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ABSTRACT

The Northern Guam Lens Aquifer (NGLA) is Guam’s primary freshwater source, with a lens
that responds dynamically to recharge, drought, and tidal influences. Building on the 2019 pilot
study by Dougher et al., which focused on the Tomhom Basin, this study extends the analysis to
the Machanao, Hagatfia, and Pdgu Aquifer Basins. Using data from nine Deep Observation Wells
(DOWs), this study examined the aquifer’s historic response to drought and storm-related
recharge. Conductivity, temperature, and depth (CTD), rainfall, tide, and climate data from 2000
to 2024 were compiled to develop phreatic hydrographs for each DOW and evaluate freshwater
lens response to recharge and drought. Results showed that lens thickness varied among DOWs,
reflecting differences in recharge and drought response that may be influenced by local geology
and DOW location. DOWs in the Barrigada Limestone, including those in the Tomhom and
Machanao Basins, generally exhibited thicker and more stable freshwater lenses, whereas DOWs
in the argillaceous Mariana Limestone of the Hagétfia and Pagu Basins showed thinner, more
complex, and more erratic fresh to brackish lenses. Understanding these dynamic factors may
contribute to improved groundwater model development for evaluating Guam’s water supply
under different climatic and hydrogeologic conditions. The findings provide insight into aquifer
behavior and may support future groundwater management strategies for Guam’s water security.

Keywords: Northern Guam Lens Aquifer, freshwater lens, Deep Observation Wells, recharge,
drought, water security
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CHAPTER1
INTRODUCTION

1.1 The Northern Guam Lens Aquifer

The Northern Guam Lens Aquifer (NGLA) contains a dynamic freshwater lens that supplies
about 40 MGD, with ~20 MGD from the Tomhom Basin (Zapata et al., 2024), and responds to
recharge, drought, and tidal fluctuations (Figure 1.1). As Guam’s primary groundwater resource,
the aquifer plays a critical role in sustaining the island’s freshwater supply. Periods of abundant
recharge can increase freshwater lens thickness, whereas prolonged drought can reduce it.
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Figure 1.1. Map of the NGLA, a carbonate island karst aquifer, north of the Pdgu-Adilok Fault
(Habana & Jenson, 2018).



Because Guam relies heavily on the NGLA, understanding how the freshwater lens changes over
time and across different parts of the aquifer is essential for effective long-term groundwater
management.

A pilot study by Dougher et al. (2019) examined lens dynamics in the Tomhom Basin. Building
on this groundwork, this project expands the investigation to the Machanao, Hagétfia, and Pdgu
aquifer basins. By analyzing Deep Observation Well (DOW) data from multiple basins, this
study provides insight into how the lens responds to hydrologic and climatic influences. These
results contribute to a better understanding of the response, capacity, and volume of Guam’s
sole-source aquifer and may support sustainable groundwater use.

1.2 Statement of Water Resource Concern

The Big Drought of 1998 in Guam, during the post-peak El Nifio phase following the Super El
Nifio and marked by annual rainfall of about 60 in, heightened concerns over the island’s water
availability. This event emphasized the need for a more effective approach to managing water
resources. In response, the Guam Hydrologic Survey (GHS) (GU PL 24-247) and the
Comprehensive Water Monitoring Program (CWMP) (GU PL 24-161) were established,
resulting in more than two decades of hydrologic and hydrogeologic data, including
conductivity, depth, and temperature (CTD). GHS has since analyzed and processed these data
collected through the CWMP.

As water demand continues to increase with population growth, careful and continuous
monitoring of water resources remains necessary to prevent overpumping, particularly during
prolonged drought. By measuring lens thickness, the quantity of groundwater available for
extraction can be evaluated based on observed lens behavior.

1.3 Goals, Purpose, and Specific Objectives

The goal of this study is to apply hydrologic, geologic, and statistical analyses to data collected
from nine DOWs within the NGLA. Additionally, this study aims to observe local variations in
how the lens responds to recharge, drought, and tidal influences. The results will be important for
improving groundwater modeling and for aquifer management, particularly with respect to the
vulnerability and resilience of the aquifer under hydrologic and climatic stress.

The specific objectives of this study are to:

collect and organize CTD, rainfall, tide, and climate data;

construct hydrographs and conduct hydrologic, geologic, and statistical analyses;
interpret the data and compare them to external hydrologic and climatic factors; and
provide recommendations based on the analysis and results.

b=

1.4 Scope, Delimitations, and Limitations

Scope: The study focuses on the Northern Guam Lens Aquifer, specifically within the
Machanao, Tomhom, Hagatia, and Pagu aquifer basins. The phreatic zone will be examined
through nine DOWs: EX-8, EX-10, GHURA-Dededo, EX-7, EX-7A, EX-6, EX-9, EX-1, and
EX-4.

Delimitations: The study is delimited to approved and available data from 2000 to 2024.
Variables of interest include chloride concentration, raw conductivity, specific conductivity, and



relationship of conductivity with depth and temperature. Historic DOW profiles were used to
evaluate freshwater lens thickness, with the bottom of the freshwater lens defined by the 250
mg/L chloride threshold, as well as transition-zone behavior and the saltwater threshold at
15,000 mg/L chloride. External hydrologic factors considered in this study include rainfall, tide,
and El Nifio—Southern Oscillation (ENSO), represented by the Oceanic Nifio Index (ONI). Six
recently constructed military DOWs were not included because they have shorter periods of
record and the data were not available at the time of analysis. Therefore, this study focuses on
nine DOWSs with long-term CTD records greater than four years.

Limitations: The major limitation of this study is the CTD data collection frequency. CTD
profiles were initially collected quarterly and were later changed to semiannual collection. The
most frequent data collection occurred after Typhoon Tingting in 2004, when CTD profiles were
collected monthly through January 2005. From 2012 to present, CTD profiles were collected
twice per year. In contrast, rainfall and tide data were recorded daily.

1.5 Benefits

Examining the freshwater lens through historic phreatic hydrographs reveals its temporal and
spatial behavior across four aquifer basins and shows how lens dynamics vary in response to
hydrologic and climatic influences in each basin. This study can support groundwater modeling
by providing a baseline on which model accuracy can be evaluated. Accurate lens thickness data
can also serve as essential input for groundwater models. Additionally, documenting lens
dynamics during periods of abundant recharge and severe drought may help refine model
parameters. The findings of this study may contribute to more informed groundwater
management and long-term protection of Guam’s most important freshwater resource.



CHAPTER 2
BACKGROUND AND RELATED LITERATURE

This chapter reviews the background and related literature relevant to the Northern Guam Lens
Aquifer (NGLA). It covers the aquifer setting, previous studies on salinity and deep observation
wells (DOWs), and the data sources used in this study.

2.1 Geology, Hydrology, and Hydrogeology of the NGLA

This section describes the geologic, hydrologic, climatic, and hydrogeologic factors that
influence recharge, groundwater flow, and freshwater lens thickness. These factors provide
context for interpreting variations in DOW response.

2.1.1 Geology

Tracey et al. (1964) conducted the foundational geologic mapping of the northern Guam plateau,
identifying it as an uplifted and tilted plateau composed of limestone deposits that began forming
during the Miocene—Pliocene (~16 Ma). These limestones unconformably overlie the Alutom
Formation, a volcanic basement of early to middle Oligocene age (40-35 Ma) (Siegrist and
Randall, 1992). The plateau is primarily composed of eogenetic Barrigada and Mariana
Limestones (Vacher and Mylroie, 2002).

The Barrigada Limestone was deposited in a bank-type environment during the Miocene—
Pliocene and forms most of the bedrock. It is mainly composed of massive, thick-bedded
foraminiferal limestone. The younger Mariana Limestone was deposited in reef and lagoonal
settings during the Pliocene—Pleistocene and rims the plateau. It includes detrital, molluscan,
reef, and forereef facies, as well as the clay-rich Hagatfia Argillaceous Member in the Hagéatia
Basin (Tracey et al., 1964).

The Hagétiia Basin lies along the Pagu-Adilok Fault, the southern margin of the northern plateau,
adjacent to the volcanic Alutom Formation of southern Guam. Unlike the other northern
groundwater basins, which are primarily underlain by the more permeable Barrigada and
Mariana Limestones, the Hagatfia Basin contains more argillaceous limestone and is influenced
by volcanic proximity. Weathering, erosion, and infiltration of volcanic material reduce
limestone porosity and affect groundwater movement. This basin is merokarstic and represents a
transitional zone between the volcanic rocks of southern Guam and the holokarstic limestones of
the rest of the northern plateau (Cviji¢, 1918; Ford and Williams, 2007).

The northern plateau is a karst carbonate island (Mylroie and Jenson, 2001) characterized by
triple porosity, in which matrix, fracture, and conduit porosity enhance dissolution and
groundwater circulation. Habana et al. (2022) further characterized the hydrologic terrain of the
NGLA using GIS and LiDAR-based DEMs to delineate plateau basins and identify sinkholes,
depressions, fractures, lineaments, and faults.

Based on the Geologic Map of Guam (Tracey et al., 1964; Siegrist and Reagan, 2008), EX-8,
EX-7/7A, and EX-10 are in Mariana Limestone; EX-6 and GHURA-Dededo are within
Barrigada Limestone; and EX-1, EX-4, and EX-9 penetrate the Hagatfia Argillaceous Member of
the Mariana Limestone. Because lithology and subsurface structure may influence groundwater



storage, mixing, and flow, geologic cross sections were constructed and analyzed to provide

additional context for differences in DOW response to recharge.

2.1.2 Hydrology and Climatology

Guam has two distinct seasons, a dry season generally from January to June and a wet season
from July to December. Rainfall is the only source of recharge, and seasonal and interannual
rainfall variability strongly influences freshwater lens thickness. Average annual rainfall is
approximately 100 in, and this study uses rainfall data from the USGS Dededo rain gage and the
NOAA NWS rain gage to evaluate recharge (Figure 2.1).
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Rainfall data from the NWS and Dededo rain gages were converted to semiannual and annual
totals for comparison with the phreatic hydrographs. Rainfall may vary spatially across the
island, especially during localized storm events. Therefore, rainfall totals from these gages may
not fully represent recharge conditions at each DOW. However, during intense or long-duration
storm events, especially typhoons, rainfall is more likely to occur across the island; therefore, the
NWS and Dededo rain gages may better represent broader recharge conditions during those
periods.

El Nifio—Southern Oscillation (ENSO) strongly correlates with rainfall variability, tropical
cyclone activity, and sea level changes in Guam. According to Lander (2016), the onset and peak
phases of El Nifio bring increased tropical cyclone activity and heavy rainfall to Guam and the
surrounding region, whereas the post-peak phase is associated with prolonged drought, reduced
rainfall, and sea-level changes (Figure 2.2).

During El Nifo, the Intertropical Convergence Zone (ITCZ) tends to shift east of Guam,
increasing the likelihood of typhoon activity affecting the island. During La Nifa, the
convergence zone shifts westward toward the Philippines and Guam may experience different
rainfall patterns depending on storm tracks and regional circulation. These climate-driven shifts
influence the timing and magnitude of recharge to the freshwater lens.

The Oceanic Nifo Index (ONI) is one of the primary indicators used to monitor ENSO. It is
based on three-month running averages of sea-surface temperature anomalies in the Nifio 3.4
region (120°-170°W). Positive anomalies greater than +0.5 °C indicate El Nifio conditions,
whereas negative anomalies less than —0.5 °C indicate La Nifia conditions (Lindsey, 2009).
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Figure 2.2. Typical two-year El Nifio cycle and its effects on Guam and the surrounding region
(Lander, 2016).

2.1.3 Hydrogeology

The Northern Guam Lens Aquifer (NGLA) is an unconfined aquifer in which a freshwater lens
forms within permeable limestone and overlies denser saltwater (Figure 2.3). In 1978, USEPA
designated the NGLA as Guam’s sole-source aquifer (USEPA, 1978). The aquifer is subdivided



into seven groundwater basins (Figure 2.4) and three groundwater zones: basal, para-basal, and
supra-basal (Mink, 1976).

Recharge to the phreatic zone occurs through autogenic and allogenic processes within the karst.
Delayed hydrologic responses following significant recharge are commonly observed in aquifer
systems. In northern Guam, Jocson et al. (2001) noted that hydraulic-head responses showed a
striking similarity to streamflow hydrographs, indicating that recharge responses may occur over
time rather than immediately after rainfall. Habana et al. (2009) also applied a hydrologic routing
method to simulate the time distribution of recharge and the resulting hydraulic-head response
after meteoric events. Although hydraulic head and freshwater lens thickness represent different
aquifer responses, these studies provide important context for interpreting delayed freshwater
lens thickening following major recharge events.

A vadose zone ranging from approximately 90-460 ft (27-140 m) thick separates the land surface
from the phreatic zone and allows both slow and rapid recharge to occur Fast recharge moves
through sinkholes, fractures, and conduits, whereas slow recharge moves through matrix
porosity. The importance of these pathways depends on rainfall intensity, evapotranspiration, and
local geology on infiltration.

A transition zone composed of brackish and saline groundwater forms the mixing interface
between freshwater and underlying saltwater. The freshwater lens discharges along the coast
through seepage and coastal springs and is also reduced by groundwater withdrawal from
production wells (Gingerich, 2013).

