
intensifies extreme weather events, these communities are increasingly vulnerable
to a variety of flood hazards, including storm surge, rainfall-driven runoff, and
tidal inundation. However, an often overlooked but equally serious threat is the
emergence of groundwater, a phenomenon where rising water tables reach or

breach the land surface, often in tandem with storm or tidal events.

Emerging groundwater is an underappreciated consequence of sea level
rise. Unlike surface flooding, which is more visible and better monitored,
groundwater emergence occurs from below and can be difficult to detect without
dedicated subsurface observation. Yet it poses major risks to infrastructure,

especially in communities underlain by shallow water tables and artificial fill.

1



Rising groundwater can infiltrate stormwater and wastewater systems, overwhelm
sump pumps and basements, and degrade roads, foundations, and utility corridors.
Furthermore, groundwater emergence increases the likelihood of mobilizing
buried contaminants, legacy pollutants trapped in the vadose zone or shallow
saturated zone that may be flushed upward during extreme tides or precipitation

events.

Preferential flow pathways (PFPs)—including utility trenches, sewer
lines, and storm drains—are increasingly recognized as important amplifiers of
these hazards. These subsurface conduits often cut through artificial fill and act as
unintentional hydrologic shortcuts, allowing saline water, stormwater, or
wastewater to travel laterally and vertically through the subsurface (Anderson et
al., 2018; Rotzoll and Fletcher, 2012; Rozell, 2020; Taherkhani et al., 2020). In
doing so, they may promote not only groundwater emergence but also the spread
of contaminants, increasing the risk of human exposure and environmental

degradation.

Coastal flood processes in shoreline communities (Table 1.1) span a wide
range of time scales and magnitudes. These include high-intensity, short-duration
events such as atmospheric rivers (ARs) and highest astronomical tides (HATS),
as well as chronic drivers like sea level rise and land subsidence. Groundwater
riss—whether temporary or sustained—is increasingly observed as a key

component of compound flooding, particularly in urban coastal environments.

The role of PFPs in accelerating groundwater movement and
2



exacerbating flood impacts has been documented across a variety of coastal
settings. In the San Francisco Bay region, these pathways are especially important
in areas built atop reclaimed wetlands and bay fill. For example, at sites like
Manzanita, Tamalpais Valley, and Atchison Village, infrastructure corridors
appear to mediate subsurface water movement, influencing both groundwater
emergence and contaminant dispersion (e.g., Befus et al., 2020; Hoover et al.,
2017; Plane et al., 2019a; Hill et al., 2023). Similarly, case studies from Ontario,
Canada demonstrate how PFPs contribute to basement flooding and hydraulic

connectivity across urbanized subsurface networks (Senior et al., 2016).

Before widespread development, the San Francisco Bay region
supported roughly 1,400 km?2 of freshwater wetlands and 800 km?2 of salt marsh
(Atwater et al., 1979). Today, less than 125 km?2 of undiked wetlands remain,
reflecting a 95% reduction. Most urban expansion occurred atop Young Bay Mud,
a Holocene-aged, organic-rich clay deposit known for low shear strength, high
compressibility, and poor drainage (AEG, 2018). These materials create ideal
conditions for shallow water tables, limited vertical drainage, and high

susceptibility to both flooding and contaminant mobilization.

Although numerous government agencies have published sea level rise
projections for the San Francisco Bay Area (e.g., NOAA, USGS, NASA, FEMA),
there remains a critical gap in field-based observations that quantify groundwater
emergence and subsurface water dynamics at the neighborhood scale. This

research focuses on three low-lying communities developed atop fill and bay

3



mud: Manzanita and Tamalpais Valley in Marin County, and Atchison Village in
Richmond, Contra Costa County. Manzanita, in particular, is representative of

flood-prone transit-oriented development located directly on the shoreline.

This dissertation comprises three integrated projects that collectively
investigate how preferential flow pathways influence coastal groundwater

dynamics, flood emergence, and contaminant risk:

Project 1 (Chapter 2): Uses data loggers in monitoring wells to quantify
groundwater rise during extreme precipitation and tide events. Comparisons are
made between wells inside and outside of trenches to determine their

amplification role.

Project 2 (Chapter 3): Uses geochemical and isotopic tracers, including
stable water isotopes and major ions, to identify the sources of emerging

groundwater and to distinguish between end members and mixed water types.

Project 3 (Chapter 4): Develops a groundwater vulnerability and site
prioritization tool for contaminated areas at risk of groundwater emergence and
SLR-driven mobilization. This tool is informed by field data and developed in
collaboration with an OPC Prop 68-funded regional working group of academics,

agencies, and community partners.

Together, these projects provide new insight into the underrecognized
problem of emerging groundwater, the role of PFPs in amplifying flood and

buried contaminant risks, and the implications for infrastructure, public health,



and coastal planning. This work aims to inform local-scale adaptation strategies
that address both visible surface flooding and the hidden hazards rising from

below.



2 Amplified Groundwater Response to
Extreme Events in Sewer Trenches in
Coastal Artificial Fill and Alluvial
Deposits, San Francisco Bay Area,

California

Abstract

Rising sea levels and extreme hydrologic events increase groundwater
inundation risks for coastal communities in the San Francisco Bay Area. This study
analyzed groundwater responses to the highest astronomical tide and to atmospheric
river events at three historically flood-prone sites: Manzanita and Tamalpais Valley,
built on artificial fill, and Atchison Village, situated on poorly draining alluvial deposits.
Data were collected from 16 groundwater monitoring wells at 15-minute intervals
during Water Year 2023, recording water level, salinity, and temperature. The dataset
captured up to 15 highest tide events (exceeding 2.2 m above mean sea level) and 15
extreme rainfall events (each with over 19.5 cm of precipitation). During highest tides,
tidal influence at the coastal site extended 1.5 times farther laterally in trench wells

(85 m) than in non-trench wells (57 m). Vertical groundwater rise was also amplified,



with trench wells showing 1.6 times greater response during highest tides and 1.7 times
greater response during extreme storms. Inland sites exhibited negligible response
(0.00 to 0.01 m) to tidal forcing. To assess regional groundwater emergence risk, this
study projected conditions at 30 sites, including 23 with subsurface contamination,
based on observed groundwater responses, sea level rise, land subsidence, and extreme
storm events. Results indicate a substantial increase in groundwater emergence risk by
2050, particularly in trenches within artificially filled areas of the San Francisco Bay

Area.

2.1 Introduction

Coastal communities in the San Francisco Bay Area face increasing risks
of groundwater inundation due to rising sea levels and extreme rain events. Sea
level rise (SLR) not only leads to marine flooding through overtopping but also
causes groundwater to rise, potentially reaching or exceeding the surface. The
effect of this phenomenon is greatest during the highest astronomical tide (HAT)
events (commonly known as king tides) and extreme rain events linked to
atmospheric rivers (AR). Flooding during such events significantly threatens
infrastructure, public health, and ecosystems (LAO, 2020; Hill et al., 2023).
Groundwater inundation can contribute to compound flooding when SLR
coincides with other flood-generating processes, such as AR events, HAT, storm
surges, and land subsidence. Marine overtopping is increasingly observed
globally; however, other contributing flood factors remain under-measured. The
impact of global trends in mean SLR and associated scenarios in the region are

well recognized (Hauer et al., 2016; Sweet et al., 2017; Beckley et al., 2021; The
7



Ocean Protection Council, 2024; Thompson et al., 2024). However, while these
assessments comprehensively address spatial and temporal flooding scales, they
do not account for seawater-groundwater interactions, an essential driver of
coastal flood dynamics. This gap underscores the need for integrated research
that encompasses all flood-generating processes to enhance predictive models

and inform effective mitigation strategies.

Coastal infrastructure faces mounting challenges from compound
flooding impacts, including rising groundwater tables and increased vulnerability
to flooding, particularly in areas with artificial fill. SLR contributes to elevated
water tables, leading to groundwater flooding and heightened social and
ecological vulnerabilities (Rotzoll and Fletcher, 2012). Compound flooding,
resulting from a combination of direct marine overtopping, stormwater backflow,
and groundwater emergence, poses significant public health risks through
sanitary sewer and septic system overflows (Habel et al., 2017, 2019). Long-term
SLR projections forecast cumulative impacts on septic and sewer systems (Habel

et al., 2024).

Research indicates that integrating multiple flood drivers, such as SLR,
storm surges, and tidal effects, nearly doubles the estimated land at risk
compared to models that consider only flooding due to seawater overtopping
(Anderson et al., 2018). Urban stormwater systems are increasingly vulnerable to
groundwater rise during extreme weather events (Rozell, 2020), emphasizing the
need to incorporate groundwater inundation into coastal resilience planning
(Rozell, 2021). Specifically, flood risks are exacerbated through storm surges and

rising groundwater, highlighting the necessity for integrated mitigation strategies
8



(Taherkhani et al., 2020).

Rising groundwater during extreme events reduces sewage system
capacity, leading to sanitary sewer overflows and infrastructure damage (Hoover
et al., 2017; Plane et al., 2019). Areas with perched groundwater zones face
additional risks, including trench infiltration, foundation destabilization,
mobilization of buried hazardous contaminants, and increased surface water
accumulation (Befus et al,, 2019). Low-lying regions on artificial fill are
particularly at risk, experiencing groundwater inundation even before coastal

defenses are overtopped (May et al., 2020, 2022).

The complexity of compound flooding (Figure 2.1) arises when
multiple flood drivers converge, amplifying risks. In the San Francisco Bay area,
seawater-groundwater interactions are particularly pronounced in regions with
artificial fill and poorly draining alluvial sediments, exacerbating flood hazards,
infrastructure vulnerabilities, saltwater intrusion, and groundwater inundation
(CCSF, 2016; Jiao and Post, 2019; USACE, 2024; Wang et al., 2025). Many of the
current flooding challenges, including lowland flooding, groundwater emergence,
and land subsidence, can be traced back to the historical development practices
in the San Francisco Bay area. Before 1850, the San Francisco Bay Area contained
approximately 1,400 km?2 of freshwater wetlands and 800 km?2 of salt marshes
(Figure 2.2a and 2.2b). Today, only about 125 km2 of undiked wetlands
remain, representing a 95% loss of critical tidal and freshwater ecosystems
(Atwater et al., 1977; 1979). The composition and extent of artificial fill and
underlying native sediments in the region have been described by Trask and

Rolston (1951), Hitchcock et al. (2008), and AEG (2018). Artificial fill exhibits
9



Conceptual Diagram of Flood Generating Processes

Water MOVEMENLS  e—jp

Land Movements / . Atmospheric River or Rain

(Water Source)

Top of Groundwater

Surface

Flooding > “U (1
Storrmrater P .
Evapotranspiration ArtIfICIal Fl"
Sea L@ @@I D 7 “storm ™\ “a
Rise ronomical Ti Surge/ 1 1 T . /
hl/\D/ewateﬁng\
_
= T' ; //CGasta\
in Utility Trencl \Erosmn/

Land>
Subsidence
Young Bay Mud

(Wetland Deposits)

Figure 2.1: Generalized conceptual diagram, not to scale, showing water sources
and flood generating processes contributing to coastal flooding and groundwater
rise.

highly variable hydraulic conductivity: coarse-grained materials such as
sand and gravel allow rapid groundwater flow, whereas fine-grained clays and

silts act as aquitards, impeding vertical and lateral flow (Heath, 1983; 2004).

The economic impact of SLR and storm surge protection along the San Francisco
Bay shoreline is projected to range from $81 billion to $147 billion by 2050, with potential
costs of inaction exceeding $230 billion (BCDC, 2023). Effective adaptation strategies
require detailed groundwater data to support hydrogeologic and engineering assessments,
informing sustainable resilience planning (SFEI, 2019; Hummell et al, 2020).
Groundwater inundation poses risks to infrastructure by degrading structural components
and creating zones of variable permeability. Trenches and subsurface structures can
enhance vertical and lateral water movement, increasing the risk of groundwater
emergence and hazardous and toxic contaminant migration (Hill et al., 2023). In poorly

drained areas, including wetlands and mudflats, Preferential Flow Pathways (PFPs)
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including roadway base course, trenches, French drains, leaky pipelines and storm drains
(Table 2.1) can facilitate significant water movement, potentially raising public health risks

from exposure to buried hazardous and toxic contamination and sanitary sewer overflows.

This study addresses the hidden threat of groundwater inundation (also
termed groundwater emergence or flooding) in coastal urban areas, particularly in
regions built on artificial fill or poorly drained alluvial deposits by monitoring
groundwater responses to HAT and AR events. This information could be
incorporated into predictive models and supports the development of adaptive
infrastructure strategies and informs public health protections, ultimately

advancing comprehensive flood mitigation and coastal management efforts.

Table 2.1: Structural and Environmental Features Acting as Preferential Flow Pathways
(PFPs) in Artificial Fill and Shallow Subsurface Deposits

PFP Type Feature Descriptions

Utility Trenches Trenches containing water, sewer, and stormwater pipes; electrical and communication conduits;
gas and oil pipelines; often lined with bedding gravel or sand that enhances flow. Includes access
points such as manholes and pump stations.

Building Footings, slabs, pile foundations, retaining walls, and foundation drains that can channel water

Structural vertically or laterally; may include fill settlement zones around the structure.

Foundations

Drainage Systems

French drains, curtain drains, infiltration trenches, and subdrainage pipes; designed to collect
and redirect shallow groundwater or stormwater, often with permeable gravel backfill.

Stormdrains and
Culverts

Stormwater infrastructure including street catch basins, manholes, culverts beneath roads or
railways, and outfalls; typically connected to other utility corridors.

Landscaping
Features

Irrigation lines, planter boxes, bioswales, permeable pavements, gravel-filled trenches, and paver
systems that allow infiltration and concentrated subsurface flow.

Excavations and
Pits

Construction excavation sites, borrow pits, soil stockpiles, or partially backfilled areas; can act as
depressions or conduits for infiltration and perched water.

Underground Fuel or chemical tanks, utility vaults, containment structures; leaks or surrounding gravel backfill
Storage Tanks can create vertical preferential flow zones.

and Vaults

Transportation Road embankments, railway beds, bridge footings, and aggregate road bases (e.g., Class II base
Infrastructure rock); highly permeable zones often connected to culverts or drains.

Soil Variability in artificial fill composition (e.g., lenses of sand, gravel, rubble, bricks, concrete
Heterogeneity debris); loosely compacted zones or organic-rich fill that form conduits.

and Voids

Natural Geologic Buried stream channels, paleochannels, native soil inclusions, and fault zones that intersect
Features artificial fill layers; may be reactivated by infiltration or rising groundwater.

Vegetation Root Root systems of trees, shrubs, or grasses that have died or decayed, creating macropores; can
Channels persist long after vegetation removal.

Cracks and Desiccation cracks in clayey fill, settlement-induced fissures, subsidence cracks, or shrink—swell
Fissures in Fill fractures that provide rapid vertical flow paths.

Material

Abandoned or Demolished building foundations, buried utility lines, fill voids containing construction debris or

Buried Structures

waste; poorly documented in historical records, often heterogeneous.

Animal Burrows

Gopher tunnels, ground squirrel burrows, and other small mammal activity that can create
interconnected voids through fill layers.

Buried or Gravel backfill from past soil excavations, sealed or improperly abandoned monitoring and
Abandoned extraction wells, old slurry walls, and defunct underground storage or conveyance infrastructure.
Remediation

Systems
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2.2 Materials and Methods

2.2.1 Study Areas

. Groundwater +0.1 m (4”) with 1 m or SLR
Atchison ‘i
Village . ‘» N (After Befus et al,, 3920)
and the \ \ Study Site Locations
City of 20

&
Richmond 1 \ﬂ\ —— .\
Tamalpais \:;\i Historical ~ 1800
-

7 - X AV
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e ™V %
Manzanita M2
AV = Atchison Village
MZ = Manzanita
TV = Tamalpais Valley
2 County Boundary
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N
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Figure 2.2: a) Historic wetland deposits circa 1800s (modified after SFEI,2021)
and b) Study site locations and map of groundwater rise (+0.1 m with 1 m of SLR)
(modified after Hill et al., 2023 (basemap), based on database by Befus et al.,
2020)

Study sites were selected to represent a range of coastal groundwater
conditions typical of the San Francisco Bay Area. Manzanita, located in an
unincorporated area of southern Marin County along Richardson Bay, is a low-lying
coastal zone developed on artificial fill overlying former wetlands. This fill is primarily
composed of clay (CL) and contains a perched groundwater zone above the
underlying Young Bay Mud (GEIL, 2015). The Young Bay Mud in this region is a plastic
clay (CH) that typically acts as a low-permeability aquitard, impeding vertical
groundwater flow (GEI, 2015). These subsurface conditions were confirmed in this

study through seven soil borings (MW1-MW?7), which revealed artificial fill ranging
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from 2.20 to 3.02 m thick and consisting of predominantly of clay (CL), with smaller
amounts of sand, gravel, and construction debris (e.g., brick fragments).

During storm events, precipitation infiltrates through the artificial fill but is
often obstructed by the underlying Young Bay Mud, resulting in surface emergence
and flooding, particularly in low-lying areas. At Manzanita’s coastal margin, flooding
is driven by a combination of marine overtopping, stormwater backflow, and
groundwater emergence (Figure 2.3a—f). These flood risks are further exacerbated

by shoreline erosion, tidal pumping, and land subsidence.

Cc
Direct Marine Flooding Stormwater Backflow Groundwater Emergence
' —— e ——

Ground B seaLevel B Elevated Sea Level Gravity Flow Drainage Conduit wwwese Water Table
and Resulting Floodwater

Manzanita: 0 to 79 m from shoreline

d e =T

& e % U
Tamalpais Valley: 683 — 1410 m from shoreline

Figure 2.3: a-c) Flooding mechanisms: conceptual diagram and d) Manzanita —
direct marine flooding e) stormwater backflow f) groundwater emergence; g)
Tamalpais Valley at flood stage h) stormwater backflow along Coyote Creek i)
emerging groundwater. Photos by J. Jacobs and O. Jacobs; diagram modified after
Habel et al. (2019, 2020).

Tamalpais Valley, located in the unincorporated area of Marin County
adjacent to Manzanita and upstream of Richardson Bay, shares similar geologic
conditions (Figures 2.3g-i), with artificial fill overlying Young Bay Mud (GEI,
2015). Borings at Tamalpais Valley (TVW1-TVW4) had fill depths between 2.08
and 2.29 m (this study) while soil descriptions are like Manzanita for the artificial

fill and Young Bay Mud. While engineered levees along Coyote Creek offer
13



current surface flood protection, they do not mitigate stormwater backflow

(Figure 2.3h) or groundwater rise (Figure 2.31).

Atchison Village, located in the City of Richmond, Contra Costa County,
extends from the Santa Fe Channel to an inland residential community. The site
exhibits a transition in subsurface materials, from artificial fill near the channel,
composed of sand, clay, and construction debris overlying low-permeability
wetland deposits, to poorly draining alluvial sediments derived from the East Bay
Hills further inland (Figuers, 1998). This stratigraphic variability, combined with
the presence of low permeability soils, contributes to increased groundwater
flooding risk. In particular, the interaction between artificial fill and poorly
draining native sediments creates conditions where water accumulates and
persists near the surface, increasing the likelihood of groundwater rise and
emergence during AR events (Figuers, 1998). All three study areas have shallow
water tables (0-1.5 m below ground surface), and sump pump dewatering is

comimon.

2.2.2 Wells Installation and Groundwater Monitoring

This study used a network of 16 groundwater monitoring wells across
three study areas, Manzanita (MZ) (Figure 2.), Tamalpais Valley (TV) (Figure
2.4b), and Atchison Village (AV) (Figure 2.4c¢), to evaluate groundwater
responses to extreme events such as HAT and AR. The installations, completed
between September and November 2022, followed a comprehensive optimization

framework that prioritized hydrogeologic variability, proximity to trenches,
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shoreline distance, and surface elevation. Well placement was guided by the
Coverage Maximum Index (CovMaxI), which prioritized proximity to shorelines,
distance to trenches, surface elevation, and accessibility. This approach ensured
the selection of high-priority sites, optimizing spatial coverage and redundancy
while managing costs. In Manzanita, wells were placed based on predefined
optimization criteria. Tamalpais Valley wells were limited to non-Preferential
Flow Pathway (non-PFP) locations due to site access constraints. Atchison Village
used three pre-existing irrigation wells and added two new wells: one within a
sewer trench (PFP) and another near an existing irrigation well to validate
shallow groundwater conditions. All PFP wells in the study are located within 1.1
m of the sewer pipe centerline. Non-PFP wells are positioned at least 4.3 m from

the sewer pipe centerline in Manzanita, 3.9 m in Tamalpais Valley, and 10.0 m in

. .
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Figure 2.4a: Manzanita site
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Figure 2.4: Location and well location maps for the three study sites

a) Manzanita site location map (left) and well location map (right)
b) Tamalpais Valley site location map (left) and well location map (right);
c¢) Map of a portion of the City of Richmond study area which extends from Santa
Fe Channel to Atchison Village (left), and Atchison Village well location map
(right)

Twelve wells were installed using direct push technology, which allowed for
continuous coring to characterize subsurface lithology. These wells were
constructed using 2.5-cm diameter PVC casing with 0.5-mm slotted screens,
surrounded by 2/12 filter pack sand and sealed with bentonite and neat cement.
To prevent damage to sewer pipes, hand-augering was used for three PFP wells

(MW6, MW7, and AVW4). Additionally, MW1, a PFP well, was installed using a
16



vacuum truck with an air knife, creating a 10-cm diameter well at a depth of 1.8
m, consistent with the trench depth. All wells were sealed with watertight
expanding well plugs and housed in traffic-rated well boxes equipped with O-
rings to ensure a watertight seal. A licensed surveyor recorded the elevation and

location of each well to a precision of +3 mm.

A cross-section in Manzanita (Figure 2.5), perpendicular to the force main
sewer trench and spanning wells MW1 and MWs5, illustrates the placement of
PFP and non-PFP wells. The Manzanita optimized monitoring network captured
variations in surface elevation, shoreline distance, and proximity to trenches,
enabling the assessment of groundwater responses to extreme events and

providing essential guidance for coastal resilience planning.

LTC data loggers in utility trench (MW1) and NonPFP well (MW5)
Southwest Northeast
LTC @ MW1 10m MWS5
data . .
logger KNE1 - Abiniaieacs = > L/ Artificial S
\ \\\Ml{lc@ F|II o Fill NEDU
A \\\)/ : Ground Surface
Artificial N\ T
Fill A /& e
- - | PO 34
Well MW1 Well MW5 B
1.8 m deep, 3.0mdeep, “= <]
10 cm dia _ / 2.5 cm dia. :
 Sewer Trench ) J A f‘ 3 -
MWS5 tility Trench (PFP) \
MW w/@ v Water Level in Utility Trench B Srl)ﬁecll(a)\lﬂf:g:a de NO SIC a(I’e
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Figure 2.5: Manzanita cross section location map (left) and cross section through
MW1 within a force main sewer utility trench and MW5, 10 m away.

Groundwater dynamics were monitored using Solinst Leveloggers (M5 to M30
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LTC and LT models). The instruments measured groundwater levels,
temperature, and electrical conductivity every 15 minutes with a water level

sensor accuracy ranging from +0.3 cm to +£1.5 cm.

Data collection spanned Water Year 2023, capturing responses to 15 HAT events
with tide levels above 2.2 m mean sea level and 15 AR storms producing over
19.5cm of precipitation per event. Groundwater levels, tidal heights, and rainfall

data were synchronized to enable detailed spatial and temporal analyses.

2.2.3 Tide and Meteorological Monitoring

Tide and meteorological monitoring were implemented to identify and
analyze HAT and AR events across the study sites. For HAT monitoring at
Manzanita and Tamalpais Valley a local tide gauge was installed in the Manzanita
tidal drainage channel, with the County of Marin Coyote Creek (gauge #38023;
located 466 m west of Manzanita and 291 m northeast of Tamalpais Valley)
serving as a backup. For Atchison Village, tidal data were obtained from the
NOAA tide gauge at the Chevron Pier (Gauge #9414863), situated 2.30 km
southwest of Atchison Village. AR impacts were assessed using meteorological
data, including precipitation, wind, and surface temperature, from two weather
stations. The Almonte Station (KCAMILLV104; 34 m above mean sea level
[AMSLY]), provided local precipitation and weather data and is located 770 m
northwest of Manzanita and 694 m north of Tamalpais Valley. Weather data were
collected from the Marina Bay Station (IRIS-KCARICHM131; Elevation 0 m
AMSL), situated 2.87 km southeast of Atchison Village. These monitoring

networks ensured accurate event identification and comprehensive hydrological
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analysis across the three study areas.

2.2.4 Highest Astronomical Tide Events

Tide data from the Sausalito gauge (for the Manzanita and Tamalpais
Valley areas) and the Chevron Richmond gauge (for the Santa Fe-Atchison
Village area) were analyzed. A total of 15 HAT events exceeding 2.2 m above
mean sea level for Water Year 2023 (WY2023), spanning from October 1, 2022,
to September 30, 2023, were identified using NOAA tide gauge predictions
(2024a and 2024b) (labeled 23HATo001 to 23HATO015). For each event, local tide
gauge data were used to record the event's start, peak, and end times (Tidestart,
Tidepeak, and Tideena), while groundwater levels at the 16 wells were recorded at
corresponding times (GWistart, GWpeak, and GWenq). Key factors such as proximity

to the shoreline and trenches were included in the analysis.

2.2.5 Atmospheric River Events

AR events during WY2023 were identified using the Center for Western
Weather and Water Resources (CWWWR) database from the Scripps Institution
of Oceanography. This database recorded 15 AR events affecting northern
California, with intensities ranging from categories 2 to 4 on the Ralph/CWWWR
AR scale (1 to 5, with 5 being the highest intensity). These events (labeled
23AR001 to 23AR015) were matched with precipitation data from local weather
stations equipped with rain gauges, which recorded the rainfall event parameters
(Raingtart, Rainpea, and Rainend). Groundwater responses were analyzed by

tracking changes in groundwater levels at wells during the corresponding
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precipitation events.

2.2.6 Hydrologic Data Analysis

Hydrologic signatures recorded by data loggers were analyzed to
characterize groundwater dynamics during HAT and AR events. Event start
times, peaks, and endpoints were compared to tide (Figure 2.6a) and
precipitation (Figure 2.6b) data to establish correlations with groundwater
response (Figure 2.6¢). Field data were periodically downloaded and cross-
referenced with local tide gauge and weather station records to ensure accuracy.
Linear regression analysis was performed separately for each of the three study
sites and further categorized by PFP and non-PFP data to account for site-specific
and sewer-trench proximity-related differences. Groundwater response
variability was quantified by calculating the average, minimum, maximum, and
standard deviation across events. Independent variables considered in the
analysis included geologic substrate (alluvial deposits or artificial fill), distance to
the shoreline, proximity to trenches, surface elevation, and event type (HAT or
AR). This approach enabled a comprehensive evaluation of groundwater
responses to tidal and precipitation forcing, highlighting the influence of

shoreline proximity, subsurface materials, and PFPs on groundwater response.
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Figure 2.6: a) Method of measuring HAT events, 12/27/23; maximum 2.38 m
above mean sea level. b) Method of measuring AR events; example from 1/13/24,
6.1 cm cumulative rain. ¢) Method of measuring groundwater response; example
from MW1, Manzanita to AR event on 1/13/24.

Multivariate regression (Equation 2.1) was performed separately for each study
site and further divided into PFP and non-PFP data. This approach accounted for
site-specific characteristics and sewer-trench proximity differences, providing a

more precise understanding of the factors influencing groundwater responses.

Y = Po + Bixi + PoXa + PaXs + BaXy + Psxs (2.1)
Where, y is the predicted groundwater response, 3, is intercept, baseline when all

Xj are zero.

Bixy, B2X2 . . BsXs are the five independent variables [(in order, precipitation (m),
surface elevation (m above mean sea level), distance to shoreline (m), distance to
sewer (m), and tide level (m above mean sea level)] times the coefficients,
reflecting the influence, impacts or effects of the independent variables.
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Adjusted R2 was used in multivariate regression analysis to account for multiple
predictors, as it penalizes the addition of variables that don't substantially
improve model fit, providing a more conservative estimate of model performance
compared to regular R2. Adjusted R2 is calculated by adjusting the R2 value
based on the number of predictors in the model using the formula (Equation

2.2):

Adjusted R2 =1 - [(1 - R2) (n-1)/(n-k-1)] (2.2)

Where, n is the sample size (number of measurements), k is number of

predictors.

2.2.7 Machine Learning Analysis of Groundwater Response

Principal Component Analysis (PCA), an unsupervised machine learning method,
was used to identify the dominant variables influencing groundwater responses
across five independent variables: precipitation (m), tidal level (m), distance to
the shoreline (m), proximity to trench (m), and surface elevation (m AMSL). A
random forest model captured complex, non-linear relationships between
hydrologic drivers, precipitation, tidal level, distance to shoreline, proximity to
trenches, and surface elevation, and observed groundwater level changes. This
approach was used to generate synthetic groundwater response scenarios in
locations like Tamalpais Valley, where PFP wells were not available due to access
constraints, allowing for more complete vulnerability assessments under SLR and

extreme event conditions.
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2.3 Results

2.3.1 Groundwater Dynamics During Extreme Events

Emerging groundwater was observed at all three sites from about March
to May 2023 due to elevated groundwater levels following AR events. In
Manzanita, groundwater surfaced at a topographic low above a trench. In
Tamalpais Valley, emergence was observed at two locations, 79 m and 107 m
from Coyote Creek. In Atchison Village, groundwater appeared in sump pump
gravel pack and crawl spaces beneath residences. By September 2023,
groundwater levels had declined, and no further surface emergence was

observed.

Only Atchison Village and Manzanita contained both PFP and non-PFP wells, so
comparative averages and amplification ratios for AR events were calculated
using data from these two sites. In contrast, groundwater response to HAT events
was observed only in Manzanita, where wells are located near the shoreline.
Wells in Tamalpais Valley and Atchison Village exhibited negligible response to
HAT events (0.00 to 0.01 m). Therefore, only Manzanita wells were used to
evaluate groundwater response to HAT events.

Using data from Manzanita and Atchison Village, the average groundwater
response to AR events (Figure 7a) was 1.7 times greater in wells located within
trenches compared to those farther away. For HAT events, Manzanita exhibited
an amplification factor of 1.6 in groundwater response for trench (PFP) wells
relative to non-PFP wells. Among non-PFP wells, those in Atchison Village

showed slightly higher groundwater responses to AR events than those in
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Manzanita and Tamalpais Valley. Overall, PFP wells at both Manzanita and

Atchison Village demonstrated greater average groundwater responses than non-

PFP wells.
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Figure 2.7: a) The chart shows groundwater responses (m) to AR events by study
area and well type. b) presents groundwater responses (m) to HAT events by area
and well type. Study sites include Atchison Village (AV), Manzanita (MZ), and
Tamalpais Valley (TV). Well types are categorized as PFP and non-PFP wells. The
values above the PFP bars indicate the amplification factor of groundwater
response relative to non-PFP wells at each site.

Average groundwater response in Manzanita during HAT events
decreases with increasing distance from the shoreline in both PFP and non-PFP
wells (Figure 2.8). For HAT events, the multivariate regression analysis, a
combined model including shoreline distance, elevation, and proximity to
trenches explains 82.1% of the variance in groundwater response (adjusted R2 =

0.8210, unadjusted R2 = 0.8253).
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Tidal Response Ratio for HAT Events

Manzanita Average Tidal Response to HAT Events by Well
vs. Distance to Shoreline (m)
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Figure 2.8: Average groundwater response to HAT events vs. distance from
sh(ﬁreline. The numbers in parenthesis are the number of measurements for each
o For AR events, multivariate regression model performance is highest in
AV-PFP wells (R2 = 0.912) and decreases progressively from Manzanita PFP and
non-PFP wells to TV-non-PFP wells (R2 = 0.678). Distance to shoreline
coefficients ranged from -0.234 to -0.334 (p < 0.05). Tidal influence coefficients

for TV-non-PFP areas (f = 0.098; p > 0.05). All regression models show strong

overall significance (F-stat p < 0.001).

2.3.2 Random Forest Model

Because no trench wells were installed in Tamalpais Valley, a Random
Forest model was used to generate synthetic groundwater responses under PFP
conditions, based on observed patterns from other sites. The model was trained
using 222 groundwater level observations drawn from a total of 390

measurements across the three study sites. Input variables included
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precipitation, tide level, surface elevation, distance to shoreline, proximity to
sewer trenches, and event type (HAT or AR). The training dataset included 186
HAT events (93 PFP and 93 non-PFP) and 32 AR events (16 PFP and 16 non-

PFP).