The Ghyben—Herzberg principle provides a rule-of-thumb estimate of freshwater thickness
below mean sea level (msl), approximately 40 times the elevation of the water table above mean
sea level (Fetter, 2001). However, freshwater lens thickness in the NGLA is dynamic and reflects
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Figure 2.3. Schematic cross-section of the NGLA.
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the influence of recharge, drought, sea-level fluctuations, aquifer heterogeneity, and groundwater
withdrawal. Previous studies have shown that the lens thins during drought and thickens
following periods of substantial recharge (Dougher et al., 2019). Tidal influences have been
known to affect freshwater lens position within the aquifer. Tidal effects are strongest near the
coast and generally attenuate inland (Fetter, 2001).

Differences in limestone porosity and hydraulic conductivity across the NGLA also influence
groundwater storage and lens behavior. For example, the Hagatha Basin has lower porosity and
hydraulic conductivity than areas underlain by the Barrigada and Mariana Limestones, which
affects groundwater flow and mixing processes (Jocson et al., 1999; Gingerich, 2013).

2.2 Deep Observation Wells

The Comprehensive Water Monitoring Program (CWMP), established under Guam Public Law
24-161 in 1998, led to the rehabilitation and long-term monitoring of deep observation wells
(DOWs) across northern Guam (Guam Legislature, 1998). These wells penetrate the freshwater
lens, transition zone, and underlying saltwater, allowing direct measurement of lens thickness.
Figure 2.4 shows the DOW locations and their nearest distances from shore, with EX-4 closest to
the coast (~1 mi) and GHURA-Dededo the most inland (~3 mi).

All DOWs, except EX-7, EX-7A, and EX-6, were active observation wells throughout most of
the study period. EX-7 was properly abandoned in 2017 due to the widening of Route 1

(GEPA, 2014). A replacement DOW, EX-7A, was drilled approximately 500 ft southeast of EX-
7 near the Route 1-Route 3 intersection in 2019, and data collection began in 2021. EX-6 was
active from 2000 to 2008. Figure 2.5 shows a comparison of DOW depth, ground-surface
elevation, average water-level elevation, and probe depth elevation, illustrating the extent to
which individual wells capture the freshwater lens, transition zone, and saltwater.

The U.S. Geological Survey (USGS) Pacific Islands Water Science Center (PIWSC) conducts
semiannual fieldwork on Guam to collect conductivity, temperature, and depth (CTD) profiles
and water-level data from the DOWs. These data are used to evaluate freshwater lens thickness
and transition zone behavior through time. The earlier period of record, particularly prior to
2004, reflects a transitional stage in CTD data collection. After 2004, refinements in field
methods resulted in a more consistent data collection.

Dougher et al. (2019) defined phreatic zone interfaces as water level (WL), the bottom of the
freshwater lens (BoFL), the bottom of the brackish layer (BoBL), and the bottom of the
transition zone (BoTZ) (Figure 2.6). Based on CTD profiles from the Tomhom Aquifer DOWs,
including EX-7, EX-10, and GHURA-Dededo from 2000 to 2016, a generalized CTD profile
was developed and used to create the time-series analysis in Dougher et al.’s study. The BoFL
threshold was adopted from Simard et al. (2015), who used a linear trend of conductivity and
chloride data to estimate that the 250 mg/L chloride concentration, corresponding to the USEPA
secondary drinking water standard for chloride, was approximately 1,100 pS/cm.

2.3 Hydrologic Analysis of DOWs

In this study, the bottom of the freshwater lens (BoFL) is defined as the depth corresponding to a
chloride concentration of 250 mg/L, based on the USEPA National Secondary Drinking Water
Regulation (NSDWR) for chloride.
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Because conductivity varies with temperature, the conductivity corresponding to 250 mg/L
chloride was determined using a conductivity—temperature experiment described in Appendix C.
Although the NSDWR is an aesthetic guideline based on taste rather than a health-based
standard, it provides a consistent definition of freshwater for this analysis. This chloride-based
definition allows freshwater lens thickness to be compared among DOWs under different
hydrologic conditions, including periods of abundant recharge and prolonged drought.

The brackish pivot identified on a salinity profile provides an additional reference point for
interpreting the transition from freshwater to saltwater. Because it is not defined by a fixed
conductivity threshold, the brackish pivot varies by collection date and requires manual
inspection of each salinity profile to identify the point of inflection (Appendix E).

water level W

<1100 pS/cm — freshwater

BoFL

bottom of freshwater lens

= .
E_ bottom of brackish (1100 -25000] pS/em Jr brackish

O

o transition zone

— saline
(25000 —45000] pS/cm
bottom of transition zone BOTZ |
>49,000 pS/cm — saltwater
1100 25000 >49000

(USEPA, 250 mg/L) (8100 mg/L) (>15000 mg/L)

uS/cm

Figure 2.6. DOW generalized phreatic profile and salinity depth definitions
(Dougher et al. 2019).

2.4 Data Sources

This study integrates hydrologic, geologic, and climatic datasets from multiple sources to
evaluate changes in freshwater lens thickness. These datasets include DOW CTD data from the
USGS GeoLog Locator, rainfall records from the USGS Water Data for the Nation (WDFN) and
NOAA NWS Online Weather Data websites, the ENSO Oceanic Nifio Index (ONI) from the
NWS Climate Prediction Center, sea-level records from the University of Hawai’i Sea Level
Center, and borehole data from the GHS Borehole Database. Appendix A contains tables with
direct links to the data sources for each DOW.
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CHAPTER 3
METHODS

Chapter 3 describes the methods used to address the first two specific objectives: (1) compilation
and organization of hydrologic, climatic, and hydrogeologic data, and (2) analysis of the
freshwater lens through hydrologic, geologic, and statistical approaches.

3.1 Hydrologic Analysis

Phreatic hydrographs (Linsley et al., 1982) were created for each DOW to examine variations in
freshwater lens response to climatic and meteorologic conditions. The analysis incorporated
Oceanic Nino Index (ONI), rainfall, and sea-level. As discussed in the previous chapter, ENSO,
rainfall, and sea level influence the phreatic salinity profile.

3.1.1 Deep Observation Wells (DOWs)

A temperature—conductivity analysis was conducted to determine the conductivity value
corresponding to the 250 mg/L chloride threshold to define the bottom of the freshwater lens
(BoFL). An equation relating conductivity to temperature was developed from the conductivity—
temperature experiment described in Appendix C. A Visual Basic for Applications (VBA) code
was then created in Microsoft Excel to apply this equation to each CTD collection date for each
DOW (Appendix D).

CTD data for each DOW were processed and organized in Excel. Each spreadsheet included the
profile date (2000-2024), water level (WL), updated BoFL, previous BoFL defined at

1100 uS/cm, bottom of the brackish layer (BoBL) at 25,000 nS/cm, bottom of the transition zone
(BoTZ) at 49,000 uS/cm, Ghyben-Herzberg (GH) 40:1 ratio, freshwater lens thickness, and
freshwater lens thickness statistics (Appendix B). Some DOW spreadsheets also included the
elevation of the shallow brackish layer (“Shallow Con 250”) and brackish pivot depth

(Appendix E). Linear interpolation was used to estimate BoFL, BoBL, and BoTZ depths for each
CTD profile collection date.

The calculated depths were plotted on multi-axis phreatic hydrographs, with color coding applied
to distinguish phreatic interfaces on the primary axis (Dougher et al., 2019). These graphs
illustrated changes in water level, freshwater lens thickness, and transition zone over time. Daily
rainfall data from the National Weather Service (NWS) and the Dededo USGS rain gages from
2000 to 2024 were plotted on the secondary axis. Major typhoon events were also labeled and
rainfall from the two rain gages was differentiated by color.

3.1.2 Climate, Rainfall, and Sea Level

ONI data were obtained from the historical ENSO record and organized by month and year from
2000 to 2024. Because ONI values are reported as three-month running means, the central month
of each three-month period was used as the representative month. For example, DJF,
representing December—January—February, was assigned to January. Positive and negative ONI
values were separated and color coded to indicate the relative strength of El Nifio and La Nifia
conditions.
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Rainfall records from the rain gages were compiled by date and rainfall (in). Seasonal rainfall
data from the NWS rain gage were analyzed to identify the wet and dry seasons. These values
were graphed and categorized using color-coded rainfall thresholds. Reference lines representing
average annual rainfall of 90 and 100 inches were added and total annual rainfall was plotted in
the background to provide context for seasonal variability.

Daily averaged sea-level from the Apra Harbor Tide Gage were compiled and aligned by date.
These records were integrated into the hydrographs to examine potential relationships between
sea-level variability and changes in freshwater lens position.

3.2 Cross Section Geologic Analysis

Cross section diagrams were constructed to examine the geologic formations surrounding the
DOWs and to assess their influence on freshwater lens response. A 2020 digital elevation model
(DEM) of Guam and a georeferenced geologic map of Guam (Tracey et al., 1964) were used in
ESRI ArcGIS Pro, with hillshade and a basemap added for topographic texture and reference.

DOW locations were plotted as points, and polylines were drawn to intersect the wells. Cross
section lines were converted to raster layers using Polyline to Raster (Conversion Tools), then
converted to points using Raster to Point (Conversion Tools). The Add XY Coordinates tool
(Data Management Tools) was used to assign positional information to each point. Elevation
values from the DEM, along with basement topography depth (b), hydraulic head (h), and lens
thickness (z), were extracted and assigned to each point using Extract Multi Values to Points
(Spatial Analyst Tools) (Gingerich, 2013; Vann, 2014; Habana and Jenson, 2018). The resulting
attribute table was exported as a .csv file for analysis in Excel.

Scatter plots were then constructed, with distance along the cross section on the x-axis and
elevation on the y-axis. Borehole logs from the NGLA Borehole Database (Bendixson et

al., 2013) and the General Geology of Guam report (Tracey et al., 1964) were used to support
subsurface interpretations, specifically formation transitions, cavities, and borehole depths.

3.3 Analysis of Lens Thickness and Annual Rainfall

A graph was created in Excel for GHURA-Dededo to examine the relationship between annual
rainfall and freshwater lens thickness rate of change. The graph compared annual rainfall with
the rate of lens thickness change (ft/yr). Annual rainfall was plotted on the x-axis and the rate of
change on the y-axis, which was inverted so that thinning appeared at the top and thickening at
the bottom.

3.4 Frequency Distribution of Phreatic Interfaces

Histograms were constructed for each DOW to evaluate the frequency distribution of water level
depth, bottom of the freshwater lens (BoFL), bottom of the transition zone (BoTZ), and brackish
pivot. These histograms were used to illustrate the range and distribution of phreatic transitions
at each site.

The average depths of the BoFL and brackish pivots were also calculated. The range of depths
within two standard deviations (26) from the mean was evaluated and displayed on the graphs.
The Guam Environmental Protection Agency (GEPA) maximum well-depth regulation of 25 to
40 ft was included for reference (Mink, 1976).

13



CHAPTER 4
RESULTS AND DISCUSSION

Results are presented by basin from north to south: Machanao, Tomhom, Hagatfia, and Pagu.
Within each basin, deep observation well (DOW) phreatic hydrographs are interpreted alongside
supporting hydrologic factors to evaluate freshwater lens response and phreatic zone dynamics.
To support hydrograph interpretations, map cross sections are used to provide hydrogeologic
insight.

4.1 Phreatic Hydrographs of DOWs

The layout of the nine DOW hydrographs includes the ENSO index, rainfall, sea level, and
historic phreatic profiles from 2000 to 2024. As discussed in Chapter 2, freshwater lens
dynamics may reflect three significant hydrologic factors. Each phreatic hydrograph was
evaluated with the Oceanic Nifio Index (ONI) to observe El Nifio and La Nifa phases, rainfall
shown as annual, seasonal, and daily values, and daily average sea level. Daily rainfall data were
obtained from the Dededo and NWS gages, while seasonal and annual rainfall were derived from
NWS records. Figure 4.1 provides the legend and symbology used for the ONI, rainfall, and
historic phreatic profiles.

Historic Phreatic Profile Daily Rain Seasonaland Annual Rain
Freshwater Lens [0-250) mg/L | | B NWSGIAARain Gage Total Annual Rainfall (in)
Brackish [250-8,100) mg/L B USGS Dededo Rain Gage <10

M Saline[8,100-15,000) mg/L M [10,17)

Saltwater 2 15,000 mg/L. Oceanic Nifio Index (ONI) o120 | O
=== Ghyben-Herzberg (GH) 40:1 s ELNifio| 2 ’
=== BoFLat 1,110 uS/cm uper IiOI— ] [20,40) |
—— Mean sea level (msl) Strong ELNifio | [1.5,2) M =40
*---* Brackish pivot ELNifio | [0.5,1.5) [50,60) |

& SraFchi;g;po?fgbe record La Nifia | [-0.5,-1.5) W [60,80) |\vet

¢ BoFL, 250 mg/L CU o B M [80,100)

° Shallow Con, 250 mg/L Cl W SwonglaNinia|[1:5-2) | | & =
Water level M SuperLa Nifia| -2 =

Figure 4.1. Legend for phreatic profiles, daily, seasonal, and annual rain, and ONI.