Out-of-bag (OOB) error estimates were used for internal validation, yielding an
R2 of 0.82 and a root mean squared error (RMSE) of 0.046 meters. These metrics
indicate strong model performance and support the reliability of synthetic
predictions. Based on the trained model, 50 synthetic groundwater response
predictions were generated for Tamalpais Valley PFP wells, including 5 AR-PFP
and 45 HAT-PFP simulations. The predicted average groundwater rise during
HAT events in Tamalpais Valley PFP wells was 0.24 meters, closely matching the
0.27 meters observed at Manzanita, suggesting the predictions are both

reasonable and field-consistent (Figure 2.9).
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Predicted Groundwater Response (m) for Tamalpais Valley
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Figure 2.9: Predicted groundwater response (m) for synthetic Tamalpais Valley
HAT and AR events

Model performance was evaluated separately for HAT and AR events.
For HAT events, the model explained 41% of the variance (R2 = 0.41). Feature
importance values showed that distance to shoreline (34.01%), tide level
(22.56%), and precipitation (22.08%) were the most influential variables,
followed by proximity to trenches (14.25%) and surface elevation (7.11%) (Figure
2.10a). For AR events, model performance was poor, yielding a negative R2 value
of -0.72 and an MSE of 0.41. Precipitation (39.66%) and tide level (37.62%) were
the dominant factors, while surface elevation (10.23%), proximity to trenches
(8.44%), and distance to shoreline (4.05%) had lower relative importance

(Figure 2.10b).
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Figure 2.10: a) Feature importance in random forest models for HAT events. b)
Feature importance in random forest models for AR events

2.4 Discussion

This study reveals how sewer trenches and associated buried
infrastructure in artificial fill and poorly draining alluvial deposits significantly
amplify groundwater response to extreme hydrologic events in the San Francisco
Bay Area. Across 16 monitoring wells in Manzanita, Tamalpais Valley, and
Atchison Village, groundwater levels rose significantly more in wells located near
sewer trenches during both AR and HAT events, compared to wells situated
farther from trenches. These findings provide strong empirical evidence that
infrastructure corridors in artificial fill, function as PFPs, facilitating the lateral
propagation of tidal and recharge pressures and accelerating groundwater rise.

During HAT events, groundwater amplification was limited to within
85 meters of the shoreline in trench wells and 57 meters in non-trench wells, with
Manzanita trench wells exhibiting a 1.6-times greater rise than more distant
wells. During AR events, amplification in trench wells remained substantial, with
PFP wells in Manzanita and Atchison Village responding on average 1.7 times
more than non-trench wells. These elevated responses in trench-associated wells

suggest that sewer trenches and similar subsurface infrastructure enhance both
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vertical and lateral transmission of hydraulic pressure, consistent with previous
studies documenting rapid groundwater response in gravel-lined or backfilled
corridors (Habel et al., 2017; May et al., 2022).

In Manzanita, a perched groundwater zone overlying the underlying
clay contributed to rapid and emergent groundwater responses, particularly
above trench infrastructure. In Tamalpais Valley and Atchison Village, which are
located farther inland and less directly exposed to tidal forcing, groundwater
showed negligible response to tidal fluctuations. In contrast, Atchison Village
exhibited pronounced groundwater rise driven primarily by AR-related recharge.
These site-specific responses reflect broader principles governing groundwater
behavior in coastal fill zones. Artificial fill, often comprising heterogeneous
mixtures of clay, sand, gravel, and construction debris, presents highly variable
hydraulic conductivities that govern infiltration and flow dynamics (Heath, 1983;
Hitchcock et al.,, 2008). Excavated and disturbed trench backfill, whether
permeable or not, can act as a PFP within artificial fill. This alters local hydraulic
gradients and promotes shallow groundwater accumulation above underlying

clay, particularly during heavy rainfall or tidal events.

Multivariate regression analysis demonstrated that shoreline distance,
surface elevation, and trench proximity were statistically significant predictors of
groundwater rise. A combined model incorporating these spatial variables
explained 82.1% of the variance in groundwater response to HAT events,
underscoring the central role of both event-based and static site conditions. For
AR events, model performance was strongest at Atchison Village PFP wells (R2 =

0.912), where storm-driven recharge was tightly coupled with infrastructure
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alignment. These statistical models were further supported by PCA, which
showed clear separation between dynamic hydrologic variables (precipitation and
tide level) and passive spatial characteristics like elevation, shoreline distance,
and trench proximity, suggesting that both sets of factors must be integrated to

accurately predict groundwater emergence under future conditions.

The random forest model confirmed that distance to shoreline, tide
level, and precipitation were the strongest predictors of groundwater rise during
HAT events. Although performance declined for AR events, likely due to complex
infiltration and recharge dynamics, trench proximity remained a key variable.
These results demonstrate that linear infrastructure influences subsurface flow

during both tidal and storm-driven events.

Much of the Bay Area shoreline, from Richmond to San Mateo, is built
on artificial fill over former tidal wetlands, with shallow groundwater, low
elevation, and dense underground infrastructure. As sea levels rise and AR events
intensify, these areas may experience groundwater flooding before marine
overtopping occurs. Trench-aligned infrastructure may also facilitate inland
salinity intrusion, mobilize subsurface contaminants, and increase pressure in
sewer systems, raising the risk of overflows and exposure to hazardous materials

(Habel et al., 2019; Hoover et al., 2017).

This study highlights the historically underrecognized role of
groundwater in coastal flood risk and resilience planning. Traditional sea level
rise models focus primarily on surface inundation from marine overtopping or
storm surge, often overlooking subsurface contributions. However, recent

research shows that including groundwater rise in flood projections can nearly

30



double the estimated area at risk (Anderson et al., 2018; Rozell, 2021). The
findings presented here underscore the need for integrated assessments that
account for hydrologic amplification through infrastructure and artificial fill,
especially in communities already facing aging utilities and legacy contamination.
The historical development of the San Francisco Bay shoreline has compounded
these risks. Over 90% of the region’s original tidal wetlands were diked or filled
by the early 20th century (Atwater et al., 1977; SFEI, 2021). These fill materials
were often undocumented and poorly compacted, resulting in highly variable
subsurface conditions. When intersected by preferential flow pathways (PFPs),
such as utility trenches, these heterogeneities can enhance groundwater
movement and surface emergence. Legacy infrastructure, including abandoned or
leaking sewer lines, is frequently unmapped and can act as subsurface flow
conduits under both recharge and tidal pressure. The widespread use of bedding
sand and gravel in trench backfill further contributes to preferential flow
networks within otherwise low-permeability urban fill zones.
2.4.1 Groundwater Emergence Risk 2025-2050

Groundwater emergence risk was evaluated using a categorical scoring
system from 0 to 5, where each score represents the likelihood and severity of
groundwater, or in some cases, sea level, reaching or exceeding the ground
surface. Groundwater emergence risk scores (Table 2.2) offer a clear framework
for visualizing vulnerability across multiple sites in a heatmap format. A risk
score of 4 represents imminent emergence, where groundwater lies within 0.20
m of the surface, while a score of 5 indicates severe emergent conditions, where

groundwater reaches or exceeds the ground surface.
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Table 2.2: Groundwater Emergence Risk Score Descriptions

Risk Score |Condition Description Emergent Groundwater Risk
5 Groundwater > Surface (Emergent Groundwater) Severe emergent conditions
4 Surface - GW >0.20 m Imminent emergent conditions
3 Surface - GW >0.20 m and £0.40 m Significant risk
2 Surface - GW >0.40 m and <0.60 m Moderate risk
1 Surface - GW >0.60 m and <0.80 m Minimal risk
0 Surface - GW > 0.80 m No emergence risk

SLR projections began in 2025, anchored to a baseline of 0.72 m AMSL,
based on San Francisco NOAA tide gauge station (#9414290). Subsidence rates
were applied to account for site-specific surface lowering over time. Artificial fill
areas were assigned a subsidence rate of 10 mm/year, as estimated by Govorcin et
al. (2025), while alluvial fans and bedrock areas were assigned 2 mm/year,
following estimates by Shirzaei and Biirgmann (2018). SLR was modeled at 10
mm/year, consistent with NOAA’s Intermediate SLR scenario (Sweet et al., 2017;
California OPC, 2018 and 2024), a widely used projection in coastal planning.
These parameters were used to estimate when and where groundwater would
intersect the ground surface, both under SLR and elevated groundwater

conditions associated with AR events.

The framework was applied to contaminated sites where groundwater
emergence can impose a greater risk. A total of 30 contaminated sites (Figure
2.11) were evaluated using this framework, including 21 contaminated sites
(Greenaction, 2023), comprising 7 military sites and 14 industrial sites. In
addition, San Francisco International Airport (SFO) and Oakland Airport (OAK-
Bay Farm) were added to the study list. All 30 study sites were assessed for
surface elevation (m AMSL) and groundwater elevation (m AMSL). HAT events

were also analyzed, but groundwater response to HAT events was generally
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smaller and more localized than the response to AR events. Therefore, AR events
were used as the primary scenario for extreme event modeling. Estimated
temporary groundwater rise during AR events in trench areas was modeled as an
additional 0.40 meters per event, based on the average observed response in
Manzanita trench wells (0.42 m per event). Regulatory agency files were used to
identify recent depth to groundwater at the contaminated sites, and a
groundwater mapping tool (SFEI, 2025) was used for the remaining sites. Google
Earth Pro was used to obtain surface elevation data.

The groundwater emergence heatmap (Figure 2.12) shows differences
in vulnerability across sites and changes in risk over time, from 2025 to 2050.
Sites were arranged from least to most flood-prone (top to bottom), with each
row displaying two lines per site: the top-line representing risk under Normal
conditions with no HAT or AR events, and the bottom-line representing risk
under AR conditions. The sites most vulnerable to groundwater emergence, those
scoring 4 or 5 under AR conditions beginning in 2025, are concentrated in low-
lying, coastal areas built on artificial fill or reclaimed tidal marsh. These include
SFO and OAK, where sea level is projected to reach surface elevation, and
Manzanita (MZ), Tamalpais Valley (TV), Corte Madera (CM), San Rafael (SR)
south Novato (SN), Foster City (FC), and Atchison Village (AV) where emergent
groundwater has been observed as springs, seeps, or pools. Other sites include
Treasure Island, Mare Island, and Alameda Naval Air Station. All of these areas
have limited vertical separation between the water table and the ground surface,
even under current conditions. AR events, temporary groundwater spikes further

increase the frequency and duration of flooding by 2035.
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Figure 2.11: Locations of 30 Study Sites Used for Groundwater Emergence
Predictions (2025—-2050). Numbers refer to sites from (Greenaction, 2023).
Basemap from Hill et. al. (2023) after data from Befus et al. (2020).

Many mid-elevation sites, including the Foster City (FC) residential site,
as well as contaminated sites: Richmond Zeneca, the Richmond Reaction
Products, East Palo Alto Romic, and Brisbane VWR, show a gradual shift from
moderate to high risk in the 2040s and 2050s. These sites have buried
contaminants, and although they are not immediately emergent, they are
projected to cross critical thresholds as sea level rises incrementally. Risk scores
at these locations typically range from 2 to 4 under Normal conditions and
increase to 5, emergent conditions in trenches, by 2035 during AR events. This
trend suggests a threshold-based response, where a combination of SLR and
episodic recharge causes sudden groundwater emergence once capacity is

exceeded. These sites would benefit from proactive planning, long-term

34



monitoring, and early-warning systems.

By contrast, high-elevation and inland sites, such as Point Molate and
San Quentin Prison, maintain low risk scores (0—1) across all years and scenarios.
Located more than five m above sea level, they are not expected to experience
direct groundwater emergence through 2050. However, these sites may still face
indirect risks, such as subsurface lateral flow or contaminant transport along
infrastructure corridors, especially if regional gradients shift in response to
pressure from lower-elevation areas.

The heatmap structure aligns closely with known patterns of elevation,
land use history, and tidal influence. The most flood-prone sites, those appearing
at the bottom of the chart, are typically constructed on artificial fill over former
wetlands and are located near the shoreline. This pattern underscores the
importance of geologic setting as key screening criteria for assessing groundwater
emergence vulnerability.

2.4.2 Predicting Groundwater Emergence and Marine
Overtopping

To evaluate future flooding risks at a low-lying site like Tamalpais Valley
from both groundwater and marine sources, we apply two separate time-to-
surface equations: one for groundwater emergence during extreme precipitation,
assuming groundwater rise within a trench during an AR event, and one for

marine overtopping driven by SLR during a HAT event.

The time (t) when groundwater reaches the ground surface during an
atmospheric river (AR) event is calculated by accounting for land subsidence and

AR event-driven rise of 0.4 m in groundwater within a trench (Equations 2.3
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and 2.4):

GWo + Ah_ AR = SEo -r_subs-t; Solving for t: (2.3)

t = (SEo - GWo - Ah_AR) / r_subs (2.4)

The time (t) when sea level and a HAT event with a groundwater
response of 0.25 m in a trench reach the land surface (accounting for subsidence)

is (Equations 2.5 and 2.6).

SLo + Ah_HAT + r_SLR-t = SEo - r_subs-t; Solving for t: (2.5)
t = (SEo - SLo - Ah_ HAT) / (r_SLR + r_subs) (2.6)
where,

SEo: Initial surface elevation (m AMSL)

GWo: Initial groundwater elevation (m AMSL)

Ah__AR: Groundwater rise from an AR event (m)

SLo: Initial sea level relative to mean sea level (m)

Ah__HAT: Sea level rise from a HAT event (m)

r_SLR: Rate of sea level rise (m/year), typically 0.01 m/year (0.01 m/year)
r_subs: Rate of land subsidence (0.01 m/year)

t: Time in years from base year (assumed to be 2025)

36



2.4.3 Example Calculations for Tamalpais Valley
Assumptions:
SEo = 3.0 m AMSL
SLo =0.72m
GWo = 2.5 m AMSL
Ah_AR=0.4m
Ah_HAT = 0.25 m
r_SLR = 0.01 m/year
r_subs = 0.01 m/year
1. Groundwater emergence (AR event):
t=(3.0-2.5-0.4) / 0.01=0.1/ 0.01 =10 years — Year = 2025 + 10 = 2035
2. Marine overtopping (SLR + HAT + subsidence):
t=(3.0-0.72-0.25) / (0.01 + 0.01) = 2.03 / 0.02 = 101.5 years — Year = 2025 +
102 = 2127
Groundwater, amplified by an AR event, is projected to reach the
ground surface by the year 2035. In contrast, marine overtopping from the

combined effects of SLR and a HAT event in a trench is not expected to reach the
surface until 2127.

AR events consistently increase groundwater emergence risk across
nearly all sites, particularly between 2035 and 2050. This intensification reflects
the combined effect of long-term sea level rise and short-term groundwater
elevation during extreme rainfall. Atchison Village, for example, already

experienced flooding from stormwater backflow and poor drainage. Under
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Normal conditions, its risk scores remain moderate but rise to high under AR
conditions within two decades. This demonstrates that AR events act as tipping
points, accelerating groundwater emergence within trenches at sites already near
threshold, and trenches amplify groundwater emergence associated with extreme
events. To improve the accuracy of emerging groundwater predictions, long-term
land subsidence should be monitored through satellite-based remote sensing and
field surveys in vulnerable areas.

The findings of this study emphasize the significant role of trenches in
amplifying groundwater fluctuations to extreme events, particularly in coastal
areas with artificial fill. The increased groundwater response near trenches raises
concerns for subsurface infrastructure, including sewer and stormwater systems,
which are vulnerable to prolonged saturation that can lead to structural
instability, increased maintenance costs, and reduced operational efficiency.
Among the most critical findings, average groundwater response was the key
factor distinguishing PFP and non-PFP wells, although site-specific variability
reflected local hydrogeologic conditions. Understanding the spatial variability of
groundwater response within trenches compared to more distant areas is
essential for developing effective short-term and long-term SLR adaptation
strategies. Ultimately, a combination of infrastructure upgrades, data-driven
decision-making, and integrated land-use planning will be crucial in reducing
groundwater-related flood risks and enhancing the resilience of coastal

communities.
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Figure 2.12: Simulated emergence groundwater risk heatmap from trench
simulations at 30 coastal sites influenced by SLR and subsidence, with AR and
normal scenarios (2025—-2050)
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3 Emerging Groundwater as a
Hidden Hazard: Differentiating
Subsurface Flooding Sources Using
Ion Geochemistry and Stable Water

Isotopes

Abstract

Emerging groundwater is an underrecognized but growing hazard in low-
lying coastal areas affected by sea level rise, land subsidence, and extreme
precipitation. In urbanized settings where infrastructure intersects shallow water
tables, groundwater can breach the surface during high tides or storms, often
resembling stormwater ponding, sewer overflow, or tidal backflow. Identification is
difficult where low-permeability soils cause surface pooling that mimics groundwater
emergence. This study uses stable isotope ratios (62H and 6180) and major ion
chemistry to distinguish emerging groundwater from other surface water sources
across three San Francisco Bay Area sites with a history of flooding: Manzanita and
Tamalpais Valley, underlain by artificial fill over former wetlands, and Atchison
Village, built on poorly drained alluvial sediments. Water samples were collected
from groundwater wells, crawlspaces, surface water, sewer overflow, and tidal inlets
during atmospheric river events and highest astronomical tide events. Isotopic data

were evaluated relative to both global and local meteoric water lines, while ternary
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mixing models based on diagnostic ion ratios (Na* + Cl-, HCOs~, Mg2* + Ca2*) were
used to estimate source contributions. Results indicate that emerging groundwater
was geochemically and isotopically consistent with local groundwater, distinguishing
it from direct rainfall, wastewater, tap water, and saltwater sources. These findings
demonstrate that geochemical tools can identify groundwater emergence across
diverse subsurface conditions and highlight its underappreciated role in compound
flooding. As groundwater levels rise in response to climate-driven sea level rise, the
ability to accurately identify groundwater emergence will be essential for flood
mitigation, infrastructure planning, contaminant management, and effective coastal

adaptation.

3.1 Introduction

Traditional flood risk assessments primarily focus on surface water
inundation and do not account for emerging groundwater as a risk (Rotzoll and
Fletcher, 2013; Befus et al., 2020). Specifically, groundwater geochemistry can
shed light on groundwater dynamics and how it is related to flood risks (Michael
et al., 2017). Geochemical analysis, including ion chemistry and stable water
isotopes (6180, §2H), provides essential insight into how groundwater interacts
with surface water, stormwater, and seawater (Vengosh et al., 2005; Stuyfzand,
2008; and Clark and Fritz, 2013). Ion chemistry identifies the sources and
transformations of groundwater constituents, distinguishing between saltwater
intrusion, stormwater infiltration, and wastewater contamination (Barlow and
Reichard, 2010; and Cartwright et al., 2014). Stable water isotopes trace water
source mixing, recharge timing, and evaporation effects, allowing for

differentiation between recent stormwater infiltration and older groundwater
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(Kendall and McDonnel, 2012; and Kennedy et al., 2012).

Multiple interrelated factors contribute to emerging groundwater and
altered groundwater chemistry in urban coastal environments (Werner et al.,
2013; and Yu et al.,, 2018). Sea level rise (SLR) raises regional water tables,
reducing vadose zone thickness, increasing groundwater emergence, hydrostatic
pressure, and surface water-groundwater connectivity in low-lying areas which
can result in flooding (Ferguson and Gleeson. 2012; and Hoover et al., 2017). The
rising water table enhances mixing between existing water sources, altering
groundwater geochemistry. While such mixing can accelerate saltwater intrusion
in other unconfined coastal aquifers (Cooper et al., 1964; Werner and Simmons,
2009), at Manzanita it primarily results in geochemical changes driven by
interactions between meteoric and tidally influenced waters. Elevated sodium
(Na*) and chloride (Cl”) concentrations, along with enriched 6180 and 62H
values, are key indicators of mixing of seawater with groundwater (Post and

Werner, 2017; and Jiao and Post, 2019).

Highest astronomical tides (HAT) and atmospheric river (AR) events,
further intensify groundwater responses (Bjerklie et al., 2018; and Ralph et al.,
2018 and 2019). HAT events push tidal water into coastal groundwater zones,
increasing hydraulic gradients and this process is reflected in geochemical shifts,
including increased salinity and altered ion ratios indicative of tidal mixing
(Robinson and Barry, 2007; and Levanon et al., 2017). AR events generate
intense rainfall, leading to rapid groundwater recharge and temporary dilution of
ion concentrations (Dettinger, 2011; and Gershunov et al., 2017). These storm-

driven fluctuations in groundwater chemistry provide a means to assess how
43



different water sources interact in different locations (Levanon et al., 2017).
Groundwater rise can lead to emerging groundwater (Plane et al., 2019, Hill et al.,

2023).

The San Francisco Bay region is highly vulnerable to groundwater rise
and emerging groundwater during and after extreme events due to its complex
hydrogeology, extensive land use modifications, and aging stormwater and
wastewater infrastructure (Holleman and Stacey, 2014; and Plane et al., 2019).
Sewer utility trenches, a significant but often overlooked hydrologic factor, create
preferential flow pathways that modify stormwater recharge, alter groundwater
flow direction, increase mixing between water sources, and accelerate water table
rise during extreme events (Sharp et al., 2010; and Bonneau et al., 2017). Land
use modifications further exacerbate the effects of extreme events. The
replacement of wetlands with artificial fill alters the natural hydrologic balance,
reducing infiltration capacity and increasing surface runoff (Kaushal et al., 2015;
and Kniisel et al.,, 2019). These changes influence groundwater recharge and
geochemical evolution, as urban areas lose the natural buffering capacity of
historic wetland systems (Moffett et al., 2015; and Jha et al., 2017). Without the
ability to absorb and filter incoming water, groundwater systems in these
modified landscapes exhibit greater fluctuations in ion concentrations, increased
vulnerability to saltwater intrusion, and more pronounced geochemical variability

(Foppen, 2002; and Baron et al., 2013).

Building on field data collected during HAT and AR events, this study
applies stable water isotope and ion-based geochemical analyses to identify

groundwater emergence at representative coastal and inland settings of the San
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Francisco Bay region. The central research question is: To what extent can
geochemical and isotopic signatures differentiate shallow groundwater
emergence from other surface water sources, such as rainfall accumulation,
stormwater backflow, sewer overflow, marine inundation, or leakage from tap or
irrigation systems? The study aims to improve understanding of groundwater-
surface water interactions under compound flooding conditions and to support
the development of diagnostic tools for identifying emerging groundwater as a

source of surface flooding in vulnerable coastal settings.

3.2 Methods

This study investigates groundwater geochemistry and stable water
isotopic signatures at three urban coastal sites in the San Francisco Bay Area:
Manzanita and Tamalpais Valley in unincorporated southern Marin County, and
Atchison Village in the City of Richmond, Contra Costa County. All three sites
have a history of flooding, shallow groundwater (less than one m below the
surface), groundwater emergence, and stormwater backflow. (See Figures 2.2a-

b, 2.3a-2.3i., and 2.4a-2.4c¢).

Water sampling was conducted during HAT events throughout Water
Year 2023 (October 1, 2022 — September 30, 2023). Samples were collected in
November and December 2022, and in January, February, March, and September
2023 (Figure 3.1). To identify the sources of emerging groundwater, samples
were collected from groundwater wells and nearby surface water features.
Sampling was limited to dry conditions. Surface water samples were collected
after at least five days following any AR event. In total, 281 water samples were

collected. These included three primary end members: tap water, rainwater, and
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saltwater. Five secondary sources represented mixed waters—tidal inlet,
groundwater, stormwater backflow, sewer overflow, and crawlspace water. One
tertiary category consisted of surface water suspected to represent emerging

groundwater (Figure 3.2).

To estimate the relative contributions of rainwater, tap water, and
saltwater to sampled waters, an ion-based ternary mixing mode was used. Each
ternary diagram represents normalized proportions of three ion groupings:
sodium (Na*) and chloride (CI") as a proxy for saltwater, bicarbonate (HCO3") for
rainwater, and calcium (Ca2*) plus magnesium (Mg2*) for tap water. A single
representative sample was used to define each end member at the corners of the
ternary diagrams. The saltwater end member was selected based on a sample
with a complete major ion analysis and a combination of high chloride
concentration and elevated electrical conductivity. Rainwater and tap water end

members were defined by averaging multiple samples, when available.

Ion concentrations were normalized to sum to 100% for each sample,
enabling comparison across sites. This model assumes conservative mixing with
minimal in-situ geochemical alteration. Although it simplifies complex hydrologic
and geochemical processes, by treating each ion group as uniquely tied to one
source, it provides a useful first-order approximation of source mixing.
Interpretations were made in the context of local hydrogeologic conditions. The
results reflect ion-based mixing trends rather than exact volumetric

contributions.
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This approach is adapted from methods described by Jiao and Post
(2019) and Cartwright et al. (2007). While useful for identifying broad mixing
trends, it does not account for geochemical reactions such as carbonate
dissolution or ion exchange, which may alter ion concentrations and affect source
estimates. However, to identify emerging groundwater from surface water
samples, this method provides a practical first-order tool for distinguishing likely
source contributions based on relative ion signatures. Water samples were also
analyzed for stable isotopes of water (6180 and &2H) to support source

identification and mixing analysis.

A flood driver conceptual diagram illustrates the three primary
mechanisms of flooding: marine overtopping (see Figure 2.3a), stormwater
backflow (see Figure 2.3b), and groundwater emergence (see Figure 2.3c),
with corresponding field observations from Manzanita (see Figure 2.3d—2.3f)

and Tamalpais Valley (see Figure 2.3g—2.3i).
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Figure 3.1: Sample collection dates defined by HAT events
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Figure 3.2: Distribution of 281 water samples from the three sites.

Manzanita (see Figure 2.3a), the site closest to Richardson Bay, is

directly influenced by tidal exchange. Seven soil borings (MW1-MW?7) conducted

for this study are located 1 to 79 m of the shoreline. Based on boring logs,

artificial fill at the site ranges in thickness from 2.20 to 3.02 m and consists
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predominantly of clay (CL), with lesser amounts of sand, gravel, and construction
debris such as brick fragments (this study). This artificial fill overlies the Young
Bay Mud, a highly plastic clay (CH) (GEI, 2015; GEI, 2016), interpreted as
wetland deposits. Shallow groundwater at Manzanita is unconfined and perched
atop the Young Bay Mud. Groundwater generally drains toward the engineered

tidal inlet that connects to Richardson Bay.

Tamalpais Valley (see Figure 2.3b) is drained primarily by Coyote
Creek, an engineered channel that conveys tidal flows further inland. Four wells
(TVW1-TVW4) located 683 to 1,410 m inland indicate that the artificial fill
ranges in thickness from 2.08 to 2.29 m (this study). This artificial fill overlies the
Young Bay Mud, a plastic clay interpreted as historic wetland deposits (GEI,
2015). Shallow groundwater in Tamalpais Valley is unconfined, perched above
the Young Bay Mud. Evidence of shallow groundwater in Tamalpais Valley
includes water wicking through wood and concrete surfaces and frequent sump

pump activity (Figure 3.3).

Atchison Village in the City of Richmond in Contra Costa County,
California, is built on poorly drained alluvial deposits that contribute to localized
flooding during AR events. Deeper alluvial aquifers exist beneath Atchison
Village. Atchison Village is situated on poorly drained alluvial deposits adjacent
to the Santa Fe Channel. Unlike Manzanita, it is not directly impacted by marine
overtopping or tidal backflow through drainage infrastructure. While the site has
historically experienced stormwater backflow during extreme rainfall events,
there is no evidence of tidal water intrusion via stormdrains or surface channels.

The five wells (AVW1, AVW1S, AVW2-AVW4) are located 820 to 1,190 m from
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the shoreline. Atchison Village includes 162 residential units and a community
center. Crawlspaces (Figure 3.4) are located 0.5 to 1.5 meters below ground
surface, and most units experience chronic flooding, with standing water depths
typically ranging from 0.1 to 0.3 meters (McMinn, 2017). Sump pumps are
commonly used for dewatering, and as of 2017, 163 sump pumps were in
operation across the property (McMinn, 2017; B. Postel, personal

communication).

Major ion chemistry and stable isotope analysis were used to identify the
dominant water sources contributing to groundwater, surface water, crawlspace
water, sewer overflow, and tidal inlet samples across the three sites. Source
contributions were evaluated using three water source end members: rainwater,
tap water, and saltwater. For the adjacent study sites of Manzanita and Tamalpais
Valley, a single rainwater and a single tap water sample collected in Tamalpais
Valley were used to represent both areas, while saltwater end member samples
were collected from Richardson Bay. For Atchison Village, rainwater and tap
water samples were collected within the residential area, and the saltwater end
member samples were taken from the Santa Fe Channel, a tidal waterway
connected to San Francisco Bay. Major ions were grouped into three diagnostic
indicators: Na* + Cl~ for saltwater, HCO3™ for rainwater, and Mg2* + Ca2* for tap
water. For each water sample, the summed concentration of these three groups
was normalized to 100%, resulting in a ternary composition that reflects the
relative influence of the three sources. Although the end members (rainwater,
saltwater, and tap water) approached pure-source conditions, none plotted
exactly at the triangle vertices due to minor ion contributions. This deviation is
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expected in environmental systems and reflects natural variability in atmospheric

deposition, infrastructure leaching, and analytical precision.

The normalized ternary compositions were averaged for each of the
mixed-source water types, including groundwater, crawlspace water, surface
water, sewer overflow, and tidal inlet, and visualized using a ternary diagram.
Stable isotope ratios (62H and 6180) were used to assess hydrologic processes
and further constrain water sources. These values were plotted against the Global
Meteoric Water Line (GMWL) and an approximate Local Meteoric Water Line
(LMWL) for coastal northern California (Craig, 1961, Ingram and Taylor, 1991,
Clark and Fritz, 1997, Gat, 1996) with symbols matching those used in the ternary

plot.

Figure 3.3: Evidence of shallow groundwater in Tamalpais Valley (red
ovals, top row) and sump pump, lower left and sump pump discharge
pipes (lower right)
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Figure 3.4: Photo of crawlspace water which has been observed in the
wet season (photo from Barbara Postel)

3.3 Results

We performed end member mixing calculations to evaluate the relative
contributions of rainwater, tap water, and saltwater to various surface and
subsurface mixed-source waters across all three sites. The resulting average
source proportions are summarized in Table 3.1. Due to their geographic
proximity and similar hydrologic settings, Manzanita and Tamalpais Valley
shared the same endmembers for saltwater, rainwater, and tap water.

Table 3.1: Summary of end member and mixed-source water samples

52



Manzanita: 0 - 79 m from the shoreline

Sample Type End Member Mixed Source Symbol % Saltwater % Rainwater % Tap Water %
Rainwater X RW 43.9 30.5 25.5 99.9
Saltwater X SA 88.2 04 114 100.0
Tap Water X TwW 43.9 30.5 25.5 99.9
Groundwater X GW 65.4 8.5 26.1 100.0
Stormwater Backflow X SB 77.6 4.8 17.6 100.0
Surface Water X SW 57.8 18 24.2 100.0
Tidal Inlet X Tl 84.9 13 13.8 100.0
Tamalpais Valley: 683 -1410 from the shoreline

Sample Type End Member Mixed Source Symbol % Saltwater % Rainwater % Tap Water %
Rainwater X RW 43.9 30.5 25.5 99.9
Saltwater X SA 88.2 0.4 114 100.0
Tap Water X TwW 43.9 30.5 25.5 99.9
Groundwater X GW 63.6 134 23.0 100.0
Emerging Groundwater X EM 81.5 4.1 14.4 100.0
Tidal Inlet X Tl 80.8 7.0 12.4 100.1
Atchison Village: 820 - 1410 m from the shoreline

Sample Type End Member Mixed Source Symbol % Saltwater % Rainwater % Tap Water %
Rainwater X RW 68.2 10.5 21.2 99.9
Saltwater X SA 88.7 04 10.9 100.0
Tap Water X TwW 41.8 284 29.8 100.0
Crawlspace Water X CS 41.7 27.0 31.3 100.0
Groundwater X GwW 41.0 26.7 32.3 100.0
Sewer Overflow X SO 41.6 25.1 333 100.0
Surface Water X SwW 39.7 274 32.9 100.0
Tidal Inlet X Tl 57.5 14.3 28.2 100.0

3.3.1 Manzanita

Geochemical mixing analysis of Manzanita water samples showed a
broad range of source contributions. Most samples reflected mixing among
saltwater (Na* + CI7), tap water (Ca2* + Mg2*), and rainwater (HCO3"). In the
ternary diagram (Figure 3.5), groundwater samples clustered closer to the
saltwater—tap water axis, indicating these were the dominant sources influencing
subsurface chemistry. Emerging groundwater and surface water samples plotted
within the ternary space defined by these three end members, suggesting

subsurface mixing.

Groundwater samples had an average saltwater contribution of 65.4%,
indicating significant marine influence, likely due to tidal channel infiltration
during HAT events. Stormwater backflow samples had even higher saltwater
content (77.6%), with minimal rainwater input (4.8%), suggesting dominance by

saline backflow rather than freshwater runoff. Surface water and tidal inlet
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samples also reflected elevated saltwater proportions (57.8% and 84.9%,
respectively), consistent with estuarine intrusion or marine overtopping in low-

lying areas.

Stable isotope analysis (Figure 3.6) further identifies water sources.
Groundwater samples exhibited moderately depleted isotopic values, averaging —
4.40%o for 6180 and —26.25%. for §2H. Stormwater backflow samples showed
nearly identical isotopic compositions (—4.46%o0 6180, —28.86%0 62H), indicating
a close hydrologic relationship with groundwater. Surface water samples were

more isotopically depleted (—7.04%o0 6180, —49.36%0 62H).