The hydrologic factors, including climatic, meteoric, and tidal factors, were aligned annually.
Figure 4.2 shows the hydrologic factor graphs that were used in each DOW phreatic hydrograph.
From 2000 to 2024, three strong to super El Nifio events occurred in 2009-2010, 2015-2016,
and 2023-2024, while multiple La Nifa events, including double- and triple-dip phases, were
also recorded. El Nifio onset and peak phases generally coincided with increased tropical cyclone
activity and annual rainfall exceeding 100 in. In contrast, post-peak El Nifio periods, including
2016-2017, and La Nina phases were associated with reduced rainfall, with annual rainfall often
below 100 in, and prolonged drought.

In 2002, 2004, and 2023, annual rainfall reached about 140 in. However, rainfall varied
seasonally. The years 2002 and 2004 had wetter wet seasons, exceeding 100 in, whereas 2023
exhibited an unusually wet dry season of approximately 60 in. Thirteen years recorded annual
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rainfall below 100 in, including eight years below 90 in. These years corresponded to the
extreme drought period from 2005 to 2011, which meteorologist Dr. Mark Lander referred to as
“The Big Nothing” (Dougher, 2019), as well as the post-El Nifio prolonged dry seasons in 2016
and 2020-2022. The 2005-2011 dry period is notable because regular to strong El Nifio events
were followed by regular to strong La Nifia events. During this period, annual rainfall reached
record lows in 2008 and 2010, with both years recording less than 80 in.

Daily rainfall records show several typhoons that produced intense rainfall on Guam. Pongsona
in 2002, Tingting in 2004, and Mawar in 2023 each brought more than 15 in of rain in one day,
with a maximum of 21.2 in recorded during Mawar. In 2004, the combined effects of Tingting
and Chaba produced approximately 27 in of rainfall. Daily average sea level fluctuated within
approximately 2 ft. Periods of lowered sea level generally occurred during peak El Nifio,
whereas La Nifia was associated with rising sea level.

The following subsections discuss the dynamics of the phreatic hydrographs responding to the
significant hydrologic factors mentioned above. Each subsection is organized by aquifer basins
in order: Machanao, Tomhom, Hagétiia, and Pdgu. All DOWs had no data during the pandemic
years. CTD measurements collected prior to 2004 are from an earlier phase of data collection,
before techniques were refined that year.

4.1.1 Machanao Aquifer Basin

EX-8

EX-8 contains the largest gaps in CTD records, with no data (ND) during the dry period from
2005 to 2010, no data in 2011, and no data during the pandemic years from 2020 to 2021. The
year 2004 had the most CTD collections, with seven profiles collected almost monthly after
May, followed by seven years of quarterly measurements. Figure 4.3 shows freshwater lens
thickness at EX-8 ranging from 113 ft in May 2001 to 134.5 ft in February 2005, with an average
thickness of 119.4 ft and a mode of 115 ft. EX-8 is located approximately 1.7 miles inland, and
tidal influence appears minimal.

In this DOW, lens thickening generally followed major recharge events associated with
typhoons, with maximum thickness commonly reached about a year later. From an annual
rainfall perspective, with the exception of Typhoon Pongsona, annual rainfall greater than 110
inches tended to be followed by a lens-thickness response. This was observed in 2004,
2014-2015, and 2023, when lens thickness exceeded 128 ft, which is more than 9 ft above the
average. In these cases, years with annual rainfall greater than 110 inches also occurred during
the onset of El Nifio, when typhoons contributed more than 10 inches of rainfall to the island.
Following Typhoon Chan-hom in July 2015, thickness increased slightly within days by 2.4 ft,
but the thickest record of approximately 132 ft occurred about one year later, with an 11.9 ft
increase. Following Typhoon Mawar in 2023, thickness reached 128.7 ft, an 11.1 ft increase
from the previous record.

For Typhoon Pongsona in 2002 and Typhoon Mangkhut in 2018, CTD measurements were
collected about one year after the storms and may not have captured short-term recharge
responses. Also, CTD measurements were refined after 2004 (Dougher, 2019). Thus, the
freshwater lens responded quite significantly after three typhoon related recharge periods, which
is easily observed in the graph. The available data show that, most of the time, the BoFL
remained between approximately -110 and -115 ft. It is unfortunate that the driest years in the
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record, from 2005 to 2010, have no data, which may have provided insight into how thin this part
of the aquifer became, as observed in other DOWs.

The water table response can take up to a month to return to its normal level, whereas the
freshwater lens response in this DOW appears to take about a year to reach maximum thickness
and perhaps another year to return to its frequent level. The delayed thickening observed is
consistent with the concept that recharge responses in the NGLA may occur over time rather
than immediately after rainfall. However, freshwater lens thickness differs from hydraulic head
because it reflects not only water table response, but also freshwater accumulation, saltwater
displacement, and possible contributions from upgradient freshwater and suprabasal waters. The
amount of recharge that actually enters the aquifer and contributes to lens thickening is not easily
quantifiable, since some recharge may also discharge from the aquifer.

4.1.2 Tomhom Aquifer Basin

EX-10

EX-10 appears to be the least responsive DOW, with lens thickening less than 10 ft following
major storms, including Typhoons Tingting and Chaba in 2004 and Typhoon Mawar in 2023.
Figure 4.4 shows freshwater lens thickness ranging from a minimum of 93.8 ft in May 2001 to a
maximum of 111.2 ft in August 2005, a difference of about 17 ft. The average thickness was
102.6 ft, with bimodal thicknesses of 99 ft and 102 ft. Elevation-wise, the BoFL was typically
around -95 ft. Although EX-10 is located relatively close to the coast, approximately 1.6 mi
inland, tidal influence appears minimal.

At this DOW, annual rainfall greater than 100 in did not produce a large response, although the
lens appeared to show a slightly stronger response during years with about 140 in of annual
rainfall. After Typhoon Pongsona in 2002, lens thickness increased by approximately 3.5 ft and
by approximately 3 ft after Typhoons Tingting and Chaba in 2004. Seven months after Typhoon
Mawar in 2023, lens thickness increased by 6.7 ft.

During the drought period, the freshwater lens did not thin significantly. Thickness decreased
from February 2005 to February 2009 at approximately 2.8 ft/yr, then remained relatively steady
from February 2009 to January 2011, varying within only 2.8 ft. Another decrease occurred
during the post-peak El Nifio period from 2016 to 2017, when thickness decreased by 2.4 ft.

Transition zone thickness ranged from 34 ft to 46.7 ft, with an average thickness of 39.3 ft,
maintaining a relatively similar thickness throughout the record. Overall, the freshwater lens at
EX-10 did not thin significantly during prolonged drought and showed only small increases
following heavy rainfall events.

GHURA-Dededo

GHURA-Dededo appears to be the third most responsive of the Barrigada Limestone observation
wells. Figure 4.5 shows freshwater lens thickness ranging from 36.5 ft in October 2010 to

142.9 ft in February 2005, with an average thickness of 122.2 ft and a mode of 116 ft. GHURA-
Dededo is the most inland DOW, located about 3 mi from the coast, and tidal influence appears
to be minimal (c.f. Wuerch et al., 2007). With the exception of Typhoon Pongsona, this DOW
appears to respond to annual rainfall greater than 100 in, which usually led to lens thickening.
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The lens thickened from 2012 to 2016 at approximately 4.1 ft/yr, coinciding with several
typhoon-related recharge events from 2013 to 2015, including Francisco through Goni.

When annual rainfall reached approximately 140 in, GHURA-Dededo appeared to have a
stronger response, with lens thickness usually increasing to more than 130 ft about 6 months
after typhoons. The 2004 typhoons increased lens thickness by up to 17 ft, with the lens reaching
its maximum thickness of approximately 143 ft. A similar 6-month lag to maximum thickness
occurred after Typhoon Chan-hom. After Typhoon Mawar in 2023, the lens took about 8 months
to reach its maximum thickness.

During the drought period, when annual rainfall was less than 90 in, the lens usually thinned. It
took about 4.5 years for the lens to reach its minimum thickness. From February 2005 to June
2008, the lens thinned at approximately 8.3 ft/yr. From January 2016 to July 2017, the lens
thinned by approximately 6 ft during the post-El Nifio period. The lens generally does not appear
to thin below 114 ft, even during dry periods, with the exception of October 2010, when the
BoFL was 33 ft below msl.

Compared to the previous profile in June 2010, the October 2010 conductivity profile shows
slightly elevated conductivity at the start of the probe record, with values slightly exceeding the
250 mg/L chloride threshold of 923 puS/cm (Figure 4.6). This slight shift in concentration
indicates that this record had a brackish lens. The year 2010 was the second driest year shown in

uS/cm

500 700 900 1100

-10' 923 uS/cm
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-40'
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Figure 4.6. Select GHURA-Dededo salinity profiles from June 7, 2010 (orange) and October 20,
2010 (blue), showing conductivities from 500 to 1100 uS/cm and depths from 0 to —120 ft below
msl.
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the graph, with less than 77 in of annual rainfall. However, the brackish pivot remained

~113 ft below msl, and the increase in salinity may have been caused by upward diffusion of
brackish water due to insignificant to no recharge. Maximum daily rainfall that year was only
3.17 in, occurring during the wet season.

When annual rainfall was about 100 in during 2008-2010, 2011-2012, and 2021-2022, the
freshwater lens remained relatively steady, suggesting that rainfall near Guam’s average annual
total may be enough to maintain a stable lens.

Unlike EX-10 and EX-8, the transition-zone thickness at this DOW is less stable. The transition
zone ranged from 21.3 ft to 44 ft, with an average thickness of 31.1 ft. During drought, the
brackish layer appears to become thicker as the freshwater lens thins, and thinner as the
freshwater lens thickens. The BoTZ is also less smooth than in EX-10 and EX-8. During
effective recharge, the saline layer appears to thicken, whereas during dry periods, the BoTZ
appears more jagged.

Overall, GHURA-Dededo exhibits a generally thick and stable freshwater lens, but with a
stronger response to both recharge and drought compared to EX-10 and EX-8. The lens usually
remained thicker than 114 ft, except during the October 2010 profile, when shallow brackish
water was observed near the top of the profile.

EX-7

EX-7, located in the Tomhom Aquifer Basin, is the most responsive Barrigada Limestone DOW
and shows a flashy response in both the BoFL and BoTZ. Unfortunately, the well was closed,
and the record only extends to 2017 (see Chapter 2). Figure 4.7 shows EX-7 freshwater lens
thickness ranging from 95.5 ft in December 2009 to 126.3 ft in December 2004, with an average
thickness of 109.4 ft and a mode of 103 ft.

Unlike EX-8 and EX-10, EX-7 showed freshwater lens thickening when annual rainfall was
greater than 100 in. From 2014 to 2016, lens thickness increased following five typhoons,
reaching 119.8 ft. Maximum thickening following Typhoon Chan-hom in 2015 occurred about
six months after the storm. The lens appears to have a stronger response when annual rainfall
exceeds 140 in. Following Typhoon Pongsona in 2002, the BoFL reached 106.9 ft below msl,
while after Typhoons Tingting and Chaba in 2004, the BoFL deepened to 122.6 ft below msl.

It took about four years for the lens to reach its minimum thickness following the dry period
from 2005 to 2007. The lens thinned gradually at first, then more rapidly in 2008. That year,
when annual rainfall was below 80 in, the lens appeared to thin rapidly. Between March 2008
and February 2009, thickness decreased by about 22 ft. From 2009 to 2011, thickness remained
relatively steady within about 8 ft. From 2016 to 2017, the lens thinned by about 6 ft during the
post-peak El Nifio drought.

Because EX-7 is the second closest DOW to the coastline (~1.21 mi inland), tidal signals may
have a stronger influence on lens position than at more inland wells. Several periods of lens
thickening also coincided with sea-level drops, including around 2005, 2010, and 2016.

The transition zone is thicker compared to the other DOWs in the Barrigada Limestone, ranging
from 45.8 ft in June 2007 to 131.6 ft in September 2004, with an average thickness of 64.2 ft. As
the BoFL deepened, the brackish transition layer appears to be displaced by freshwater, while the
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saline layer below thickens. Although the transition zone interfaces responded erratically, the
saline-brackish interface appeared to respond less strongly.

EX-7A

EX-7A, anewer DOW constructed in 2019 to replace EX-7 due to road widening, shows a
different response to recharge. Based on the USEPA National Secondary Drinking Water
Regulation (NSDWR) threshold of 250 mg/L chloride, salinity profiles from EX-7A show that
the well is brackish immediately upon probe entry for each collection date (Figure 4.8), with
conductivity values slightly exceeding the 930 uS/cm BoFL threshold.

However, the brackish pivot occurs at elevations similar to the BoFLs observed in EX-7, ranging
from 103.32 to 107.01 ft below msl, with an average depth of about 105 ft below msl

(Figure 4.7). The brackish lens at EX-7A may reflect upward diffusion of brackish water during
reduced freshwater recharge.
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EX-6

EX-6 records the thickest lens of all Barrigada Limestone DOWs, with the lens extending
beyond the maximum depth of the logger after the wet period of 2004. Figure 4.9 shows that the
logger did not reach saltwater, and from September 2004 to February 2006, the probe did not
reach the BoFL.