Tidal inlet samples showed intermediate enrichment (-3.67%0 §180, —
23.31%0 62H), consistent with a mix of estuarine and meteoric water. Saltwater
end member samples from Richardson Bay were highly enriched (-1.87%0 6180,
—11.16%0 62H), while both tap water and rainwater had identical compositions (-
2.25%0 6180, —14.71%0 062H), aligning with the local meteoric water line and

serving as reference end members.
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Figure 3.5: Manzanita ternary diagram. Abbreviations include Manzanita (MZ),
crawlspace water (CS), groundwater (GW), rainwater (RW), saltwater (SA),
stormwater backflow (SB), surface water (SW), tidal inlet (TI), and tap water
(TW).
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Figure 3.6: Manzanita stable water isotope plot
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3.3.2 Tamalpais Valley

Tamalpais Valley groundwater samples had an average saltwater content
of 63.6%, while emerging groundwater was more saline, with 81.5% saltwater
contribution (see Table 3.1). Tidal inlet samples showed elevated saltwater
concentrations, averaging 80.8%, with minor contributions from rainwater and
tap water. The ternary diagram for Tamalpais Valley (Figure 3.7) shows
groundwater samples clustering near the saltwater—tap water axis. Tidal inlet
samples, including those from Coyote Creek and the Crest Marin tributary,

plotted along the saltwater axis, reflecting high estuarine influence.

Stable isotope analysis (Figure 3.8) further differentiated sample types.
Emerging groundwater exhibited the most isotopically depleted values, with
mean 5180 of —4.72%o0 and 62H of —28.98%0. Groundwater samples were slightly
more enriched, averaging —3.86%o for 6180 and —23.27%. for 62H. Tidal inlet
samples showed intermediate enrichment, with values around —3.8%o for §180
and —21.0%o0 for §2H. Rainwater and tap water had identical isotopic values
(6180: —2.25%0; 62H: —14.71%o0), consistent with the local meteoric water line.
The saltwater samples from Richardson Bay were the most enriched samples,

averaging —1.87%o 6180 and —11.16%o0 62H.
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Figure 3.7: Tamalpais Valley ternary diagram. Abbreviations include Tamalpais
Valley (TV), emerging groundwater (EM), groundwater (GW), rainwater (RW),
saltwater (SA), stormwater backflow (SB), tidal inlet (TT), and tap water (TW).
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Figure 3.8: Tamalpais Valley stable water isotope plot
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3.3.3 Atchison Village

Ternary mixing analysis of water samples from Atchison Village (Figure
3.9) showed a more balanced contribution from the three end members
compared to the more tidally influenced sites of Manzanita and Tamalpais Valley.
Groundwater, crawlspace water, sewer overflow, and surface water samples each
displayed relatively equal proportions of saltwater (39—42%), tap water (30—
33%), and rainwater (25—27%). Tidal inlet samples also showed marine influence

but with lower saltwater content (57.5%) than observed at the other sites.

End member samples plotted near their respective vertices on the
ternary diagram: saltwater (high Na* + Cl7), rainwater (high HCO3s™), and tap
water (high Ca2* + Mg2*), confirming appropriate selection for source
attribution. Groundwater samples clustered near the base of the triangle, between
the rainwater and tap water vertices, indicating minimal saltwater influence.
Crawlspace water and surface water samples plotted closely with the groundwater
cluster, while sewer overflow samples also clustered near groundwater but with
slightly elevated rainwater and tap water fractions. Tidal inlet samples shifted

toward the saltwater vertex, consistent with moderate marine character.

Stable isotope analysis (Figure 3.10) further distinguished sample
types. Groundwater (—6.14%o0 6180, —38.22%0 62H) and crawlspace water (—
6.49%0 6180, —42.390%0 062H) exhibited closely aligned isotopic values, while
surface water and sewer overflow were more depleted (—7.02%0 and —8.09%o
6180, respectively). These samples all plotted along or slightly below the Local
Meteoric Water Line (LMWL), indicating limited evaporative enrichment. The

Atchison Village surface water samples exhibit §180 and 62H values that are
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substantially more depleted than those observed in Atchison Village groundwater
or crawlspace water, with §180 ranging from —8.35 to —9.36%o, more consistent
with rainwater than with groundwater. Tidal inlet samples had isotopic
compositions similar to groundwater. Rainwater and tap water were the most
isotopically depleted (—9.37%0 6180, —66.73%0 62H), representing the meteoric
end member. Saltwater from the Santa Fe Channel was the most enriched (-
1.54%0 8180, —9.23%0 62H), consistent with marine origin and aligning with the

Global Meteoric Water Line (GMWL).

Atchison Village

Salt (Na* + CI")

Rain (HCO5) Tap (Mg2* + Ca?*)
® CS SB * SW SA
H GW Q SO ¥ RW = TW TI

Figure 3.9: Atchison Village ternary diagrams. Abbreviations include Atchison
Village (AV), crawlspace water (CS), groundwater (GW), rainwater (RW),
saltwater (SA), stormwater backflow (SB), sewer overflow (SO), surface water
(SW), tidal inlet (TT), and tap water (TW).
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Atchison Village Isotope Plot
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Figure 3.10: Stable water isotope plot for Atchison Village

3.4 Discussion

The ion and isotope results from all three sites underscore the
importance of differentiating groundwater emergence from other mixed water
sources in low-lying communities where pooling water may arise from complex
combinations of urban runoff, subsurface sewer issues, and shallow groundwater
rise.

3.4.1 Manzanita

At Manzanita, geochemical and isotopic data indicate active mixing
between shallow groundwater, rainfall infiltration, and tidal inflows.
Groundwater samples showed elevated saltwater signatures, averaging 65.4%,
particularly in those with high Na* and Cl~ concentrations, consistent with tidal
channel infiltration during high tide events. Stormwater backflow samples
exhibited even higher saltwater content (77.6%) and plotted near the saltwater

vertex in ternary space, indicating strong marine influence, likely from tidal
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backflow or overtopping during HAT events.

Stable isotope analysis reinforces these patterns. Groundwater and
stormwater backflow samples had nearly identical isotopic values (—4.40%.0 and —
4.46%0 6180), suggesting that stormwater backflow may include recycled or
displaced shallow groundwater mobilized during periods of high-water table or
tidal forcing. In contrast, surface water samples were more isotopically depleted
(—7.04%0 6180), indicating a distinct source likely tied to recent rainfall or
upland runoff, with limited mixing from saline or groundwater sources. Tidal
inlet samples showed intermediate enrichment in 180 and 62H, consistent with
brackish estuarine water modified by meteoric input. Saltwater end members
from Richardson Bay were the most isotopically enriched and geochemically

saline, serving as a clear marine reference point.

Together, these data show that in low-lying artificial fill environments
like Manzanita, stormwater accumulation may resemble emerging groundwater
but often originates from surface runoff or tidal backflow rather than surface
discharge driven by water table rise. Multiple surface water samples from Water
Year 2023 were more depleted in §180 and §2H compared to groundwater and
exhibited higher rainwater fractions and lower saltwater contributions, consistent
with a surface-derived origin. While some overlap in ion chemistry was observed
among water types, isotopic evidence suggests that ponded surface water is not

the result of emerging groundwater.

Field observations in spring 2024 (Figures 3.11 and 3.12) documented

emerging groundwater in Manzanita occurring up to 15 days after earlier
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atmospheric river (AR) events. On March 13, 2024, a water sample collected from
the emergent flow was analyzed in the field using a portable YSI multimeter. The
sample exhibited low electrical conductivity (578 uS/cm), equivalent to
approximately 0.3 ppt salinity, well below the 2 ppt freshwater threshold
(Chapman, 1992; USGS, 2018). These data confirm that true groundwater
emergence can occur under specific conditions and may have distinct chemical

signatures, particularly during or following HAT or AR events.

The evidence highlights the importance of integrating isotopic analysis,
ion chemistry, and in situ monitoring to differentiate between shallow
groundwater and other surface water sources. In Manzanita, tidal dynamics and
the presence of artificial fill, especially preferential flow pathways such as sewer
trenches, strongly influence hydrologic responses. These findings underscore the
need for site-specific characterization when evaluating flood risk and

groundwater emergence in coastal urban settings.

Figure 3.11: Manzanita emerging groundwater pouring over sidewalk April 15,
2024. The location is directly above a preferential flow pathway (sewer utility
trench).
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Figure 3.12: Close up of emerging groundwater ponding in Manzanita on March
30, 2024.

Supporting these observations, Manzanita monitoring well MW1,
located 53 m northwest of the emergence site and within the same sewer trench,
recorded a water table elevation of 1.99 m AMSL on February 29, 2024, nearly
identical to the estimated elevation of the emerging groundwater (1.98 m). The
sustained emergence observed through March and April 2024 likely reflects
delayed discharge from groundwater recharged during the extreme storms of

January and February 2024.

A time-series plot of rainfall, tides, and groundwater emergence (Figure
3.13) illustrates the temporal dynamics of these events. The chart shows a clear
lag between initial storm inputs and the onset of continuous groundwater
discharge, followed by a gradual tapering of flow. Groundwater levels are plotted
relative to local ground surface elevation, with a reference line at o m AMSL
indicating the emergence threshold. Following the AR event on March 29, 2024,
which delivered 31.50 mm of rainfall, shallow groundwater upwelling persisted
until levels receded below the ground surface by April 18, 2024. Groundwater

briefly re-emerged at the same location during two separate 24-hour periods on
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May 5 and July 2, 2024, before remaining below the surface through at least
December 31, 2024. The timing of these brief re-emergence events may be
influenced by local irrigation, as adjacent properties have been observed watering

during the dry season.

Together, these observations and data illustrate the complex interactions
between extreme precipitation, artificial subsurface structures, and groundwater
dynamics, providing critical insight into flood risks in wurban coastal
environments. A conceptual diagram of the Manzanita emerging groundwater is

shown in Figure 3.14.
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Figure 3.13: Daily rainfall (mm), peak tide (m AMSL), and emerging groundwater
presence (black = dry, red = wet) in Manzanita, 2024.
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Figure 3.14: diagram of emerging groundwater, Manzanita, no scale implied

Manzanita, groundwater emergence was observed in 2024 within a low-
lying area situated directly above a preferential flow pathway, specifically a sewer
trench. The emerging groundwater was fresh water and not associated with HAT
events, but rather several AR events. Emerging groundwater such as observed in
Manzanita can lead to persistent surface saturation, increasing the likelihood of

ponding, structural instability, and contaminant release from the subsurface.

3.4.2 Tamalpais Valley

Tamalpais Valley groundwater samples showed limited saltwater
content, consistent with well placement away from tidal channels and outside
preferential flow pathways, tidal inlet samples confirm that estuarine water can
reach parts of the site during HAT events. Ternary mixing results show high
saltwater contributions in both emerging groundwater (81.5%) and tidal inlet

samples (80.8%), indicating episodic estuarine intrusion even in this inland
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setting. This suggests the presence of buried preferential pathways or low-
permeability conduits that intermittently connect inland fill zones to tidal creeks.
Isotopic depletion in emerging groundwater (—4.72%o0 6180, —28.98%0 62H)
reflects limited evaporation and recent meteoric recharge, while slightly enriched
groundwater samples suggest longer residence times or minor evaporative
mixing. Tidal inlet samples exhibited intermediate isotopic values, consistent
with estuarine water diluted by meteoric input, and isotopically distinct from the
more enriched Richardson Bay marine end member. The mixing patterns in
Tamalpais Valley reflect a combination of tidal inflow and rain-influenced
shallow groundwater. With 13.4% rainwater and 23.0% tap water contributions
observed in groundwater samples, local recharge and possible anthropogenic
inputs also play a role. Emerging groundwater in Tamalpais Valley ranged from
brackish to tidally influenced. These findings underscore the complex hydrologic
processes operating in low-lying inland zones and the importance of
differentiating source contributions to guide appropriate flood mitigation

strategies.

3.4.3 Atchison Village

Surface water samples in Atchison Village, initially considered potential
indicators of emerging groundwater, exhibit more depleted 6180 and 62H values
(6180: —8.35 to —9.36%0) than local groundwater or crawlspace water, consistent
with a rainwater origin. These samples also contain lower concentrations of
chloride, sodium, and bicarbonate, and exhibit electrical conductivity values

(172—312 pS/cm) below those of groundwater and generally comparable to
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crawlspace water. These characteristics suggest a surface-derived origin from
direct rainfall or stormwater accumulation, rather than emerging groundwater.
Clear isotopic separation among end members in Atchison Village further
validates the mixing analysis: rainwater and tap water were strongly depleted,
confirming their use as appropriate meteoric references, while groundwater,
crawlspace water, and tidal inlet samples shared similar §-values, highlighting
their connection to the shallow aquifer. Surface water and sewer overflow fell in

intermediate positions, reflecting their mixed meteoric and subsurface origins.

Geochemical and isotopic data indicate that both crawlspace water and
sewer overflow in Atchison Village primarily reflect shallow groundwater.
Crawlspace water closely matches local groundwater composition, averaging
41.7% saltwater, 27.0% rainwater, and 31.3% tap water, with elevated bicarbonate
and moderate electrical conductivity. Isotopic signatures plot near groundwater
values with minimal evaporative enrichment, confirming hydraulic connectivity
to the shallow saturated zone during periods of high-water table. These results
support the interpretation that crawlspace flooding arises from groundwater
emergence rather than isolated leaks or surface runoff, serving as a direct

indicator of subsurface flooding risk.

Sewer overflow samples exhibit nearly identical mixing proportions
(41.6% saltwater, 25.1% rainwater, 33.3% tap water), further reinforcing a dual
origin from infiltration/inflow (I&I) and groundwater intrusion. Their close
alignment with groundwater and crawlspace water in both isotope and ternary
plots suggests that groundwater likely enters the sewer system during high water

table conditions, particularly following AR events. This highlights the importance
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of accounting for subsurface connectivity in adaptation planning, especially as sea

level rise and extreme precipitation events intensify.

Compared to Manzanita and Tamalpais Valley, Atchison Village
groundwater shows more balanced source contributions and a lower overall
saltwater fraction. Groundwater, crawlspace water, surface water, and sewer
overflow samples all plot along the local meteoric water line (LMWL), indicating
minimal evaporation and a common meteoric origin. These waters reflect shallow
subsurface interaction and recharge-dominated dynamics in poorly drained

alluvium, rather than marine influence.

In contrast, tidal inlet samples show a strong marine signature (57.5%
saltwater) and are compositionally distinct from crawlspace and sewer overflow
samples. While these samples reflect estuarine backflow into open drainage
channels during HAT events, Atchison Village wells remained fresh. This contrast
supports the conclusion that flooding in Atchison Village is driven by
groundwater rise and stormwater backflow, not by tidal intrusion into the shallow

aquifer.

Groundwater emergence is an underrecognized but potentially
significant contributor to surface flooding in low-lying coastal areas like
Manzanita, as well as more inland sites such as Tamalpais Valley and Atchison
Village. In Atchison Village, seasonal crawlspace flooding is linked to a rising
water table and is likely to worsen with increasing storm intensity. Geochemical
and isotopic data help distinguish between mixed water sources, including

floodwater, enabling the identification of emerging groundwater and guiding
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appropriate engineering responses. While marine flooding may require shoreline
defenses and stormwater can be managed with surface drainage, groundwater
emergence demands subsurface solutions such as trench drains or dewatering
systems. As sea levels continue to rise and extreme precipitation events become
more frequent, accurately identifying the source of surface water will be critical
for climate adaptation, infrastructure resilience, and public health protection in

vulnerable coastal areas.
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4 Prioritizing Contaminated Sites
Vulnerable to Sea-level Rise and
Groundwater Emergence Using
DRASTIC Indexing Framework, San

Francisco Bay Area, California, USA

Abstract

The San Francisco Bay Area is increasingly vulnerable to sea level rise,
which can trigger both coastal flooding and shallow groundwater emergence,
processes that elevate the risk of human exposure to industrial contaminants buried
in artificial fill and coastal sediments. This study investigates whether a rapid, cost-
effective indexing framework can be used to prioritize contaminated sites at risk
from hydrologic changes driven by climate change. The analysis focused on sites
projected to experience at least 1 m of sea level rise and where groundwater lies
within three meters of the land surface. Fourteen geographically distributed sites
were selected based on the presence of volatile organic compounds, which are highly
soluble, mobile in groundwater, and pose significant vapor intrusion risks.

Trichloroethylene and tetrachloroethylene were used as proxy contaminants due to
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their widespread occurrence and relevance to legacy pollution in the region.

To assess site vulnerability, a multi-tiered, index-based framework was
developed. The DRASTIC index provided a baseline characterization of
hydrogeologic vulnerability. To address additional risk dimensions not fully captured
by DRASTIC, three supplementary indices were created: the Site Characteristics
Index, the Contaminant Characteristics Index, and the Inundation Vulnerability
Index. These represent site-specific hydrogeologic conditions, including DRASTIC,
contaminant persistence and mobility, and flood exposure, respectively. Bivariate
correlation analysis among these indices was used to identify and rank high-priority
sites, those most vulnerable to sea level rise, shallow groundwater rise, and potential
mobilization of subsurface contaminants. A z-score transformation was applied to
standardize each index, enabling direct comparison and the development of
composite rankings based on both predefined and data-driven weights. The strong
correlation between the two ranking approaches (R2 = 0.754) demonstrates the
reliability of the framework. This structured assessment supports evidence-based
prioritization of high-risk sites, helping to optimize the allocation of investigation
and mitigation resources in response to increasing threats from sea level rise and

climate-driven flooding.

4.1 Introduction

The intersection of sea level rise (SLR), groundwater rise, and public
health risks in the San Francisco Bay Area is increasingly concerning, particularly
as rising water tables and changing biogeochemistry can mobilize buried
contaminants in shallow groundwater and contribute to overland tidal flooding

(Cushing et al., 2023). Beyond SLR and groundwater rise, urban preferential flow
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pathways, such as sewer trenches and other underground infrastructure, can alter
groundwater flow patterns, potentially creating new pathways for human and
environmental exposure to buried contaminants (Hill et al., 2023). The
Greenaction (2023) report Ticking Time Bomb highlights the social vulnerability
concerns of SLR, and groundwater rise in the area, emphasizing the
disproportionate risks faced by communities near contaminated sites and
highlighting 50 environmental case studies in various states of investigation and
remediation. Rather than being a comprehensive list of all contaminated sites
potentially affected by SLR, the report illustrates the spatial diversity,
contaminant variety, and differing cleanup statuses of the selected sites. Sites
where industrial facilities and landfills have been constructed on reclaimed
wetland where artificial fill was emplaced are particularly vulnerable to
contaminant transport. Indeed, an estimated 85.2 percent of wetlands around
San Francisco Bay have disappeared (Brophy et al., 2019) since the 1800s
(Figure 4.1a) and industrial facilities and landfills were commonly developed on
or near artificial fill placed on former tidal flat and tidal marsh deposits (SFEI,
2017, 2021). Together, these factors show that many contaminated sites in the
region are situated in low-lying, geologically altered areas highly susceptible to

water table rise and overland flooding.
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Figure 4.1: a) Historic Baylands in San Francisco Bay (modified after SFEI, 2017).
b) Study site locations on basemap of groundwater rise with the red digits
referring to the Greenaction (2023) site numbers (modified after Hill et al., 2023
(basemap), based on database by Befus et al., 2020)

The escalating risks of coastal flooding, groundwater inundation, and
contaminant migration in the San Francisco Bay Area due to SLR were
underscored in Hill et al 2023, in response to modeling from Befus et al 2020.
The Befus et al (2020) study modeled the mechanisms by which rising water
tables, driven by SLR, can exacerbate flooding. These findings highlight the need
for proactive assessment and mitigation strategies to address the compound
flooding threats posed by climate change in vulnerable coastal settings. Hill et al.
(2023) also emphasized the interconnectedness of groundwater, surface water,
and infrastructure vulnerabilities, a critical lens for understanding risk in dense,
urbanized regions such as the San Francisco Bay Area. An empirically-based
rapid assessment method (Plane et al. (2019) identified potential groundwater
flooding hotspots as sea levels rise, focusing on how these hazards intersect with

vulnerable infrastructure. The approach provides a foundation for assessing

urban flooding risks, which is particularly relevant to the San Francisco Bay
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Area’s buried contaminants and dense network of buried urban utility trenches,
which create preferential flow pathways (PFPs). The hydrologic responses of
shallow groundwater to SLR are profiled by May et al. (2020), which uses a
simple 1:1 estimate of how changes could influence contaminant emergence at the
ground surface. Using this broad estimate of groundwater rise in various SLR
scenarios, May et al. (2020) offer an initial assessment of the vulnerability of
contaminated sites to emergent groundwater in the City of Alameda, California,
an East Bay community. Expanding on earlier work by incorporating the effects
of extreme weather events (e.g., atmospheric rivers) on groundwater systems,
May et al. (2022) highlighted how these extreme events exacerbate SLR-induced
vulnerabilities, demonstrating the compounded risks of flooding and

groundwater rise for coastal communities.

Identifying the locations most likely to experience groundwater
inundation, Plane and Hill (2017) mapped minimum depths to groundwater in a
coastal case study of Alameda County in California with the largest number of
coastal contaminated sites in the San Francisco Bay area. Using data sourced
from GeoTracker, California’s site cleanup database which includes groundwater
level data, Plane and Hill provide critical interpretation of this data to identify
areas most likely to experience groundwater inundation under SLR scenarios.
The findings are essential for identifying regions with increased contaminant
mobilization risks, particularly where shallow groundwater intersects with
industrial pollution. Exploring how SLR impacts urban networks such as
wastewater and stormwater infrastructure, Hummel et al. (2018) used Plane et

al.’s 2019 empirical groundwater depth estimates to focus on the potential for
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contaminant release from overwhelmed urban wastewater treatment systems.
The paper draws attention to infrastructure vulnerabilities such as increased
inflow and infiltration that can amplify the risks of contaminant exposure during
extreme weather events in coastal areas. Publicly owned treatment works
(POTWs) in areas with submerged headworks already face increased wastewater
volumes and due to infiltration and inflow. SLR exacerbates these issues by
further increasing wastewater volumes. Hill et al. (2023) provided a conceptual
model and comprehensive analysis of contaminated sites in the San Francisco
Bay Area and Superfund sites nationally that are at risk from SLR and
groundwater rise. They also identified a significant association between
administratively active (“open”) sites and community social vulnerability. These
findings underscore the urgency of developing methods to prioritize mitigation

efforts and protect public health in high-risk zones.

Hill et al. (2023) identified 13 contaminated Superfund sites in the San
Francisco Bay Area and 5,282 additional sites where soil and/or groundwater
currently or historically contained volatile organic compounds (VOCs), toxic
metals, radioisotopes, and other contaminants, all of which may be at risk of
mobilization by rising groundwater under a 1.0 m SLR scenario. Additionally, the
study revealed that groundwater rise may impact twice the land area affected by
direct coastal inundation (Befus et al., 2020), reinforcing the urgency of planning
for emerging groundwater threats. The potential economic impacts of
contaminant mobilization include increased remediation costs, decreased
property values, and costs associated with human health impacts. Infrastructure

may be damaged by corrosive contaminants in rising groundwater, leading to
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additional maintenance, operations, and replacement costs. Furthermore, the
loss of usable land due to contamination and flooding can have significant

economic implications for coastal communities.

Originally developed by the National Water Well Association (now the
National Ground Water Association) for the U.S. Environmental Protection
Agency, the DRASTIC method offers a widely used, cost-effective approach for
assessing the intrinsic vulnerability of groundwater systems (Aller et al., 1987). It
evaluates hydrogeologic settings based on seven core parameters: depth to water,
net recharge, aquifer media, soil media, topography, impact of the vadose zone,
and hydraulic conductivity. Each parameter is assigned a qualitative rating and
weight, and the final vulnerability index is calculated as a weighted sum. This
structure allows for straightforward application using readily available geospatial
and geological data, making the method well-suited for regional-scale

assessments (Lindstrom, 2005).

DRASTIC indexing was selected for this study based on its simplicity,
transparency, and global recognition as a standardized groundwater assessment
framework. Its integration with GIS further enhances its utility for spatial
planning and environmental screening (Patel et al., 2022; Barbulescu, 2020;
Fannakh and Farsang, 2022). The model has been successfully applied across a
range of environmental contexts, including studies in Greece (Kirlas et al., 2023),
Pakistan (Magsoom et al., 2021), India (Bera et al., 2021), China (Wang et al.,
2012), Tunisia (Chandoul et al., 2015), Iran (Malakootian and Nozari, 2020),
Turkey (Soylu et al., 2022), Italy (Ducci and Sellerino, 2022), and Malaysia
(Shirazi et al., 2013).
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In the San Francisco Bay Area, DRASTIC has been used to assess
groundwater vulnerability to various contaminants. Pierno (1999) evaluated
pesticide and nitrate risks in South Bay aquifers. Mohr (2007) assessed
chlorinated solvent contamination, particularly PCE and TCE, linked to historical
dry-cleaning sites. Todd and Kennedy-Jenks (2010) expanded on these studies by
using a modified DRASTIC model integrated with GIS to evaluate threats from
PCE, TCE, and nitrate contamination, informing long-term water resource
protection. Jurek (2014) applied a similar method in southern Alameda County
to examine PCE risks in the Niles Cone Groundwater Basin. Collectively, these
efforts confirm the utility of DRASTIC as a regional screening tool for

groundwater vulnerability in both agricultural and industrial contexts.

While the DRASTIC framework provides a foundational method for
assessing intrinsic groundwater vulnerability, it requires adaptation to reflect the
dynamic conditions introduced by sea level rise, flooding, and extreme weather.
The standard model assumes static hydrologic conditions, vertical contaminant
migration from the surface, and homogeneous subsurface materials (Aller et al.,
1987). These assumptions limit its ability to characterize coastal systems where
contamination may originate from buried sources, be mobilized by lateral
groundwater shifts, or be influenced by saltwater intrusion and tidal fluctuations
(Jiao & Post, 2019). Critics have also noted challenges with calibration,
sensitivity, and input data variability (NRC, 1993; Rosen, 1994; Rupert, 2001). In
response to these limitations, this study develops an enhanced DRASTIC-based
screening method that can serve as a reliable tool for prioritizing high-risk sites

vulnerable to SLR for future investigation and mitigation.
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4.2 Materials and Methods

To address gaps in traditional vulnerability assessments, this study
introduces three supplementary indices and associated factors that expand the
DRASTIC framework’s applicability to dynamic coastal systems. These indices
capture: (1) contaminant characteristics, such as solubility, mobility, diversity of
contaminant classes, concentration levels, and persistence, based on fate and
transport principles documented by Freeze and Cherry (1979) and environmental
chemical characteristics such as solubility and mobility described by
Schwarzenbach et al. (2016); (2) site characteristics, such as depth to water,
surface—subsurface interaction, migration potential, and permeability, drawing
from foundational transport and hydrogeologic concepts developed by Freeze and
Cherry (1979), Fetter (1981), and Heath (2004); and (3) coastal inundation
vulnerability factors, including land use patterns, projected sea level and
groundwater rise rates, surface elevation, and proximity to the shoreline, based
on the work of Rotzoll and Fletcher (2013), Jiao and Post (2019), Befus et al.

(2020), Hill et al., (2023) and Habel et al. (2024).

A targeted selection of contaminated sites is made based on the presence
of specific contaminants, their location in areas with shallow groundwater, within
three m of the land surface, and exposure to projected sea level rise (SLR) of one
m by 2100. This SLR projection is based on intermediate to high CO. emissions
scenarios outlined by the Intergovernmental Panel on Climate Change (IPCC),
specifically RCP 4.5 and RCP 8.5 (IPCC, 2021). The Ticking Time Bomb report by

Greenaction (2023) identifies 50 contaminated sites in the region, documenting a
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wide array of hazardous substances, including radioactive materials, chlorinated
solvents (e.g., TCE and PCE), petroleum hydrocarbons (e.g., benzene, toluene,
gasoline, and diesel), pesticides, toxic metals (e.g., lead, arsenic, and mercury),
polycyclic aromatic hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs).
To prioritize these sites based on human health risks, specific contaminants were
selected based on their toxicity and mobility in groundwater. Specifically, VOCs
were chosen as proxy contaminants due to their high solubility, mobility, and
elevated potential to have near-term impacts on human health via the vapor
intrusion pathway that can allow uphill transport to indoor air via pipes and
utility trenches (Riis et al., 2010; Roghani et al., 2018; Beckey and McHugh,

2020).

Many VOCs are characterized by their high-water solubility and
mobility, making them a dominant class of groundwater contaminants at both
former and active industrial facilities in the study area. For this study, seven
VOCs were initially selected as possible proxy compounds to represent target
contaminant concentrations. This group includes chlorinated solvents such as
carbon tetrachloride (CT), tetrachloroethylene (PCE), dichloroethane (DCA),
dichloroethene (DCE), trichloroethylene (TCE), and 1,1,1-trichloroethane (1,1,1-
TCA). The selection of these chemical proxies was based on prior research
identifying the most used and released VOCs over the past several decades
(Table 4.1). Chlorinated VOCs, including PCE, TCE, DCE, DCA, and 1,1,1-TCA,
persist in groundwater due to their low biodegradability, high density, and
resistance to natural attenuation. Unlike non-chlorinated VOCs such as benzene,

toluene, ethylbenzene, and xylenes (BTEX), which degrade more readily in
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aerobic conditions. Specifically, PCE and TCE can persist for decades due to their
low reactivity in groundwater. Indeed, moderate concentrations of PCE and TCE
were detected in approximately 5% of the primary aquifer systems in the San
Francisco area (Mathany et al., 2009; Ray et al., 2013). Given their prevalence
across the studies listed in Table 4.1, PCE and TCE were selected as
contaminant proxies for potential mobilization within shallow, unconfined

groundwater.

Table 4.1: Studies of commonly used VOCs

Reference Commonly used VOCs
Moran et al., 2007 1,1,1-TCA, chloroform, DCA, DCE, methylene chloride, PCE, and TCE
Mackay and Cherry, 1989 1,1,1-TCA, CT, PCE, and TCE
Schaumburg, 1990 1,1,1-TCA, CT, PCE, and TCE
Rivett et al., 1990 1,1,1-TCA, CT, PCE, and TCE
Henschler, 1994 PCE and TCE
Volpe et al., 2007 PCE and TCE
Ray et al., 2009 and 2013 PCE and TCE
4.2.1 Study Area

We selected 14 non-military sites (see Figure 4.1b) from the
Greenaction (2023) report, all of which identified chlorinated solvents,
specifically TCE and/or PCE, as contaminants of concern. All sites were in areas
where groundwater is predicted to rise with 1-m SLR scenario, and the location
will either be inundated by rising tidal water or have groundwater within 3-m of
the land surface.

4.2.2 Calculating the DRASTIC Index

DRASTIC assigns qualitative ratings and weights to parameters from
readily available databases or lithologic estimates to generate an index value for
site comparison (Lindstrom, 2005). This study utilized the original DRASTIC

rating and weighting system (Aller et al., 1987)
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The DRASTIC index (DI) is calculated following Equation 1:

DI = D/*Dy + R*Ry + A*Ay + Si*Sw + T*Tw + IL*Ly + CFCy (1)

where, D; represents the DRASTIC index, and the capital letters
D,R,A,S,T,I,C refer to the seven hydrogeologic parameters: Depth to water,
Recharge, Aquifer media, Soil media, Topography, Impact of the vadose zone,
and hydraulic Conductivity of the aquifer. Subscripts r and w denote the
parameter's rating and weighting, respectively, as defined by Aller et al. (1987).

The DRASTIC variable rating system is summarized in Table 4.2.

Substituting the specific weighting factors defined by Aller et al. (1987),

the DRASTIC index is calculated following Equation 2:

DI = D/*5 + Ry*4 + A/*3 + Si*2 + Ty*1 + I,*5 + C,*3 (2)

where, the weightings (5, 4, 3, 2, 1, 5, and 3) correspond to the respective
parameters D,R,A,S,T,I,C. This standardized approach ensures that each
parameter contributes to the overall index in proportion to its influence on
groundwater vulnerability. The weighting factors used by the DRASTIC method
(Aller et al., 1987) are predefined in the DRASTIC framework and were
established through expert consensus and empirical studies to reflect how
strongly each parameter affects the potential for contaminant transport through

the subsurface.
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Table 4.2: DRASTIC variable rating system based on Aller et al. (1987) as
presented in Mohr, 2007.