EX-6 is located approximately 2.19 mi inland, and freshwater lens ranged from 129 ft in May
2001 to 143 ft in May 2006. Average lens thickness and mode was 138 ft. This DOW responded
to years with 140 in of annual rainfall. Following Typhoon Pongsona in 2002, lens thickness
increased to about 138 ft by August 2003. USGS collected CTD measurements two days before
Typhoon Tingting on June 27, 2004, when the lens was 140.8 ft thick. The next measurement,
collected on August 4, 2004, recorded a 2.1-ft increase in thickness. Following Typhoon Chaba
on August 22, 2004, the next collection date on September 16, 2004, did not capture the BoFL,
suggesting that the freshwater lens thickened beyond the depth of the DOW.

The DOW response to the dry period was not completely captured. However, from 2006 to 2008,
when annual rainfall was below 100 in, freshwater lens thickness decreased at approximately
3.6 ft/yr.

The transition zone at EX-6 is thinner compared to the other Barrigada Limestone DOWSs. The
brackish zone appears to thin as the freshwater lens thickens, while the BoTZ was not captured
throughout the record.

Overall, despite the short period of record, EX-6 provides valuable insight into site response to
recharge and drought. However, the DOW was likely not drilled deep enough to fully capture the
freshwater lens at its maximum thickness, and the record ended too early to evaluate its longer-
term hydrologic behavior.

4.1.3 Hagdtiia and Pdgu Aquifer Basins

EX-9

EX-9 appears to have the thinnest freshwater lens among the Barrigada Limestone DOWs.
Figure 4.10 shows lens thickness ranging from 88.5 ft in July 2011 to 108.9 ft in

November 2004, with an average thickness of 96 ft and a mode of 89 ft. The DOW generally
thickens after the wet season and thins after the dry season. This pattern became more distinct
beginning in 2012, when data collection shifted to semiannual frequency. An exception occurred
in 2023, when the profile collected after the dry season showed lens thickening following
Typhoon Mawar.

The DOW generally thickened after years with more than 100 in of annual rainfall. After
Typhoon Francisco, lens thickness reached 93.9 ft in January 2014, a 7.6-ft increase from the
previous measurement. Later typhoons, including Rammasun, Dolphin, Goni, Chan-hom, and
Mangkhut, were also followed by thickening. However, the profile collected 8 days after
Typhoon Chan-hom recorded a thickness of 96.6 ft, which was 0.8 ft lower than the previous
measurement from January 2015.

The response to 140 in annual rainfall was much stronger, with lens thickness increasing to more
than 107 ft, about 11 ft more than the average, except following Typhoon Pongsona. After the
2002 typhoon, lens thickness increased to 93.3 ft, a 2.6-ft increase from the previous
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measurement in July 2002. After Typhoons Tingting and Chaba, thickness increased to 105.3 ft
in November 2004, a 7.1-ft increase from May 2004. After Typhoon Mawar, lens thickness
increased by 4.4 ft between January and July 2023, then thickened by 4.7 ft over the next 6
months to reach its maximum thickness.

During the dry period, quarterly data show an overall decline in lens thickness, although minor
wet-season rainfall led to short-term increases. It took about 6.5 years for the lens to reach its
minimum thickness, with the BoFL at about 85 ft below msl. Following the peak El Nifio in
2015, lens thickness decreased by 8.9 ft in 6 months, then increased by 6 ft by the next collection
date in January 2017.

The transition zone is one of the thickest among the Barrigada Limestone DOWs, ranging from
69.6 ft to 96.4 ft, with an average thickness of 83.4 ft. It maintained a relatively steady thickness
throughout the record, and on some dates, it was even thicker than the freshwater lens, especially
during the dry period. Overall, EX-9 showed a relatively fast response to both recharge and
drought, typically within less than one year. Interesting observation with the semi-annual
sampling is the jagged BoFL. From 2016 to 2023, with less than a 100 in of annual rain, except
the year of Mangkhut (2018), the BoFL records plots a sawtooth pattern. This DOW is
hydrologically placed under the Hagétiia Aquifer Basin, but does not behave like the other two,
EX-1 and EX-4, discussed next.

EX-1

EX-1, located within the basal graben zone of the Hagatfia Basin, exhibits one of the most
variable and erratic freshwater lenses. Freshwater lens thickness averaged 98 ft, with a mode of
61 ft. Figure 4.11 shows that freshwater lens thickness reached a minimum of 57 ft in July 2019
and a maximum of 217 ft in July 2002. This DOW does not consistently follow a seasonal
pattern compared to the Barrigada Limestone DOWs.

The response to 140 in of annual rain was not consistent, as some records had a decrease in
thickness, such as after Typhoons Pongsona and Mawar. After Typhoon Mawar, freshwater lens
thickness decreased from 209.7 ft in January 2023 to 82.1 ft in July 2023, a decrease of 127.6 ft
and then thinned further by 11 ft in January 2024. This rapid thinning contrasts with the
thickening response observed in the Barrigada Limestone DOWs. Following Typhoons Tingting
and Chaba, however, there was a thickening of the freshwater lens, with the BoFL reaching
139.1 ft below msl, although this was thinner than periods following clusters of rainfall events.

There were five times in which thickness exceeded 180 ft, especially following rainfall clusters,
and not always after typhoons, with the exception of Typhoons Dolphin and Chan-hom in 2015.
The rapid thickening observed after these typhoons may indicate that EX-1 responds rapidly to
recharge.

During the drought period, EX-1 appears to generally follow a seasonal pattern. Freshwater lens
thickness often exceeded 140 ft during the wet season and thinned to its minimum during the dry
season. However, from mid-2008 to early 2009, it did not follow this seasonal pattern, and the
BoFL stayed steady at an average of 56.6 ft below msl. The freshwater lens appears to not thin
below 57 ft, even when annual rainfall was well below 80 in, such as in 2008 and 2010.

In some records, water was brackish at the start of the probe record, transitioned into freshwater,
and then shifted back to brackish water at depth (Figure 4.12). A brackish pivot analysis was
conducted by closely examining selected conductivity profiles to determine the pivot to brackish
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water (see Appendix E). The brackish pivot ranged from 700 to 5,600 uS/cm, which is less than
11% of the salinity of seawater.

In these profiles, there was a slight vertical shift to the right of the USEPA 250 mg/L chloride
threshold toward brackish water, rather than a gradient-type transition to saltwater (Figure 4.13).
Despite large fluctuations in freshwater lens thickness, the average brackish pivot depth was
about 170 ft below msl, with about 50% of the data falling within 10 ft of this average. This
reveals a stable and thick brackish lens beneath a thinner and highly variable freshwater lens.

The transition zone at EX-1 is thick, ranging from 221.8 ft to 420.2 ft, with an average thickness
of 314.9 ft. The transition zone appears to be much thicker than the freshwater lens. When the
freshwater lens thickens, the brackish layer thins and the saline layer is displaced downward;
when the lens thins, the brackish zone thickens, possibly suggesting brackish water diffusing
upwards. The saline layer also appears to be very jagged and follows a sawtooth pattern, which is
more prominent during the dry period. In some records, saltwater was not recorded, indicating
that the BoTZ may be deeper than the well depth. EX-1 appears to have a stronger response to
clusters of rain rather than large individual storms. It also appears to have a fast response to
recharge as well as drought, with responses occurring within approximately 6 months. The lack
of upgradient recharge from suprabasal waters may be contributing to its fast thinning during the
dry season.

water level

brackish top layer 1000 — 2000 pS/cm

}- freshwater ~50’ thick

pivot _ Brackishlens
(700 - 5600 pS/cm | 1-11%) 700 -5600 pS/cm

< . jr brackish
a bottom of brackish
[4)
© — transition zone
(25000 —49000] pS/cm — saline
bottom of transition zone BOTZ
>49,000 puS/cm — saltwater
900-915 25000 >49000
(USEPA, 250 mg/L) (8100 mg/L) (>15000 mg/L)
HS/cm

Figure 4.12. EX-1 generalized salinity profile with phreatic interface transitions.
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EX-4

EX-4, located in the Pdgu Basin east of the Hagétfia Basin, shows the flashiest and most complex
freshwater lens of all the DOWs. Figure 4.14 shows freshwater lens thickness ranging from 9.3 ft
in August 2003 to 246 ft in January 2023. Average freshwater lens thickness is 61.1 ft, with a
mode of 15 ft. Based on the profiles, EX-4 appears to not have been drilled deep enough to reach
the BoTZ and saltwater.

There were eight records (2004, 2006, 2008, 2009, 2010, and 2011) in which the probe recorded
brackish water at the start of the profile, with starting elevations from 15 to 36 ft below msl.
Therefore, it 1s not possible to determine whether the water above these elevations was fresh or
brackish. There were also seven records from 2003, 2014, 2016, 2018, and 2019 in which the
probe recorded brackish water above msl, shifted toward freshwater, and then shifted back to
brackish. Because of these shallow brackish measurements, a VBA code was created and applied
to skip depths shallower than 10 ft below msl (see Appendix E). These shallow brackish depths
are plotted as white dots on the historic profile.

The response to annual rainfall from 100 to 120 in appeared to lead to thickening. EX-4 typically
has a stronger response to rainfall clusters than to individual storms, with the exception
following Typhoons Dolphin and Chan-hom (2015), when the freshwater lens reached
approximately 237.1 ft by July 13, 2015, followed by rapid thinning. There were two instances in
which annual rainfall exceeded 110 in, in 2011 and 2015, and the BoFL reached more than 229 ft
below msl. These periods were followed by rapid thinning to the steady minimum thickness that
persisted for more than two years, ranging from 8 to 16 ft below msl. However, when annual
rainfall was about 140 in, it led to thinning of the freshwater lens. Following Typhoons
Pongsona (2002) and Tingting/Chaba (2004), the BoFL was shallower than 10 ft below msl.
After Typhoon Mawar (2023), the freshwater lens remained thick at 185.1 ft two months after
the storm but thinned rapidly to 23.5 ft by January 2024.
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During the drought period, EX-4 typically followed a seasonal pattern. The freshwater lens
thickened to about 120-200 ft, and these increases were typically short term, occurred during the
wet season, and were followed by rapid thinning by the next collection date. Following annual
rainfall of less than 80 in, such as in 2008 and 2010, the lens was generally brackish. This may
be due to upward diffusion of brackish water during periods of little to no recharge. Even during
the drought period, when annual rainfall was at its minimum, the freshwater lens does not appear
to thin any further but instead maintains a minimum thickness of approximately 9-16 ft.

This may help explain high chloride concentrations in nearby GWA production wells A-13, A-9,
and A-10, all of which exceed the 250 mg/L chloride threshold (Figure 4.15). Because the most
frequent freshwater thickness is approximately 15 ft and GEPA well-depth regulations allow
wells to extend 25—40 ft below msl, these production wells may penetrate the underlying
brackish layer.

A brackish pivot analysis was also conducted for this DOW (see Appendix E), with the brackish
pivot ranging from 800 to 4,700 uS/cm, about 2—10% of the salinity of seawater (Figure 4.16). In
some records, the lens was brackish at the start of the probe record, and when freshwater
thickness exceeded 200 ft, the lens usually extended to the brackish pivot depth. The average
pivot depth was 182.21 ft below msl, ranging from 120 to 240 ft below msl. Shallower-than-
average pivot depths generally occurred during the drought period.

Despite being about 1 mile from the nearest coast, no clear link was observed between sea-level
drops and freshwater lens position. This may be due to the timing of CTD measurements and the
stronger influence of rainfall.

Overall, EX-4 appears to have a thick brackish lens that is overlain by a thin freshwater lens that
typically thickens following rainfall clusters, while its response to singular storms usually leads
to thinning of the lens. When rapid thickening occurred, rapid thinning usually followed.
However, when the lens maintained a steady thickness for more than one year, it usually did not
thin as rapidly and instead maintained a steady thickness close to the minimum freshwater lens
thickness. Its rapid thinning during the dry season may be due to the lack of upgradient recharge
from suprabasal waters, unlike the Barrigada Limestone DOWs.

4.1.4 Overall Summary of DOWs

The nine DOWSs had unique responses to recharge and drought. However, they can be further
subcategorized by rock type, including the Barrigada Limestone DOWs (EX-8, EX-10,
GHURA-Dededo, EX-7, EX-7A, EX-6, and EX-9) and the Hagatha Argillaceous DOWs (EX-1
and EX 4).

The two DOW groups mainly differed in their response to recharge and drought. The Barrigada
Limestone DOWs generally thickened following annual rainfall greater than 100 in, with a
stronger thickening response after annual rainfall exceeded 140 in, especially during years when
typhoons brought substantial rainfall to Guam. Their recharge response usually occurred within
6 months to 1 year, while thinning to minimum freshwater lens thicknesses generally took
longer, often more than 1 year during dry periods. The transition zones for these DOWs were
generally stable and maintained relatively steady thicknesses over time.

DOWs located within the Hagétiia Argillaceous limestone, however, were much flashier and
more variable in response to recharge and drought. These DOWs typically had thick brackish
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Figure 4.16. EX-4 generalized salinity profile with phreatic interface transitions.

lenses with a thin freshwater lens overlying them. Freshwater lens thickening was generally rapid
after annual rainfall greater than 100 in, but the lens also tended to thin rapidly. Annual rainfall
greater than 140 in did not consistently lead to thickening and was often followed by thinning.
Additionally, these DOWs generally showed stronger thickening responses to clusters of wet-
season rainfall than to individual storm events, such as typhoons. The transition zones of these
DOWs were generally much thicker and more variable.