[ Depth to Water | Net Recharge
Feet bgs Rating| [in/yr Rating
0-5 10 0-2 1
5-15 9 2-4 3
15-30 7 4-7 B
30-50 5 7-10 B
50-T5 3 10+ 2l
T5-100 2
100+ 1 Soil Media
Type Rating
Aquifer Media | [Thinor Absent 10
Type Rating| |[Gravel 10
Massive Shale 1-3(2) Sand 2]
Matamorphic/igneous 2-5(3) Peat B
Weathered Meatamorphic/lgneous 3-5(4) Shrinking andlor Aggregated Clay 7
Glacial Till 4-8 (5) Sandy Loam B
Bedded Sandstone, Limestona and Loam 5
Shale Sequences 5-9 (B) Silty Loam 4
Massive Sandstone or Limestone 4-9 (8) Clay Loam 3
Sand and Gravel 4-9(8) Muck 2
Basalt 2-101(9) Mon-shrinking / Mon-aggregated Clay 1
Karst Limestone 9-10 (10)
Impact of Vadose Zone
Type Rating
[ Topography | |confining Layer 1 (1)
Percent slope Rating| |[SiuClay 2-6 (3)
0-2 10 Shale 2-5(3)
2-6 a Limestone 2-T (&)
6-12 5 Sandslone 4-8 (8)
12-18 3 Bedded Limestone, Sandstona, Shale] 4-8 ()
18+ 1 Sand and Gravel with Significant Clay 4-8 ()
Metamorphic/lgneous 2-8 (4)
Hydraulic Conductivity | Sand and Gravel 6-9 (8)
gpdit Rating Basalt 2-10 (9)
1-100 1 Karst Limestone B-10 (10}
100-300 2
300-700 4
T00-1,000 il
1,000-2,000 B
|2.000+ 10

Source: USEPA, DRASTIC, May 1987.

Ratings for Agquifer Media and Impact of Vadose Zone are provided as a range; any value within
the range can be used; values shown in parentheses are typical values.

bgs = below ground surface

gpdft = gallons per day per foot

infyr =inches per year

Detailed lithologic descriptions from three to five soil boring logs per
study site were used to characterize four of the seven DRASTIC parameters:
aquifer media, soil media, hydraulic conductivity, and the impct of the vadose
zone. These borehole logs provided critical information on sediment texture,

stratigraphy, and permeability variations. Net Recharge estimates were based on
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precipitation data from local weather stations, in conjunction with soil infiltration
potential and land cover characteristics. Depth to water and contaminant
concentration data were obtained from current state and regional regulatory
agency databases. Topography was assessed using high-resolution topographic
maps and digital elevation models (DEMs), supported by web-based terrain

analysis tools.

The integration of parameter ratings with the standardized DRASTIC
weights allowed for the calculation of a composite index score at each site,
facilitating a comparative assessment of groundwater vulnerability across diverse
hydrogeologic and land use settings in the study area. As rainfall infiltration rates
may not be readily available, especially in urban areas with varied surface
permeability, an alternate net recharge calculation was described by Piscopo
(2001) and Chitsazan and Akhtari (2009) and incorporates slope, rainfall, and
soil permeability. The alternative net recharge parameter is calculated following

Equation 3:

R = Slope (%) + Rainfall (mm/yr) + Soil Permeability (gpd/ft2) (3)

Future SLR, groundwater rise and management actions such as
widespread pumping of shallow groundwater in response to flooding significantly
reshape the traditional concept of groundwater vulnerability by introducing
dynamic hydrological changes that can mobilize previously stable buried
subsurface contaminants. To address these evolving challenges, we developed a
site-specific conceptual model integrating DRASTIC parameters with
modifications for SLR, focusing on the unique threats posed by SLR, groundwater

rise, and climate-driven impacts in coastal regions (Figure 4.2a and 4.2b).
83



Above Rain Former More Extreme Rain

Topographic slope (%) ~ NetRechagerate ____— Pkl Topographic siope (%) ~ NetRechargerate
TcE N iTCE] N\
P I
Soil Soil media Soil Soil media
Vadose Impact of the Deplh to Vadose Impact of the Depth to
Zone ! vadose zone ¥ oround water Zone V) vadose zone 7 ¥ oround water
T T fTime #2
________________________ Y ... g . oW
- i —
Aquifer Aquifer media Conductivity of the Aquifer £} £ Aquifer media Conductivity of the
aquifer - . : aquifer
Aquiclud Aquiclud

Figure 4.2: a) Conceptual model of the DRASTIC parameters at Time #1
(DRASTIC concepts by Aller et a., 1987); b) Updated conceptual model of the
DRASTIC parameters at Time #2, with more extreme rain, and groundwater rise

4.2.3 Data Sources

For the DRASTIC parameters, vadose zone and aquifer information

were obtained from boring logs available on the State Water Resources Control

Board (SWRCB) GeoTracker website (https://geotracker.waterboards.ca.gov/)
and the Department of Toxic Substances Control (DTSC) EnviroStor website

(https://www.envirostor.dtsc.ca.gov/public/). Additional boring logs from

liquefaction studies are available from the California Geological Survey. The
United States Department of Agriculture (USDA) Natural Resources
Conservation Service Web Soil Survey

(https://websoilsurvey.nrcs.usda.gov/app/) provides soil data, drainage

characteristics, and shallow subsurface information. The most recent
groundwater monitoring reports from these sources provided data on the Highest
Current Contaminant Concentration (HCCC), Depth to Water (DTW and the D in
DRASTIC). Additional parameters were derived from topographic maps (USGS)
for slope analysis (% slope), Surface Elevation (SE), and Distance to Water (DW).
Annual precipitation data was sourced from NOAA rainfall records. To support
the spatial analysis, site data from GeoTracker and groundwater depth estimates

from Plane and Hill (2017) were used to evaluate which locations were most
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vulnerable to shallow groundwater inundation. Extreme weather and tidal
flooding vulnerability were integrated by referencing SLR response studies such
as Befus et al. (2020), May et al. (2022), and Hill et al. (2023), which provided
empirical and modeled insight into groundwater rise, flood risk, and contaminant

exposure under climate change scenarios.

4.2.4 Computing Supplementary Vulnerability Indices
To expand the DRASTIC framework for use with SLR, three

supplemental indices were developed: the Site Characteristics Index, the
Contaminant Characteristics Index, and the Inundation Vulnerability Index. A

Some of the main parameters of the Supplementary Indices are summarized in

Figure 4.3.

The Site Characterization Index (SCI) (Table 4.3) is a refinement of the
traditional DRASTIC index, designed to incorporate the influence of surface
material permeability (SMP). A direct comparison of SCI and DRASTIC across
sites shows a very strong linear relationship (R2 = 0.93, p < 0.00001), confirming
that SCI is structurally aligned with DRASTIC. This high correlation reflects that
SCI preserves the core hydrogeologic vulnerability components of DRASTIC,
while also adjusting for surface-layer dynamics that may amplify or mitigate
exposure risks. SCI is intended to represent hydrogeologic vulnerability including
depth to water (D), vadose zone and recharge interactions (R, S, T, and I), aquifer
characteristics (A and C), as well as an index of surface permeability. The Site

Characteristics Index is calculated following Equations 4 — 6:

SCI = DI + SMP 4)
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DI = DTWyy + SSIF + CMPry 5)

DI = (D*5) + (R*4) + (I*5) + (S*2) + (T*1)) + ((A*3) + (C*3)) 6)

where SCI is the site characteristics index; DI is the DRASTIC index, DTW is
depth to water (the D in DRASTIC, with the same weighting factor); SSIF is the
surface to subsurface interaction factors (the R, S, T, and I of DRASTIC). CMP is
contaminant migration potential (the A and C in DRASTIC). The SMP is the
surface material permeability based on the multi-resolution land characteristics

(MRLC) consortium urban impervious data (MRLC.gov, 2024).

Table 4.3: Site Characteristics Index (SCI) rating and weighting factors

Depth to Water; | Surface and Contaminant Surface Material Permeability (SMP); based on MRLC,
max possible 50 Subsurface Migration 2024); weighting of 3; max possible: 36
Interaction Factors; Potential; max
max possible 116 possible 60
DTW SSIF CMP SMP Rating
>80% area/site within class 1 9
60% - 80% area/site within class 1 7
D of DRASTIC RS, T,and I of Dpyana Cor and 2
with weighting DRASTIC with L 40% - 60% area/site within class 1
. e B weighting 5
established by weighting established established by and 2
Aller et al., 1987 by Aller et al., 1987 Aller et al., 1987 20% - 40% area/site within class 3
1,2and 3
<20% area/site within class 1, 2 1
and 3
Conversion Table from SCI score weighted rating to 0-9 digit
From To Digit
243 262 9
219 242 8
195 218 7
171 194 6
147 170 5
123 146 4
99 122 3
75 98 2
51 74 1
27 50 0
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Inputs for 3 Supplemental Indices

Inundation Vulnerability Site Characteristics
IVI = LU + DTS + proj SLRIGWR * SE SCI = DRASTIC + SMP
SMP DRASTIC Index
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Figure 4.3: Schematic of the DRASTIC index as well as the three supplementary
indices (CCI, SCI, and IVI). DTS = distance to shoreline, GWR = groundwater
rise, SLR = sea level rise, SMP = surface material permeability, SE = surface
elevation, LU = land use

The Contaminant Characteristics Index (CCI) (Table 4.4) relates to

details about the buried contamination, as calculated following Equation 7:

CCI = CP*5 + NCC*4 + HCCC*5 + PC*5 ()]

where, CCI is contaminant characteristics index, CP is a contaminant
profile (solubility and mobility), NCC is number of contaminant classes, HCCC is
highest current contaminant concentration, and PC is persistence of the
contaminant. The numbers to the left of the parameters are the weighting factors.
The weighting of the supplementary indices was determined by assessing the
degree to which each parameter influences contaminant migration or human
exposure. Parameters with a direct influence on contaminant transport were
assigned the highest weight of 5, underscoring their critical role. Those factors

with an indirect effect but important parameters received a weight of 4. In
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contrast, parameters that exert a moderate impact were weighted at 3, while
those with a low level of influence were assigned 2, and those considered to have
very little impact were given a weight of 1. This hierarchical weighting scheme is
based on the DRASTIC weighting system (Aller et al., 1987) and ensures that each
parameter's contribution to the overall index is proportionate to its significance

in controlling subsurface contaminant mobility.

Table 4.4: Contaminant Characteristics Index (CCI) rating and weighting factors
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Contaminant Profile (Solubility and
Mobility); Weighting = 5

Contaminant
Classes: (VOCs-
PFOS,
Hydrocarbons,
Pesticides, Metals,

Contaminant Concentration:
Primary contaminant (proxy
for all contaminants), free
product (dense non-agqueous
phase liquid; DNAPL) with
reductions in magnitude.

Persistence of
Contaminant (PC) in
the Environment;

N PN Example of 1% of solubility for Weighting = 5
PAHs); ;/\gelghtmg TCE and PCE and benzene in
parts per million (ppm);
Weighting =5
- - . Number Ratin . .
Solubility and Mobility Rating of Classes p HCCC Rating PC Rating
TCE: 11 mg/L Very High
Chlorinated Solvents (e.g., (DNAPL); Persistence;
Tetrachloroethylene, PCE: 1.5 Per- and
Trichloroethylene): mg/L Polyfluoroa
fluorinated organic 10 5 10 (DNAPL); 10 lkyl 10
compounds, radioactive benzene: 17.8 Substances
wastes mg/L (PFAS,
(LNAPL) PFOS)
High
TCE: 1.1 Persistence;
. mg/L; PCE: PCBs,
Gas"";”g%’gg;g‘;‘;_'”’“ 8 4 8 0.15 mg/L; 8 Chlorinated 8
Y benzene: 1.78 VOCs
mg/L (TCE,
PCE)
n-:—(iE gclé Moderately
Pesticides (e.g., Atrazine, 6 3 6 Oglsvm /L- 6 High 6
Glyphosate) .b 9 L Persistence;
enzene: SVOCs
0.178 mg/L.
TCE: 0.011 Moderate
. mg/L; PCE: Persistence;
Toxr::e';"cﬁlra's A(er's%ﬁ i'g)ead' 4 2 4 0.0015 mg/L; 4 Hydrocarbo 4
¥ benzene: ns, BTEX
0.0178 mg/L Compounds
TCE: 0.0011
. . mg/L; PCE: Moderately
: 0(13:53'::&”'“;‘(’;":}_"‘;) 2 1 2 | 0.00015 mg/L; 2 Low 3
Y benzene: Persistence
0.00178 mg/L
TCE: <0.0011
mg/L; PCE: Low
Polychlorinated biphenyls 1 <0-0(I)E'15 1 Per's\llstence; 1
(PCBs) mg/L. on-
benzene: Chlorinated
<0.00178 VOCs
mg/L
Unknown or no data Unknown Unknown or Unknown
available * or no data * no data * or no data *
available available: available
Conversion table from CCI score weighted rating to a 0 - 9 digit
From To Digit
174 190 9
157 173 8
140 156 7
123 139 6
106 122 5
89 105 4
72 88 3

Inundation Vulnerability Index (IVI) is related to SLR and groundwater

emergence (Table 4.5) is calculated following Equation 8:

IVI = LU*4 + PSGR*3 + SE*5 + DST*4

where IVI is the sea level rise/groundwater rise vulnerability index, LU

is the land use, PSGR is the projected sea level rise and groundwater rise, SE is
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the surface elevation above mean sea level (m), and DTS is distance to shoreline

(m).

To operationalize the vulnerability assessment framework, the DRASTIC
index was first applied to establish baseline hydrogeologic vulnerability across
contaminated sites. This was then augmented by three supplementary indices,
the CCI, SCI, and IVI to capture additional factors not addressed by the standard
DRASTIC model. Two critical spatial parameters, surface elevation and
horizontal distance to shoreline, were also incorporated to account for proximity-
based exposure to SLR and groundwater emergence. Each parameter and index
were evaluated using bivariate scatter plots to analyze site rankings across five
distinct vulnerability relationships. For each comparison, the top four sites,
approximately one quartile (28.6%) of the 14 assessed locations, were designated
as high-priority based on relative values. These five sets of top-ranking sites were
then aggregated to identify locations most consistently flagged as vulnerable
across multiple dimensions. This qualitative, stepwise process offered a
structured, transparent, and repeatable approach to identifying sites with
compounded exposure to climate-driven hydrologic changes and contaminant
mobilization risks, forming a data-driven foundation for future investigation and

mitigation prioritization.

Table 4.5: Inundation Vulnerability Index (IVI) rating and weighting factors
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Projected . . .
Land Use (LU): SLR/Groundwater Rise Surface elevation above_ Distance to Shorelme
e . mean sea level (m) (SE); (DTS);
Weighing = 4 (PSGR); Weighting = 5 Weighting = 4
Weighting = 3 ghting = ghting =
LU Rating PSG Rating SE Rating DW Rating
Very close
Extreme rise Extremely low to shoreline
Cn . (>1 meter); or below (<0.5 km);
nggrrrmlwselt :Egﬂzg:g: or 10 water table 10 water level; 10 extreme risk 10
near surface (0 extreme flood from SLR
to 1.5 m) risk (<0.5 m). and coastal
flooding.
High rise (0.5
to 1 meter); Very low Closevto
Mixed-use areas 8 very shallow 8 elevation (0.5- 8 (OShF?—rleII:nme)' 8
water table 2.0 m); high hi. h ﬂood’
(1.5mto4.6 flood risk. gn
risk.
m)
Moderate rise Intermediate
Lower .
Residential (up to 0'_5 elevation (2.0- distance ,(1'
meters); ) 2 km);
redevelopments on 6 6 5.0 m); 6 6
former industrial lands shallow water moderate moderate
table (4.6 mto flood risk coastal
9.1m) ’ flood risk.
Minimal rise Intermediate
. . anticipated,; Moderate distance (1-
RS\Z'&?J;?ISL?S 2 moderate to 2 elevation (5.0- 4 2 km); 2
rotections deep water 10.0 m); low moderate
p table (9.1 m - flood risk. coastal
15.2m) flood risk.
High elevation
No projected ;;;3(‘5052; Moderately
Residential or vacant groundwater far (2-5
. . level or above A
land with some level 2 rise; deep 2 flood stage of 2 km); low 2
of flood defenses water table river)g coastal
(>15.2 m) - ! flood risk.
minimal flood
risk.
Far from
Natural areas or well- shoreline
protected land with 1 (>5 km); no 1
effective flood impact from
defenses coastal
flooding.
Unknown or no data Unknown or Unknown or Unknown or
h * no data * no data * no data *
available . . . .
available available available:
Conversion Table from IV score weighted rating to 0-9 digit
From To Digit
149 160 9
137 148 8
125 136 7
113 124 6
101 112 5
89 100 4
77 88 3
65 76 2
53 64 1

4.2.5 Index Analysis

To better understand the relative importance and influence of each
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parameter contributing to the three supplemental vulnerability indices, two
complementary index analyses were performed: z-score standardization and
One-At-a-Time (OAT) sensitivity analysis were used to evaluate parameter
variability and assess how individual parameters affect overall index scores

across sites.