4.2 DOW and Aquifer Basin Cross Sections

Cross sections were created to provide geologic context for the observed differences in
freshwater lens response among the DOWs. Figure 4.17 shows the locations of the six selected
cross section lines used in this analysis. For clarity and page fit, the cross sections are presented
as figure subsections with 10x vertical exaggeration. They are grouped into Machanao,
Tomhom, Hagétfia, and Pagu sets. Surface geology is based on the Geologic Map of Guam
(Siegrist et al., 2007), while subsurface interpretations are based on General Geology of Guam
(Tracey et al., 1964), available drill logs and descriptions, and geophysical logs (caliper, gamma,
and electrical) from the GHS Borehole Database (Bendixson et al., 2013). Surface terrain is
based on the 2020 DEM. Subsurface geology between DOWs, particularly formation contacts, is
inferred and shown with dashed lines. Hydraulic head (h), mean sea level, modeled freshwater
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lens elevation (z), minimum and maximum BoFL depths from the same profile dates, and DOW
and borehole depths are also shown.
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Figure 4.17. Cross section lines through select DOWSs for the Machanao, Tomhom, Hagéatia, and
Pégu aquifer basins.

4.2.1 Machanao
EX-8

Cross section A—A' examines the geology of EX-8 within the Machanao Basin and provides
context for its freshwater lens response. Figure 4.18 shows cross section A-A' passing through
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EX-8 and the reef, detrital, and molluscan facies of the Mariana Limestone (QTmr, QTmd, and
QTmm, respectively). The section also intersects Route 3A, H Street, and a collapsed brecciated
zone at approximately 15,000 ft from the origin. At EX-8, land surface is ~460 ft above msl,
indicating a thick vadose zone. The borehole extends to 658 ft below land surface, and minimum
and maximum BoFL depths range from ~111 to 132 ft below msl. Although the drill log does not
indicate that the borehole reached volcanic basement, basement topography was interpreted from
the NGLA Map (2018).

The borehole log indicates that EX-8 penetrates QTmm and Barrigada Limestone (Tbl).
Molluscan shell material observed near the surface is consistent with QTmm (Ikehara, 1981).
Cavities recorded at depths of ~150 to 300 ft below land surface may indicate increased
secondary porosity near the contact where QTmm unconformably overlies Tbl, which could
promote vertical recharge. The drill log also notes nonhomogeneous induration, further
suggesting lithologic heterogeneity. Overall, the cross-section suggests that secondary porosity
may promote recharge at EX-8, although the thick vadose zone likely delays its transmission to
the freshwater lens.

4.2.2 Tomhom

EX-10 — GHURA-Dededo

Cross section A—A' examines the geology of EX-10 and GHURA-Dededo within the Tomhom
Basin and provides context for differences in freshwater lens thickness between the two DOWs.
Figure 4.19 shows cross section A—A' passing through EX-10 and GHURA-Dededo. Formations
include beach deposits (Qrb), QTmd, QTmr, QTmm, and Tbl. Surface features include Taguak
Doline, the DPW Quarry, the GHURA 501 ponding basin, Route 3, and Ysengsong Road. EX-5
is located approximately 240 ft southeast of the cross section.

At EX-10, land surface is approximately 348 ft above msl, DOW depth is 491 ft, borehole depth
is 704 ft, and the probe extends to about 144 ft below msl. Minimum and maximum BoFL depths
range from about 99 to 106 ft below msl. At GHURA-Dededo, land surface is approximately

395 ft above msl, DOW depth is 785 ft, and the probe extends to about 385 ft below msl.
Minimum and maximum BoFL depths range from about 33 to 135 ft below msl, and the
minimum pivot depth is about 113 ft below msl.

Subsurface interpretation along the cross section includes the Alutom Formation (Ta). At EX-10,
the drill log records coralline limestone at about 2030 ft below ground surface, suggesting that
QTmd pinches into Barrigada Limestone at this location. A 5-ft cavity was also noted at about
312-317 ft below land surface (GEPA, 1981). No drill log was available for GHURA-Dededo,
but the nearby EX-5 production well provides supporting lithologic information. Its drill log
describes packstone, wackestone, and mudstone with abundant foraminiferal tests, poorly
preserved coral and molluscan material, a cavity at about 420—430 ft below land surface, and
clay infilling near 531 ft (Ikehara, 1982). These variations in texture and cementation suggest
subsurface heterogeneity.

GHURA-Dededo has a thicker maximum freshwater lens than EX-10, consistent with inland
thickening of the freshwater lens and thinning toward the coast. GHURA-Dededo’s more inland
location and more favorable position to receive upgradient recharge may allow a thicker
freshwater lens to develop, while EX-10’s closer proximity to the coast may contribute to its
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thinner and less responsive lens. Overall, the cross section provides geologic context for the
observed difference in freshwater lens thickness between the two DOWs.

EX-7A — GHURA-Dededo

Cross section B-B’ examines the geology between EX-7A and GHURA-Dededo within the
Tomhom Basin and provides context for the sharp contrast in freshwater lens thickness between
the two DOWs. Figure 4.20 shows cross section B-B' passing through EX-7A and GHURA-
Dededo and the Qrb, QTmm, QTmd, QTmr, Tbl, and Ta formations. Surface features include
Route 1, Route 3, and the GICC Golf Course. EX-7 is located approximately 230 ft northwest of
the cross section, and EX-5 is about 110 ft north of it.

Based on the drill log, EX-7A penetrates QTmd, then transitions into Tbl, as indicated by slightly
friable limestone, although this contact remains uncertain (Bautista, 2019). The EX-7A drill log
describes the detrital facies of the Mariana Limestone as friable to well-cemented, generally
porous, and cavernous limestone of lagoonal origin. This variability in cementation and porosity
may influence local permeability and recharge transmission near the DOW. More well-cemented
intervals could reduce freshwater movement into the borehole during periods of little to no
recharge, which may allow upward diffusion or persistence of brackish water and help explain
why EX-7A was brackish upon probe entry in the historic profiles. No drill log is available for
GHURA-Dededo; however, the nearby EX-5 production well provides supporting lithologic
information described in the previous section.

At EX-7A, land surface is approximately 290 ft above msl, DOW depth is 246 ft, and the probe
extends to about 243 ft below msl. Minimum and maximum BoFL elevations range from about 2
to 4 ft above msl, while pivot depth ranges from about 103 to 105 ft below msl. At GHURA-
Dededo, land surface is approximately 395 ft above msl, DOW depth is 785 ft, and the probe
extends to about 385 ft below msl. Minimum and maximum BoFL depths range from about 123
to 135 ft below msl.

This contrast indicates that, unlike the thicker freshwater lens at GHURA-Dededo, EX-7A shows
brackish water immediately at the start of the profile based on the 250 mg/L chloride threshold.
The lithologic variability described in the EX-7A drill log may partly explain this brackish lens,
especially during periods of reduced recharge.

EX-7A — EX-10

Cross section C—C’ examines the geology between EX-7A and EX-10 within the Tomhom Basin
and provides context for differences in freshwater lens response between the two DOWs.

Figure 4.21 shows cross section C—C' passing through EX-7A and EX-10. Formations include
QTmd, QTmm, Tbl, and Ta. Surface features include Route 16 and Route 1. At EX-7A,
minimum and maximum BoFL elevations are above msl, while the brackish pivot ranges from
about 103 to 105 ft below msl. At EX-10, minimum and maximum BoFL depths range from
about 97 to 106 ft below msl.

At EX-7A, land surface is approximately 290 ft above msl, DOW depth is 246 ft, and the probe
extends to about 243 ft below msl. The drill log indicates that EX-7A is drilled through QTmd
and may transition into Tbl at about 240 ft below ground surface, although the subsurface contact
is inferred (Bautista, 2019).
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At EX-10, land surface is approximately 348 ft above msl, DOW depth is 491 ft, and the probe
extends to about 144 ft below msl. Based on the Geologic Map of Guam (Siegrist et al., 2007),
EX-10 is drilled through QTmd, which may transition into Tbl and is underlain by volcanic
basement. The drill log records coralline limestone at about 20-30 ft below ground surface and a
possible cavity at about 312-317 ft below ground surface (GEPA, 1981). EX-10 is the least
responsive DOW, with only slight responses to both recharge and drought. Local geology may
be one factor dampening its response.

The differences between EX-7A and EX-10 highlight local hydrogeologic variability within the
Tomhom Basin. Although both DOWs are interpreted to penetrate QTmd and transition into Tbl,
EX-7A shows a brackish lens, whereas EX-10 has a thicker and more stable freshwater lens.
This contrast may reflect differences in local lithology, including the variable cementation and
porosity described in the EX-7A drill log, as well as secondary porosity and recharge
transmission near each DOW.

4.2.3 Hagdtiia and Pdgu

EX-1-EX-4

Cross section A—A' examines the geology of EX-1 and EX-4 across the Hagatiia and Pagu
Aquifer Basins and provides context for their complex freshwater lens responses. Figure 4.22
shows cross section A—A’ passing through EX-1 near J.Q. San Miguel Elementary School and
EX-4 near Father Duefias Memorial School. The cross section includes artificial fill (Qaf), beach
deposits (Qrb), alluvium (Qal), Alutom Formation (Ta), the Hagétiia Argillaceous Member of the
Mariana Limestone (QTma), detrital and reef facies of the Mariana Limestone (QTmd and
QTmr), and Alifan Limestone (Tal). Surface features include Paseo de Susana Park, Route 1,
Hagéatiia Swamp, and Route 10. GWA production well A-13 is located approximately 330 ft
southwest of the cross section.

At EX-1, land surface is approximately 94 ft above msl, DOW depth is 572 ft, and the probe
extends to about 478 ft below msl. Minimum and maximum BoFL depths range from about 53 to
202 ft below msl. At EX-4, land surface is approximately 154 ft above msl, DOW depth is

390 ft, and the probe extends to about 240 ft below msl. Minimum and maximum BoFL depths
range from about 10 to 239 ft below msl.

Surface terrain around EX-1 is fluvial and appears to be eroded. To the left of EX-1, the cross
section intersects the Hagdtiia Swamp, which contains alluvial deposits within swampy terrain.
Terrain to the left of EX-4, near A-13, also appears fluvial and eroded and may be faulted. In
contrast, terrain to the right of EX-4 is flatter and more plateau-like. A possible fault is marked
by the scarp-like feature near Route 10.

EX-1 may reflect localized freshwater—brackish water mixing, lateral subsurface flow through
fractured limestone, and reduced recharge due to lower hydraulic conductivity relative to the
Barrigada Limestone (Simard et al., 2015). The DOW is located within merokarstic, argillaceous
limestone near the Hagétfia Swamp. EX-1’s proximity to the coast, about 1.3 mi, and its location
near the Hagéatiia Swamp may help explain its rapid thinning, as groundwater may discharge
toward the swamp and Hagatia River. It is also notable that Hagétfia Spring, which discharges
through the Hagatfia Swamp, has a higher chloride concentration (80-190 mg/L) compared to a
site in the Hagétfia River that is much closer to the ocean (Kim et al., 2025).
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Figure 4.23. Surface hydrology of EX-4 and surrounding area, including fill areas and inferred faults and lineaments (Habana et al., 2022).
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A clay-rich layer, estimated at approximately 50% clay, was identified in the borehole log at
about 293 to 300 ft below land surface, or about 200 to 210 ft below msl, and may partially
inhibit upward saltwater migration (Ikehara, 1981a; Ikehara, 1981b). The average bottom of the
brackish layer (BoBL) occurs at approximately 240 ft below msl. This clay layer may help
explain the persistence of a thick saline layer below it, whereas the thick brackish layer above
may be due to lateral saltwater intrusion along cavities or fractures.

The available geophysical logs for EX-1 were also examined. The caliper log widens to about 20
in at 30 to 40 ft below msl, which may indicate voids, fractures, or collapse of wall material
within the borehole (Ikehara, 1981a). EX-1 is interpreted to penetrate the QTma and Tal
formations. Schlanger et al. (1964) noted that lateral groundwater movement likely occurs along
the contact between the volcanic basement and Tal, which may contribute to the brackishing of
the lens observed at EX-1.

EX-4 is located within the merokarstic Hagatia Argillaceous Member of the Mariana Limestone,
near mapped and inferred faults, and within a basal graben structure (Figure 4.23). These
features may promote rapid lateral groundwater movement, including both focused freshwater
recharge and lateral saltwater encroachment. The merokarstic terrain likely affects recharge by
reducing matrix porosity and hydraulic conductivity, which may contribute to rapid thinning
following freshwater lens thickening. EX-4 is also the closest DOW to the coast, approximately
1 mi inland, which may further contribute to its rapid thinning. Its proximity to faulted peripheral
Mariana Limestone may allow freshwater to discharge more readily, reducing the ability of the
lens to remain thick for long periods.

A gamma-log peak indicates clay-rich material within the limestone, and clay lenses were
identified at around 100 ft below msl (Ikehara, 1981a; Ikehara, 1981b). The drill description also
indicates predominantly argillaceous limestone. These observations suggest that clay-rich
intervals, possible faulting, and fluvial terrain may contribute to brackish mixing and a flashy
lens at EX-4. The lack of sustained upgradient recharge, along with clay-rich limestone and
lower hydraulic conductivity, may contribute to the rapid thinning observed at EX-4. Compared
to the Barrigada Limestone, this area appears less favorable for groundwater storage because of
its lower effective porosity, lower permeability, and more complex structural setting.