Because the three supplementary indices have different maximum
possible scores, z-score standardization was applied to allow for direct
comparison. This transformation normalized all parameters to a common scale,
with a mean of zero and a standard deviation of one, using the population

standard deviation. Z-scores were calculated using Equation 9:

Z=X-p/o 9)

where z is the z-score, X is the raw individual parameter for each site, pu
is the mean score across all 14 sites, and o is the population standard deviation. z-
scores were first calculated for the four parameters within each of the three
supplementary indices. These standardized values enabled evaluation of the
relative contribution of each parameter to overall index scores without altering
their underlying distributions. For each site, standardized index scores were then
averaged to produce a composite z-score, reflecting relative vulnerability across
hydrogeologic, contaminant, and inundation-related index. Sites were
subsequently ranked from highest to lowest composite z-score to support cross-

site comparison and prioritization.

A single-parameter sensitivity analysis was performed to determine the

influence of individual DRASTIC parameters on the overall vulnerability index.
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The OAT method used is the Map Removal and Single-Parameter Sensitivity
Approach (Lodwick et al., 1990), calculating the effective weight of each

parameter using Equation 10:
Wett = [(Pri x Drj) / Yi-1® (Pri x Dry)] x 100 (10)

Where, W is the effective weight (%) of the parameter, Pr; is the rating
assigned to the parameter, Dr; is the assigned to the parameter, Y;-1™ (Prj x Drj) is

the sum of the products of ratings and weights for all parameters (i = 1 to n).

This equation calculates the influence of each parameter on the final
index score. Theoretical weights are predefined values established by Aller et al.
(1987). In contrast, the sensitivity analysis calculates the actual influence of each
parameter on the final index score, revealing how much each parameter
contributes in practice. This data-driven approach was used to identify which

parameters had the greatest influence on vulnerability index scores at each site.

4.3 Results

Of the possible indexing points using the predefined weighting system,
site characteristics (DRASTIC and SMP) represent 44% of the total possible
indexing points, with contaminant characteristics (32%) and SLR and

groundwater flooding potential (25%) (Figure 4.4).
4.3.1 Index Outputs (Raw Scores)

Raw scores for the DRASTIC, Site Characteristics Index (SCI),
Contaminant Characteristics Index (CCI), and Inundation Vulnerability Index

(IVI) were calculated for all 14 study sites. DRASTIC scores ranged from 72 to 135
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across sites (Table 4.5). SCI values incorporated DRASTIC scores along with
surface permeability data. CCI scores were based on contaminant-specific metrics
including solubility, persistence, and mobility. IVI scores, reflected site-specific
conditions related to flood exposure, including elevation, groundwater depth, and
proximity to flood sources. Scatter plots of the DRASTIC index and the other
indices show the vulnerabilities of the study sites (Figure 4.5a to 4.5d). The
numbers on these figures correspond to site numbers used in the Greenaction
(2023) report. The areas of higher priority reflect elevated vulnerability index
scores on both axes. Each index (IVI, CCI, and SCI) was normalized to a 0—9
scale based on its respective value range, enabling consistent comparison and
visualization across indices with differing units and magnitudes (Figure 4.6).

The chart highlights the five most vulnerable Sites 49, 19, 46, 36, and 5.

Total Indexing Points (602)

IVI (160 pts)

DRASTIC (226 pts)

/\ SCI (262 pts; 44%)

SMP (36 pts)

CCI (190 pts)

Figure 4.4: DRASTIC and supplemental indexing points

Table 4.6: Raw scores for DRASTIC, and three supplementary indices
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DRASTIC - - Contaminant Inundation
Index Site Characteristics Index Characteristics Index Vulnerability Index
Site Max Points Max Points Scale Max Points Scale Max Points Scale
Number
226 262 0-9 190 0-9 160 0-9
Weighted Weighted Index Weighted Index Weighted Index
Points Points Digit Points Digit Points Digit
3 72 84 2 136 6 110 5
4 94 94 2 152 7 110 5
5 96 100 3 162 8 124 6
11 86 90 2 136 6 92 4
13 91 103 3 154 7 124 6
18 135 139 4 136 6 92 6
19 115 119 3 162 8 140 8
35 106 126 4 146 7 84 3
36 91 95 2 150 7 160 9
37 80 84 2 132 6 124 6
38 123 135 4 116 5 124 6
43 86 90 2 156 7 108 5
46 107 111 3 164 8 130 7
49 119 131 4 180 9 130 7
150 DRASTIC vs. SCI with Regression Statistics b SCl vs. CCI
42 180 ®49
High Priority] High Priorit
s, 170
- . » 1g rority
x5 ) 160 x5 x19
120 a9 o . x13
b\j 1o M 8 150 x36 -
100 ‘”r- 140
x3 X1 x18
Wihhgy x37
90 31 130
x e
80 120
=38
70 80 90 100 120 130 140 90 100 110 130 140
DRASTIC Index d scl
SCLys. VI CClvs. VI
160 x36 160 'l
150 High Priority 150 High Priority
140 x19 140 od
130 x46 49 130 x46 x4
; x37 x5 x13 x38 S 120 x38 x37 13 x5
=120 =
110} x3 xa3 x4 110 x3 x4 43
100 100
90 i x8 00 x11.18
x35 x35
90 100 110 120 130 140 120 130 140 150 160 170 180
sCl ccl

Figure 4.5: a) DRASTIC vs. SCI. b) SCI vs. CCI. c¢) SCI vs. IVI. d) CCI vs. IVI
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Normalized Index Scores (SCI, CCl, IVI) for Each Site

3 4 5 36 37 38 43 46 49

1 13 18 19 35
Site Number

u Site Characteristics Index m Contaminant Characteristics Index Inundation Vulnerability Index

Normalized Score (0-9)

o =~ N W H» 00O N 0 ©

Figure 4.6: Site-level comparison of normalized hydrogeologic, contaminant, and
inundation indices

A summary table (Table 4.6) presents the composite z-score rankings
for all 14 sites across the three supplementary indices. For each index, both raw
cumulative scores and their corresponding z-scores are displayed, enabling direct
comparison across sites despite differences in index scale. For each index, z-
scores were averaged by site to produce a composite z-score that reflects overall
vulnerability across hydrogeologic, contaminant, and inundation-related
dimensions. Sites were ranked from highest to lowest composite z-scores to
support prioritization based on cumulative site vulnerability (see the two
rightmost columns of the table). The composite ranking labeled CR-P is based on
predefined weightings from Aller et al. (1987), while CR-DD reflects composite
rankings using data-driven weightings developed in the sensitivity analysis
(described below). The table highlights the range and variability of index scores
across sites, as well as the relative influence of each index (SCI, CCI, and IVI) on

the final composite rankings. Lower composite rank values indicate higher site
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vulnerability and thus greater priority for evaluation.

Z-scores were not applied to scatter plots of paired indices (e.g., SCI vs.
CCI), as those visualizations are intended to show relationships between the

original cumulative raw index scores rather than standardized values.

Table 4.7: Composite ranking of sites based on z-scoring for CCI, SCI, and IVI
scoring.

3 136 84 110 | -0.80 | -1.24 | -041 | -0.82 13 10 9 13 11
4 152 94 110 0.21 -0.71 -0.41 -0.30 10 7 9 10 10
5 162 100 124 0.84 -0.38 0.31 0.25 8 3 5 5 5
11 136 90 92 -0.80 -0.92 -1.32 -1.01 11 10 12 14 14
13 154 103 124 0.33 -0.22 0.31 0.14 7 6 5 6 6
18 136 139 92 -0.80 1.70 -1.32 -0.14 1 10 12 8 12
19 162 119 140 0.84 0.63 112 0.86 5 3 2 2 3
35 146 126 84 -0.17 1.00 -1.73 -0.30 4 9 14 9 13
36 150 95 160 0.08 -0.65 2.14 0.52 9 8 1 4 2
37 132 84 124 | -1.06 | -1.24 0.31 -0.66 13 13 5 12 9
38 116 135 124 -2.07 1.48 0.31 -0.09 2 14 5 7 7
43 156 90 108 0.46 -0.92 -0.51 -0.32 11 5 11 11 8
46 164 111 130 0.97 0.20 0.61 0.59 6 2 3 3 4
49 180 131 130 1.98 1.27 0.61 1.29 3 1 3 1 1

4.3.2 Sensitivity Analysis

A sensitivity analysis was conducted to assess the relative influence of
individual parameters within each index framework. For the DRASTIC index and
each of the three supplementary indices, one input layer was removed at a time,
and the index was recalculated without that parameter. This one-at-a-time (OAT)
method enabled direct comparison between the original full index score and the
modified score, helping to identify which parameters had the greatest effect on
overall site vulnerability rankings in terms of percent contribution. The same

procedure was applied to the Site Characteristics Index, Contaminant
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Characteristics Index, and Inundation Vulnerability Index to evaluate the

contribution of each component to the composite index score.

To quantify the sensitivity of each parameter, a sensitivity index (SI) was

calculated using the following Equation 10:

SI = (Iremoved/ltotal) X 100 (10)

where SI is the sensitivity index for the removed parameter

Liotar is the total weighted index score with all parameters included

Lremoved is the recalculated score with one parameter removed.

For DRASTIC, the depth to groundwater (D) provides the largest
percent contribution to the index (46.4%) confirms the critical importance of this
parameter in the DRASTIC index. It also validates its highest weight of 5, as
defined by Aller et al. (1987), emphasizing its significant influence compared to

other parameters.

A scatter plot comparing composite site ranks calculated using
predefined weights versus data-driven weights (Figure 4.7) shows a strong
correlation. These composite ranks reflect cuamulative scores across the SCI, CCI,
and IVI indices. The maximum possible scores, based on sensitivity analysis

weightings, are 226 for DRASTIC and 100 each for SCI, CCI, and IVI.
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Scatter plot of composite site ranks
Theaoretical vs. Data-Driven Weightings

= Linear Fit (R? = 0.754) 11
14 X

12

101

Actual Composite Rank

49

2 a 6 8 10 12 14
Theoretical Composite Rank

Figure 4.7: Scatter plot of composite site ranks based on cumulative SCI,
CCI, and IVI scores using predefined and data-driven weightings

4.4. Discussion

This study addresses the growing need to evaluate contaminant
mobilization risk in the context of SLR and groundwater emergence by
integrating hydrologic, chemical, and spatial factors that are often overlooked in
traditional groundwater vulnerability assessments. To overcome the limitations
of the original DRASTIC model, developed for generalized inland environments
and assuming vertical infiltration and relatively stable groundwater systems
(Aller et al., 1987; NRC, 1993; Rupert, 2001), this study introduced three
supplemental indices. SCI enhances DRASTIC by incorporating surface material

permeability, which is especially relevant in urban and coastal landscapes. CCI
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quantifies contaminant solubility, persistence, and mobility, while IVI
characterizes flood-related vulnerability, including marine overtopping,
groundwater emergence, and stormwater flooding. Additional spatial parameters,
such as surface elevation and proximity to shoreline, further contextualize site
vulnerability. Together, these parameters enable capturing site dynamics such as
groundwater mounding, vertical gradients, and saline intrusion (Michael et al.,

2017; Jiao and Post, 2019).

The composite z-score analysis using the predefined weights (see Table
4.7) identified Sites 49, 19, and 46 as having the highest overall vulnerability
based on the combined influence of SCI, CCI, and IVI. The elevated cumulative z-
scores for these sites suggest that their vulnerability is not driven by a single
dominant factor, but by consistent risk across all three indices. When summing
their rankings across SCI, CCI, and IVI, Sites 49, 19, and 46 scored 7, 10, and 11
respectively, lower than all other sites—indicating higher cumulative

vulnerability.

The z-score analysis also helped identify the relative strengths and
weaknesses of each site across index parameters. Parameters with z-scores above
zero contributed more than average to site vulnerability, while those below zero
contributed less. Sites 49, 19, and 46 showed consistently elevated z-scores,
resulting in composite ranks of 1, 2, and 3, respectively. In contrast, Sites 37, 3,
and 11 exhibited mostly negative z-scores and were ranked 13 through 15,

indicating the lowest overall vulnerability out of the sites investigated here.

The scatter plots (see Figures 4.5b—4.5d) comparing SCI, CCI, and

IVI provide a multidimensional perspective on site vulnerability. Sites appearing
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in the upper-right quadrant of each bivariate plot represent areas where two
distinct risk factors converge, noted within the red dashed lines as high priority.
In the SCI vs. CCI plot, Sites 49, 19, and 46 show both high hydrogeologic
sensitivity and high contaminant persistence/mobility. In the SCI vs. IVI plot,
Sites 19, 49, and 38 combine shallow groundwater and permeable soils with high
flood potential. In the CCI vs. IVI plot, Sites 49, 46, and 19 reflect the
convergence of flood exposure and chemical persistence, suggesting a heightened

risk of contaminant re-mobilization during storms or groundwater rise.

Sites 49, 19, and 46 were consistently identified as high-risk across all
three scatter plots. Visual interpretation of their positions in high-risk quadrants
is consistent with their high composite z-scores. They also share key
characteristics, including low surface elevation, shallow groundwater, high

concentrations of TCE or PCE, and coastal proximity.

Although the IVI and CCI indices both contribute to overall site
vulnerability, statistical analyses reveal that they are largely independent. Paired
scatter plots, Pearson correlation coefficients, and principal component analysis
(PCA) indicated no strong linear relationship between IVI and CCI. PCA
confirmed that these indices load onto separate principal components, reflecting
their distinct underlying variables. IVI is based on physical and spatial site
characteristics, such as surface elevation, distance to shoreline, and flood
susceptibility, that change gradually across landscapes. In contrast, CCI reflects
site-specific chemical and toxicological factors that can vary sharply due to local
contaminant sources and land use history. As a result, site scores for CCI tend to
cluster for sites with similar contaminants (e.g., chlorinated solvents), while IVI
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values are more widely distributed due to continuous spatial gradients. Some
sites with high CCI are in physically less vulnerable areas, and vice versa,
underscoring the importance of evaluating chemical and physical vulnerability
dimensions independently when screening sites under future SLR and storm

scenarios.

The sensitivity analysis reinforces the dominant role of the Depth to
Water (D) parameter in both DRASTIC and SCI indices. In SCI, Depth to Water
contributed 63.11% of the total sensitivity, underscoring its critical role in
contaminant transport, especially in shallow groundwater systems. In contrast,
five DRASTIC parameters, Aquifer Media (A), Soil Media (S), Topography (T),
Impact of the Vadose Zone (I), and Hydraulic Conductivity (C), each contributed
10% or less, indicating limited influence on site scores. While sensitivity analysis
assumes parameter independence, many hydrogeologic variables are interrelated.
For example, recharge, soil permeability, and aquifer conductivity often co-vary,
which may influence parameter interpretation. Still, the results remain valuable
for identifying influential factors and refining assessments, particularly in data-

limited settings.

Theoretical weights from the original DRASTIC model (5, 4, 3, 2, 1, 5, 3)
are based on expert judgment and assume uniform importance of parameters
across different hydrogeologic settings (Aller et al., 1987). These weights are
static and do not account for local variability. In contrast, data-driven weights
capture how each parameter influences vulnerability within the specific study
area. Discrepancies arise because some parameters, like Depth to Water, may
exert more influence under certain site conditions, such as shallow water tables,
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impermeable soils, or high recharge zones, which are not always captured by
predefined frameworks. The comparison between composite rankings based on
predefined and data-driven weights (see Figure 4.7) shows a strong statistical
relationship. Both Pearson and Spearman correlation coefficients were 0.868,
with p-values < 0.001. The R2 value of 0.754 indicates that 75% of the variation
in actual rankings is explained by the predefined model. These results validate
the use of predefined weights as a reliable starting point. Sites 49, 36, 19, 46, and
5 ranked as the five sites with the highest overall SLR vulnerability based on
composite scores under both predefined and data-driven weights. The sites
cluster in the lower left on Figure 4.7. However, several other sites shifted in
vulnerability rank when data-driven weights were applied, reflecting site-specific
conditions that deviate from standardized assumptions. While predefined
weights offer consistency, data-driven weights improve accuracy by adapting to

local conditions.

Although this study focused on 14 sites, the indexing methodology is
scalable and can be extended to regional assessments using Geographic
Information Systems (GIS). The framework is also adaptable to other
contaminant classes, including petroleum hydrocarbons, metals, pesticides,
radioactive contaminants, and fluorinated compounds, enhancing its utility for
broader coastal risk evaluations. As coastal conditions continue to evolve with
SLR and climate change, integrating hydrogeologic, contaminant, and flood
vulnerability indices offers a comprehensive and efficient approach for assessing

and prioritizing sites where multiple risk factors converge.
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