Although EX-1 and EX-4 are located in different aquifer basins, both occur within merokarstic
limestone where clay-rich rock, possible faulting, fractures, and cavities may influence
groundwater mixing and lens structure. Local geology may also help explain why the freshwater
lens does not appear to thin beyond a certain minimum thickness at both DOWs. The relatively
shallow depth to water at EX-1 and EX-4, approximately 89.5 ft and 147.5 ft below land surface,
respectively, may allow recharge to reach the freshwater lens more quickly, contributing to their
faster response compared to deeper DOWs in the Barrigada Limestone.

EX-1-EX-9

Cross section B-B' intersects the DOWs in the Hagéatfia Aquifer Basin through EX-1 and EX-9
near P.C. Lujan Elementary School. Figure 4.24 includes the Ta, Tal, QTma, Qal, QTmd, and
Tbl formations and cross the Pagu-Adilok Fault, Route 4, Hagatiia Swamp, Route 10, and
Route 8. GWA production well A-15 is located approximately 750 ft southeast of the cross
section.
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Based on the borehole log, EX-9 penetrates QTmd, described as white to pale yellow limestone
that is slightly argillaceous at certain depths (Ikehara, 1982). It also intersects an argillaceous
layer below the maximum BoFL depth, which may affect or inhibit the upward movement of
saltwater. Surface terrain along the section is fluvial and includes alluvial deposits. In contrast,
the volcanic terrain to the left of EX-1 is higher, steeper, and more rugged.

At EX-1, land surface is approximately 94 ft above msl, DOW depth is 572 ft, and the probe
extends to about 478 ft below msl. Minimum and maximum BoFL depths range from about 52
to 202 ft below msl. At EX-9, land surface is approximately 239 ft above msl, DOW depth is
498 ft, and the probe extends to about 261 ft below msl.

At EX-9, a thin QTma layer underlies QTmd, with some clay present above the underlying Tbl
formation, although the contact with Tbl is inferred. Surface terrain near EX-9 is also smoother
and less rugged. In contrast, EX-1 is more merokarstic and contains more detrital, argillaceous,
clay-rich limestone, likely derived in part from erosion of the volcanic Alutom Formation in
southern Guam. Fluvial surface features are also more evident near EX-1.

Overall, the differences in lithology, clay content, and terrain between EX-1 and EX-9 help
explain differences in groundwater mixing and freshwater lens response within the Hagétfia
Basin. EX-9 has a more stable and thicker freshwater lens compared to EX-1, which may be
explained by differences in geology and location. EX-9 is located within Barrigada Limestone
and is also farther from the coast, approximately 2 mi inland. This places EX-9 in a more
favorable position to receive upgradient recharge. In contrast, EX-1 is located near Hagétiia
Swamp and closer to the coast, which may make it less favorable for maintaining a stable and
thick freshwater lens.

4.3 Analysis of Annual Rainfall and Freshwater Lens Thickness Rate of Change

GHURA-Dededo was selected for this analysis because it is located within the basal zone of the
highly productive Tomhom Basin, within one of the thickest parts of the freshwater lens, and in
an area that receives upgradient recharge from suprabasal waters. In addition, 21 GWA
production wells are located within a 1-mile radius and collectively produce approximately

5.3 MGD, or about 25% of the basin’s total production (Figure 4.25).

To evaluate the recharge response at GHURA-Dededo, annual rainfall was compared with the
rate of freshwater lens thickness change. This comparison helps identify rainfall ranges
associated with thinning, stability, and thickening of the freshwater lens (Figure 4.26). When
annual rainfall was less than 90 in, the rate of change was generally negative, indicating
thinning. Between about 90 and 100 in, the rate of change was near zero, indicating relative
stability. Above about 100 in, the rate of change generally became positive, indicating
thickening. Following annual rainfall near 140 in, the lens thickened at rates of up to 15 ft/yr.

4.4 Phreatic Transition Zone Depth Frequency

The following histograms show the frequency distribution (f) of phreatic interface transition
depths (ft), including water level (WL; blue), the bottom of the freshwater lens (BoFL; green),
and the bottom of the transition zone (BoTZ; pink). The average BoFL and standard deviation
(£20) are also shown. The graphs are arranged from north to south basins: Machanao, Tomhom,
Hagétia, and Pdgu. Selected histograms also include the brackish pivot distribution and its
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average. The Guam EPA production well depth regulation of 25—40 ft below msl is also
indicated (Mink, 1976).

4.4.1 Machanao

The phreatic interface distribution was evaluated to identify the most frequent positions of the
water level, BoFL, and BoTZ through time. As shown in Figure 4.27, the most frequent water
level at EX-8 was around 3.0 to 3.25 ft above msl. The BoFL occurred most frequently at
approximately 111 ft below msl, while the average BoFL was deeper, at 116 ft below msl. The
BoFL appears to have a multimodal and slightly asymmetric distribution rather than a normal
distribution.
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Figure 4.27. EX-8 phreatic-interface frequency distribution.
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Deeper BoFL values, around 120 to 130 ft below msl, may reflect heavy recharge events that
thickened the freshwater lens and displaced the BoFL downward. The BoTZ occurred most
frequently near 158 ft below msl and also appears to have a multimodal distribution. Deeper
BoTZ values, around 180 ft below msl, may correspond to periods of lens thickening.

4.4.2 Tomhom

The phreatic interface distributions for the Tomhom Basin DOWs were evaluated to compare the
most frequent positions of the BoFL, BoTZ, and brackish pivot where applicable. These
distributions help show how lens thickness and transition-zone depth varied among EX-10,
GHURA-Dededo, EX-7, EX-7A, and EX-6. As shown in Figures 4.28 and 4.29, each DOW
exhibits different patterns of interface variability. At EX-10, the BoFL appears multimodal, with
most occurrences between 92 and 108 ft below msl and an average depth of 99.3 below msl. The
relatively narrow range suggests limited variation in freshwater lens thickness compared to the
other Tomhom DOWs. Shallower than average BoFL depths may correspond to reduced
recharge, whereas deeper BoFL depths may reflect increased recharge. The BoTZ distribution is
also multimodal, with a main peak near 135 ft below msl and smaller peaks near 140 ft below
msl, which may reflect periods of lens thinning and thickening.

GHURA-Dededo’s BoFL is also multimodal and shows the greatest overall spread among the
Tomhom DOWs. Most BoFL occurrences cluster between ~110 and 125 ft below msl, with an
average depth of 119 ft below msl, although one shallow occurrence near 33 ft below msl
expanding the total range. The BoTZ distribution is likewise multimodal, with the strongest peak
~140 ft below msl and additional peaks 150-155 ft and 180 ft below msl. The shallower BoTZ
depth may correspond to lens thinning, while the deeper peaks may reflect lens thickening.

EX-7 also shows a multimodal BoFL distribution, ranging from 90 to 120 ft below msl. The
most frequent BoFL depth is ~95 ft below msl, with additional peaks near 105 ft -115 ft

below msl; the average depth is ~106 ft below msl. Shallower BoFL depths may correspond to
drier conditions or reduced recharge, whereas deeper depths may reflect heavier recharge. The
BoTZ distribution is also multimodal, extending from about 145 to 245 ft below msl, and likely
reflects periods of lens thinning and thickening.

At EX-7A, the brackish pivot was also plotted because groundwater was already brackish at the
start of probe recording. The brackish pivot distribution appears unimodal, with both the mode
and average near 105 ft below msl. This may indicate that the top of the brackish lens fluctuates
less than the freshwater lens under varying hydrologic conditions. In contrast, the BoTZ
distribution appears multimodal, ranging from 160 to 176 ft below msl.

The BoFL distribution at EX-6 appears bimodal, ranging from 124-136 feet below msl, with
peaks near 124 ft and 136 ft below msl. The shallower peak may correspond to reduced recharge,
whereas the deeper peak may reflect greater recharge and lens thickening. Overall, the narrow
range suggests relatively limited fluctuation in lens thickness. No BoTZ distribution is shown
because the probe record did not capture the bottom of the transition zone.

Among these wells, GHURA-Dededo exhibits the deepest mean BoFL and the largest spread in

BoFL depth because of the shallow depth at 33 ft below msl. In contrast, EX-10 and EX-7 show
shallower BoFL positions overall. EX-7 also has the deepest and most variable BoTZ among the
Tomhom DOWs.
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Figure 4.28. Phreatic-interface frequency distributions for EX-10, GHURA-Dededo, EX-7, EX-7A, and EX-6.
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4.4.3 Hagatiia and Pdagu

The phreatic interface distributions for EX-9, EX-1, and EX-4 were evaluated to compare
freshwater lens and transition-zone behavior in the Hagatna and Pagu Basins. These distributions
help show how stable or variable each interface was through time, especially in DOWs with
more complex brackish mixing. Figure 4.30 shows the phreatic interface frequency distributions
for EX-9, EX-1, and EX-4. The BoFL distribution at EX-9 appears multimodal, ranging from
about 82 to 106 ft below msl, with an average depth of about 92 ft below msl. The most frequent
BoFL depths occur near 88 to 90 ft below msl. Shallower BoFL depths may correspond to
periods of reduced recharge or drought, whereas deeper BoFL depths may reflect periods of
greater recharge. The BoTZ appears broadly unimodal, with most occurrences clustered between
~165 and 175 ft below msl. This may indicate that the transition zone is less variable than the
freshwater lens under changing recharge conditions.

EX-1 BoFL distribution appears multimodal and exhibits a broad spread, ranging from about 40
to 210 ft below msl. The dominant peak occurs between about 50 and 60 ft below msl,
representing the shallowest and most frequent BoFL depths, while the mean BoFL is about

90.7 ft below msl. The brackish pivot also appears multimodal, with the most frequent depths
near 170 to 180 ft below msl. The BoTZ distribution is likewise multimodal and broad,
extending from about 270 to 490 ft below msl. Its strongest peak occurs near 470 to 480 ft below
msl, indicating that the deepest BoTZ positions are also the most frequently observed.

BoFL distribution at EX-4 is broad, ranging from about 10 ft above msl to 240 ft below msl,
indicating substantial variation in freshwater lens thickness. The dominant BoFL peak occurs
from near msl to about 10 ft below msl, indicating an extremely shallow freshwater lens. At
many times, the GEPA production well depth zone of 25 to 40 ft below msl appears to extend
below the BoFL, suggesting that production at this depth may intersect brackish water. This may
help explain elevated chloride concentrations in nearby production wells (Figure 4.15). The
shallowest BoFL depths nearly coincide with water level, indicating that the freshwater layer
may at times be very thin. The brackish pivot distribution is also multimodal and spans a wide
range, from about 110 to 250 ft below msl.
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

The conclusions and recommendations are based on the analysis of DOW phreatic hydrographs
from 2000 to 2024. Freshwater lens response is compared among the Machanao, Tomhom,
Hagétia, and Pégu aquifer basins, followed by recommendations for continued DOW
observation, groundwater management, and future studies of the NGLA.

5.1 Accomplished Objectives

The objectives of this study were accomplished by compiling CTD, rainfall, tide, and climate
data from 2000 to 2024 to develop and analyze phreatic hydrographs for each DOW. These
analyses were used to evaluate freshwater lens thickness response to climatic and hydrologic
factors across four aquifer basins. Geologic cross sections and phreatic transition zone depth
frequency analyses further supported interpretation of hydrologic variability among the DOWs.
Recommendations based on the results of this study are presented in this chapter.

5.2 Summary Conclusion

DOW location, porosity, hydraulic conductivity, and local geology influenced freshwater lens
thickness and response to recharge and drought across the NGLA. DOWs within the Barrigada
Limestone generally showed thicker freshwater lenses and a stronger thickening response when
annual rainfall was greater than 100 in, while the Hagatfia Argillaceous DOWs showed thinner,
flashier, and more complex responses. Although semiannual CTD data collection limited the
ability to capture short-term responses, the data still provided useful insight into how each DOW
responded to rainfall variability and drought.

5.3 Recommendations

Installation of additional DOWSs are recommended in the Hagatiia and Pagu Basins, where
complex subsurface geology, thicker transition zones, and more variable freshwater and brackish
lenses were observed. Additional rain gages should also be installed in these basins to improve
the spatial representation of rainfall across the aquifer. Where possible, data collection frequency
should be increased to improve the temporal resolution of freshwater lens response to recharge
and drought.

Areas within the Hagatfia and Pagu Basins may be less favorable for future production well
development because this area appears to be more susceptible to saltwater intrusion, with thin
freshwater lenses overlying thick brackish lenses. The conductivity—temperature experiment used
to estimate the conductivity equivalent of 250 mg/L chloride should also be replicated and
refined using more trials and additional solutions near the target chloride concentration.

5.3.1 Recommended Use

These results may support interagency groundwater management by agencies such as Guam
Waterworks Authority (GWA) by helping identify areas more favorable for production well
development and areas where pumping may require more careful management. In addition, the
findings may support groundwater modeling by providing baseline information on freshwater
lens thickness for model development and calibration.
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5.3.2 Findings for Further Study

Further study is recommended to examine the relationship between freshwater lens thickness,
water production, and chloride concentration to better understand how pumping influences
freshwater lens response and water quality over time. Additional research is needed to better
understand upward saltwater diffusion within the DOWs. Further investigation of transition zone
behavior, transition zone thickness, and brackish pivot depth may improve understanding of
freshwater and brackish lenses, groundwater mixing, and lens variability.
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APPENDICES

APPENDIX A
DATA SOURCES
Data Source
ENSO ONI NOAA NWS Climate Prediction Center

USGS Dededo Rain Gage

NOAA NWS GIAA Rain Gage

Apra Harbor Tide Gage

USGS Water Data for the Nation (WDFN)
NOWAData - NOAA Online Weather Data
UH Sea Level Center

Table A.1. Data sources of ENSO ONI, USGS Dededo Rain Gage, NOAA NWS GIAA Rain
Gage, and Apra Harbor Tide Gage.

Data Sources as of 2026

USGS
distance probe average
inland, | borehole DOW depth | depthto surface GHS Geolog
DOW mi depth, ft | depth, ft | bmsl, ft | water, ft | elevation, ft | BHDB WDFN NWIS | Locator
EX-8 1.67 658.0 658.0 181.1 459.8 462.3 EX-8 EX-8 EX-8 EX-8
EX-10 1.61 704.0 491.0 144.1 345.1 348.3 EX-10 EX-10 EX-10 EX-10
GD 3.09 785.0 785.0 385.3 392.2 394.5 GD GD GD GD
EX-7 1.21 698.0 495.0 216.7 279.4 282.7 EX-7 EX-7 EX-7 EX-7
EX-7A 1.28 538.0 536.0 242.5 288.5 290.3 EX-7A EX-7A EX-7A EX-7A
EX-6 2.19 462.0 462.0 139.8 305.3 309.0 EX-6 EX-6 EX-6 EX-6
EX-9 2.03 513.0 498.0 260.9 235.7 239.3 EX-9 EX-9 EX-9 EX-9
EX-1 1.34 597.0 572.0 478.0 89.5 93.7 EX-1 EX-1 EX-1 EX-1
EX-4 1.02 400.0 390.0 239.2 147.5 153.5 EX-4 EX-4 EX-4 EX-4

Table A.2. DOW information (distance inland, borehole depth, probe depth, average depth to
water, and surface elevation, with data sources as of 2026).

Note. GHS-BHDB = Guam Hydrologic Survey Borehole Database; USGS = United States
Geological Survey; WDFN = Water Data for the Nation; NWIS = National Water Information

System
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https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://waterdata.usgs.gov/monitoring-location/USGS-133100144504966/#dataTypeId=continuous-00045-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://www.weather.gov/wrh/climate?wfo=gum
https://uhslc.soest.hawaii.edu/data/
https://guamhydrologicsurvey.uog.edu/wp-content/databases/.index.php?dbp=BHDB/EX-M-GHURA%20DEDEDO-SERIES/EX-008/
https://waterdata.usgs.gov/monitoring-location/USGS-133628144513271/#dataTypeId=continuous-00010-1588604113&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/nwis/inventory/?site_no=133628144513271
https://webapps.usgs.gov/geologlocator/#/search
https://guamhydrologicsurvey.uog.edu/wp-content/databases/.index.php?dbp=BHDB/EX-M-GHURA%20DEDEDO-SERIES/EX-010/
https://waterdata.usgs.gov/monitoring-location/USGS-133224144495271/#dataTypeId=continuous-72229-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/nwis/inventory/?site_no=133224144495271
https://webapps.usgs.gov/geologlocator/#/search
https://guamhydrologicsurvey.uog.edu/wp-content/databases/.index.php?dbp=BHDB/EX-M-GHURA%20DEDEDO-SERIES/GhuraDededo/
https://waterdata.usgs.gov/monitoring-location/USGS-133120144505471/#dataTypeId=continuous-72229-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/nwis/inventory/?site_no=133120144505471
https://webapps.usgs.gov/geologlocator/#/search
https://guamhydrologicsurvey.uog.edu/wp-content/databases/.index.php?dbp=BHDB/EX-M-GHURA%20DEDEDO-SERIES/EX-007/
https://waterdata.usgs.gov/monitoring-location/USGS-133119144491771/#dataTypeId=continuous-72150-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/nwis/inventory/?site_no=133119144491771
https://webapps.usgs.gov/geologlocator/#/search
file:///C:/Users/MSnaer/AppData/Local/Microsoft/Windows/INetCache/Content.MSO/
https://waterdata.usgs.gov/monitoring-location/USGS-133121144493101/#dataTypeId=continuous-72229-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/nwis/inventory/?site_no=133121144493101
https://webapps.usgs.gov/geologlocator/#/search
https://guamhydrologicsurvey.uog.edu/wp-content/databases/.index.php?dbp=BHDB/EX-M-GHURA%20DEDEDO-SERIES/EX-006/
https://waterdata.usgs.gov/monitoring-location/USGS-133034144500871/#dataTypeId=daily-00095-939833430&period=P1Y&showFieldMeasurements=true
https://waterdata.usgs.gov/nwis/inventory/?site_no=133034144500871
https://webapps.usgs.gov/geologlocator/#/search
https://guamhydrologicsurvey.uog.edu/wp-content/databases/.index.php?dbp=BHDB/EX-M-GHURA%20DEDEDO-SERIES/EX-009/
https://waterdata.usgs.gov/monitoring-location/USGS-132806144481871/#dataTypeId=continuous-72150-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/nwis/inventory/?site_no=132806144481871
https://webapps.usgs.gov/geologlocator/#/search
https://guamhydrologicsurvey.uog.edu/wp-content/databases/.index.php?dbp=BHDB/EX-M-GHURA%20DEDEDO-SERIES/EX-001/
https://waterdata.usgs.gov/monitoring-location/USGS-132736144461671/#dataTypeId=continuous-72150-0&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/nwis/inventory/?site_no=132736144461671
https://webapps.usgs.gov/geologlocator/#/search
https://guamhydrologicsurvey.uog.edu/wp-content/databases/.index.php?dbp=BHDB/EX-M-GHURA%20DEDEDO-SERIES/EX-004/
https://waterdata.usgs.gov/monitoring-location/USGS-132626144471771/#dataTypeId=continuous-00010--1504742278&period=P7D&showMedian=true&showFieldMeasurements=true
https://waterdata.usgs.gov/nwis/inventory/?site_no=132626144471771
https://webapps.usgs.gov/geologlocator/#/search

APPENDIX B

DOW DATA ORGANIZATION
EX-8
WL BoFL  BoFL (old) BoBL BoTZ GH40:1 FW
Date ftamsl  ft bmsl ft bmsl ftbmsl ftbmsl ftbmsl | thickness, ft FW Thickness Statistics

5/30/2001 2.21 -110.8 -111.2 -135.3 -157.7 -88.4 113.0 minimum 113.0
7/31/2002 2.40 -111.5 -112.0 -134.8 -157.1 -96.0 113.9 maximum 134.5
8/1/2003 2.16 -113.3 -113.9 -137.4 -159.0 -86.4 115.4 average 119.4
2/26/2004 2.09 -117.1 -117.6 -138.1 -166.3 -83.6 119.1 mode 115
5/18/2004 3.06 -119.1 -120.2 -141.0 -169.6 -122.4 122.2 o (n-1) 5.56
11/24/2004 2.27 -125.9 -126.4 -142.0 -180.6 -90.8 128.2 n data 32
2/23/2005 2.90 -131.6 -132.1 -144.8 -180.0 -116.0 134.5 n-1 31
10/21/2010 2.72 -111.8 -111.9 -135.3 -159.1 -108.8 1145

1/12/2012 2.78 -111.2 -111.3 -134.1 -157.3 -111.2 114.0

7/20/2012 3.10 -110.8 -110.8 -133.1  -157.0 -124.0 113.9

1/11/2013 3.12 -112.0 -112.2 -134.2 -158.8 -124.8 115.2

7/24/2013 3.30 -111.8 -112.2 -134.0 -159.0 -132.0 115.1

1/25/2014 2.97 -111.6 -111.7 -133.6 -152.7 -118.8 114.5

7/1/2014 3.00 -111.6 -111.8 -133.7 -152.9 -120.0 114.6

1/14/2015 3.02 -114.2 -114.1 -135.0 -155.2 -120.8 117.3

7/10/2015 3.40 -116.3 -116.8 -136.9 -156.6 -136.0 119.7

1/15/2016 2.53 -122.8 -123.0 -140.1 -161.4 -101.2 125.3

7/19/2016 3.21 -128.7 -128.9 -142.6 -167.6 -128.4 131.9

1/20/2017 3.04 -123.6 -124.2 -142.7  -163.9 -121.6 126.6

7/28/2017 3.37 -113.0 -114.2 -141.2 -159.6 -134.8 116.4

1/19/2018 3.02 -115.5 -116.4 -140.7 -160.4 -120.8 118.5

7/23/2018 2.96 -117.1 -117.6 -140.4 -159.9 -118.4 120.1

2/27/2019 2.83 -112.3 -114.3 -140.3 -159.5 -113.2 115.1

7/17/2019 3.25 -117.0 -117.6 -140.8 -159.9 -130.0 120.2

1/16/2020 2.70 -118.2 -118.6 -140.3 -161.6 -108.0 120.9

8/19/2021 2.98 -114.9 -115.4 -138.1 -158.6 -119.2 1179

1/14/2022 2.75 -113.9 -114.6 -138.1 -158.3 -110.0 116.7

7/29/2022 2.95 -115.0 -115.6 -138.1 -158.0 -118.0 118.0

1/24/2023 2.84 -115.2 -115.7 -136.9 -157.5 -113.6 118.0

7/28/2023 3.05 -114.5 -115.1 -137.7  -157.2  -122.0 117.6

1/27/2024 331 -119.3 -120.0 -140.4  -165.1 -132.4 122.6

7/26/2024 3.65 -125.1 -125.5 -141.2 -164.8 -146.0 128.7

Table B.1. EX-8 measured water levels and depths of phreatic interfaces.
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EX-10

WL BoFL  BoFL (old) BoBL BoTZ GH40:1 FW
Date ftamsl  ft bmsl ft bmsl ftbmsl  ftbmsl  ft bmsl | thickness, ft FW Thickness Statistics
12/5/2000 2.93 -94.5 -95.6 -1146  -136.8  -117.2 97.4 minimum 93.8
5/17/2001 3.06 -90.7 -92.1 -113.1 -133.8  -1224 93.8 maximum 111.2
7/30/2002 3.39 -94.0 -94.8 -113.2  -136.6  -135.6 97.4 average 102.6
8/1/2003 2.99 -97.5 -98.1 -117.6  -1441  -119.6 100.5 mode 102
2/26/2004 2.89 -97.0 -97.5 -115.7  -143.7 -1156 99.9 99
5/17/2004 3.28 -102.5 -102.9 -117.8  -1439 -131.2 105.8 o (n-1) 4.16
6/23/2004 3.82 -100.1 -100.3 -118.2  -143.8 -152.8 104.0 n data 61
8/3/2004 3.50 -100.3 -101.7 -119.9  -143.8 -140.0 103.8 n-1 60
9/15/2004 3.32 -103.3 -103.5 -120.7 -143.7 -132.8 106.6
10/28/2004 | 3.35 -102.7 -102.9 -119.9  -143.7 -1340 106.1
12/15/2004 | 3.19 -104.2 -104.2 -120.7 -143.8 -127.6 107.4
2/23/2005 3.03 -106.3 -106.7 -122.6  -1439  -121.2 109.3
5/17/2005 3.70 -106.6 -107.3 -123.2  -1436  -148.0 110.3
8/29/2005 3.50 -107.7 -108.1 -124.5  -1436  -140.0 111.2
12/2/2005 3.20 -105.7 -106.1 -123.7  -1436 -128.0 108.9
2/19/2006 3.19 -105.4 -105.8 -122.7  -143.7  -127.6 108.6
5/11/2006 3.42 -106.0 -106.4 -1245 -143.6 -136.8 109.4
8/8/2006 3.30 -104.6 -105.3 -123.7  -143.7  -132.0 107.9
11/29/2006 | 2.90 -104.0 -104.3 -120.8  -143.7 -116.0 106.9
3/14/2007 2.85 -103.3 -103.6 -121.1 -1436  -114.0 106.1
6/6/2007 3.02 -102.0 -102.7 -119.8 -144.1  -120.8 105.0
9/19/2007 3.06 -102.7 -103.1 -119.6 -1419 -1224 105.8
3/5/2008 3.33 -100.8 -101.3 -118.2  -141.4  -1332 104.2
6/3/2008 3.40 -98.9 -99.6 -115.1  -1343  -136.0 102.3
9/19/2008 331 -97.2 -97.7 -113.4  -133.8 -1324 100.5
12/11/2008 | 3.48 -95.2 -95.6 -112.5  -1333  -139.2 98.7
2/19/2009 3.36 -95.6 -95.8 -112.1 -133.0 -1344 98.9
6/11/2009 3.09 -95.5 -95.8 -111.8 -132.7  -1236 98.6
10/9/2009 3.13 -94.6 -94.9 -111.2 -1334  -125.2 97.7
12/3/2009 3.19 -93.3 -93.9 -1109 -133.8 -127.6 96.5
2/25/2010 3.04 -94.1 -94.4 -111.2 -1346  -1216 97.2
6/5/2010 3.03 -95.3 -95.4 -111.5 -1351 -121.2 98.3
10/20/2010 | 3.14 -96.2 -96.4 -111.4  -135.7 -125.6 99.3
1/19/2011 3.30 -94.8 -95.0 -111.0 -1353 -132.0 98.1
4/14/2011 2.86 -97.2 -97.3 -110.5 -135.0 -1144 100.1
7/15/2011 3.19 -94.4 -94.7 -110.2  -133.7  -127.6 97.6
10/13/2011| 3.16 -95.8 -95.9 -110.0 -1349 -1264 98.9
1/12/2012 3.27 -94.7 -94.8 -109.9 -1357 -130.8 98.0
7/20/2012 3.35 -96.0 -96.2 -111.0 -1379 -134.0 99.4
1/12/2013 3.47 -95.3 -95.7 -111.1  -140.7 -138.8 98.7
7/24/2013 3.71 -95.8 -96.3 -111.2  -140.2  -1484 99.5
1/26/2014 3.60 -94.9 -95.2 -111.1 -134.0 -1440 98.5
6/27/2014 3.28 -98.4 -98.6 -112.2 -134.2 -131.2 101.7
1/12/2015 3.24 -98.7 -98.9 -114.1  -137.8  -129.6 101.9
7/11/2015 3.80 -100.7 -100.9 -1153  -139.4  -152.0 104.5
1/17/2016 2.86 -99.5 -99.8 -115.8  -142.7 -1144 102.4
7/17/2016 3.08 -103.5 -103.4 -117.4 1424 -1232 106.6
1/22/2017 3.09 -102.9 -103.0 -116.7  -139.3  -1236 106.0
7/31/2017 3.69 -100.4 -100.9 -116.0 -136.3 -147.6 104.1
1/20/2018 3.26 -99.8 -100.2 -115.1  -136.0 -130.4 103.0
7/26/2018 3.07 -101.3 -101.7 -115.5 -1354  -122.8 104.3
2/27/2019 3.18 -98.9 -99.2 -115.0 -136.7 -127.2 102.0
7/17/2019 3.35 -102.2 -102.4 -1155  -136.2  -134.0 105.5
1/16/2020 2.92 -98.7 -99.1 -1143  -1359 -116.8 101.6
8/20/2021 3.26 -98.6 -98.8 -113.1 -1335  -1304 101.8
1/13/2022 3.21 -96.9 -97.0 -113.0 -1352 -1284 100.1
7/31/2022 3.50 -96.9 -97.1 -113.0 -134.8 -140.0 100.4
1/20/2023 3.29 -96.6 -96.9 -113.0 -1354 -1316 99.9
7/22/2023 3.51 -99.4 -99.8 -113.4  -135.7 -1404 102.9
1/29/2024 3.65 -106.0 -106.1 -116.6  -1423  -146.0 109.6
7/22/2024 3.99 -103.9 -104.0 -116.8  -142.3  -159.6 107.9
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Table B.2. EX-10 measured water levels and depths of phreatic interfaces.




GHURA-Dededo

WL BoFL  BoFL (old) BoBL BoTZ GH40:1 FW
Date ftamsl  ft bmsl ft bmsl ftbmsl  ftbmsl ftbmsl | thickness, ft FW Thickness Statistics
12/5/2000 1.05 -116.3 -117.3 -135.8 -148.5 -42.0 117.3 minimum 36.5
5/15/2001 1.00 -114.9 -115.6 -132.7 -142.0 -40.0 115.9 maximum 142.9
7/30/2002 1.51 -120.3 -120.7 -133.2 -154.7 -60.4 121.8 average 122.2
8/1/2003 1.24 -124.0 -124.8 -138.4 -158.6 -49.6 125.2 mode 116
2/26/2004 0.95 -126.4 -127.0 -141.0 -161.0 -38.0 127.3 o (n-1) 13.7
5/18/2004 3.83 -125.9 -126.0 -138.3  -158.0  -153.2 129.7 n data 60
6/24/2004 4.25 -123.2 -124.9 -138.2  -156.8  -170.0 127.5 n-1 59
8/5/2004 4.00 -128.3 -129.1 -139.9 -157.8  -160.0 132.3
9/14/2004 4.20 -136.6 -136.8 -141.6 -177.2 -168.0 140.8
10/29/2004 4.07 -138.0 -138.0 -147.1 -181.9 -162.8 142.0
12/17/2004 3.91 -138.4 -138.8 -152.0 -181.8 -156.4 142.3
2/24/2005 3.64 -139.3 -139.4 -151.7 -182.8 -145.6 142.9
8/29/2005 4.20 -128.6 -129.7 -148.8 -166.5 -168.0 132.8
12/1/2005 3.68 -130.4 -131.7 -148.0 -163.3 -147.2 134.0
2/18/2006 3.55 -128.4 -129.4 -146.4 -156.8 -142.0 131.9
5/11/2006 3.90 -125.6 -126.0 -144.1  -156.9  -156.0 129.5
8/9/2006 3.89 -120.1 -125.9 -143.1  -156.8  -155.6 124.0
11/29/2006 | 3.29 -122.4 -126.7 -142.0 -155.4  -131.6 125.7
3/14/2007 3.15 -120.2 -124.3 -139.3 -153.8 -126.0 123.3
6/7/2007 3.33 -118.1 -119.2 -138.0 -153.3 -133.2 121.4
9/19/2007 3.44 -118.4 -120.3 -137.1 -152.6 -137.6 121.8
12/12/2007 3.43 -118.6 -120.7 -136.0 -153.6 -137.2 122.0
3/5/2008 3.64 -117.3 -119.1 -134.3 -150.8 -145.6 121.0
6/3/2008 3.82 -112.1 -112.5 -131.6 -140.8 -152.8 115.9
9/18/2008 3.69 -112.0 -112.3 -130.5 -143.0 -147.6 115.7
12/11/2008 3.74 -111.9 -112.2 -130.0 -141.7 -149.6 115.7
2/19/2009 3.61 -111.8 -112.0 -129.3 -141.8 -144.4 115.4
6/11/2009 3.38 -111.2 -111.4 -127.6 -139.2 -135.2 114.6
10/9/2009 3.47 -112.5 -113.1 -128.3 -148.2 -138.8 116.0
12/3/2009 3.46 -112.0 -112.2 -127.6 -144.5 -138.4 115.5
2/25/2010 3.38 -111.9 -112.2 -127.2 -141.3 -135.2 115.3
6/7/2010 3.31 -112.1 -112.2 -127.3 -142.9 -132.4 115.4
10/20/2010 3.55 -32.9 -113.6 -127.5 -146.4 -142.0 36.5
1/18/2011 3.49 -112.0 -112.2 -126.5 -141.1 -139.6 115.5
4/14/2011 3.22 -112.4 -112.6 -126.6  -144.8  -128.8 115.6
7/15/2011 3.48 -111.9 -112.1 -125.6 -137.0 -139.2 115.4
1/14/2012 3.63 -112.6 -112.8 -126.6 -144.2 -145.2 116.3
7/20/2012 3.84 -112.8 -113.0 -126.7 -143.7 -153.6 116.7
1/12/2013 3.91 -117.1 -117.3 -129.2 -152.4 -156.4 121.0
7/23/2013 3.99 -115.6 -116.5 -129.0 -147.3 -159.6 119.6
1/27/2014 3.98 -117.8 -118.1 -130.4 -144.8 -159.2 121.7
6/28/2014 3.89 -116.6 -117.5 -130.5 -142.2 -155.6 120.5
1/16/2015 3.81 -122.9 -123.0 -133.9 -150.9 -152.4 126.7
7/11/2015 4.43 -123.6 -123.7 -134.8 -150.8 -177.2 128.0
1/16/2016 3.35 -127.6 -128.4 -138.8  -153.5 -134.0 130.9
7/20/2016 3.77 -124.5 -125.4 -139.4 -151.8 -150.8 128.3
1/24/2017 3.67 -120.6 -123.8 -138.6 -148.3 -146.8 124.3
7/31/2017 4.08 -113.3 -115.3 -136.6 -141.7 -163.2 117.3
4/12/2018 3.69 -114.5 -118.1 -134.0 -143.0 -147.6 118.2
7/25/2018 3.67 -113.3 -117.2 -133.2 -142.8 -146.8 116.9
2/28/2019 3.51 -117.0 -118.9 -133.8 -144.6 -140.4 120.5
7/18/2019 3.87 -114.9 -117.9 -133.2 -142.9 -154.8 118.8
1/17/2020 3.32 -117.0 -118.9 -133.2  -1449  -132.8 120.3
8/21/2021 3.84 -113.2 -113.9 -130.8  -141.0 -153.6 117.0
1/15/2022 3.68 -120.3 -120.8 -132.6 -148.6 -147.2 124.0
7/30/2022 3.95 -118.9 -119.7 -132.9 -146.8 -158.0 122.8
1/21/2023 3.83 -122.8 -123.0 -133.9 -149.9 -153.2 126.6
7/24/2023 4.07 -123.4 -123.7 -134.7 -149.6 -162.8 127.5
1/29/2024 4.37 -134.8 -134.9 -140.5 -156.1 -174.8 139.2
7/24/2024 4.39 -128.9 -129.0 -142.4 -155.8 -175.6 133.3

Table B.3. GHURA-Dededo measured water levels and depths of phreatic interfaces.
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EX-7

WL BoFL  BoFL (old) BoBL BoTZ GH40:1 FW
Date ftamsl  ft bmsl ft bmsl ftbmsl ftbmsl ftbmsl | thickness, ft FW Thickness Statistics

11/28/2000| 3.07 -100.0 -100.3 -1240 -160.8 -122.8 103.0 minimum 95.5
5/17/2001 3.36 -95.5 -96.2 -120.0 -1469 -134.4 98.8 maximum 126.3
9/27/2001 2.94 -98.6 -99.1 -119.7  -163.5 -117.6 101.6 average 109.4
7/30/2002 3.87 -100.4 -101.1 -119.5  -171.8  -154.8 104.2 mode 103.0
8/1/2003 3.55 -106.9 -107.1 -122.6  -176.1  -142.0 110.5 o (n-1) 9.67
2/26/2004 3.39 -110.8 -111.0 -122.1 -180.1 -135.6 114.2 n data 54
5/17/2004 3.68 -111.8 -111.9 -120.5 -179.8 -147.2 115.4 n-1 53
6/23/2004 4.17 -108.2 -108.7 -120.5 -180.5 -166.8 112.4

8/3/2004 3.83 -113.4 -113.5 -120.5 -182.5 -153.2 117.2

9/14/2004 3.99 -114.2 -114.7 -123.7 -245.8 -159.6 118.2
10/28/2004 3.92 -120.4 -120.6 -127.1 -203.7 -156.8 1243
12/15/2004 | 3.65 -122.6 -122.8 -128.7 -2053  -146.0 126.3

2/24/2005 3.41 -120.5 -120.8 -126.8  -197.1  -136.4 124.0

5/16/2005 3.00 -120.2 -120.3 -128.0 -191.9 -120.0 123.2

8/30/2005 3.9 -120.6 -120.6 -128.4  -193.0 -156.0 124.5

12/2/2005 3.51 -118.8 -118.9 -126.6  -184.6  -140.4 122.3

2/19/2006 3.43 -119.3 -119.4 -126.7  -182.7  -137.2 122.7

5/11/2006 3.81 -116.3 -116.5 -126.3  -169.9  -152.4 120.1

8/9/2006 3.94 -114.6 -114.9 -1249  -1759 -157.6 118.6
11/29/2006 | 3.25 -115.9 -116.1 -126.1  -177.3  -130.0 119.1

3/14/2007 3.17 -117.3 -117.5 -123.9 -169.6  -126.8 120.5

6/6/2007 3.33 -116.6 -116.8 -120.6  -162.4  -133.2 119.9

9/19/2007 3.41 -115.0 -115.1 -120.6  -169.6  -136.4 118.4

3/5/2008 3.61 -114.4 -114.5 -120.7 -166.7 -144.4 118.0

6/4/2008 3.77 -109.0 -111.4 -119.4 -157.8 -150.8 112.8

9/18/2008 3.62 -104.9 -105.8 -116.0 -161.5 -144.8 108.6
12/11/2008 3.64 -95.0 -95.9 -114.8 -154.6 -145.6 98.6

2/20/2009 3.47 -93.3 -93.6 -115.0 -155.1 -138.8 96.8

6/11/2009 3.2 -93.3 -93.6 -115.4 -151.5 -128.0 96.5

10/8/2009 35 -94.6 -94.8 -114.7 -161.5 -140.0 98.1

10/9/2009 3.34 -97.0 -97.3 -117.2  -168.0 -133.6 100.3

12/3/2009 3.54 -91.9 -92.4 -1145 -157.8 -1416 95.5

12/4/2009 3.29 -96.3 -96.7 -118.8  -168.5 -131.6 99.6

2/25/2010 3.33 -97.5 -97.8 -113.9  -156.7  -133.2 100.8

2/26/2010 3.18 -100.4 -100.9 -117.0  -163.9  -127.2 103.6

6/8/2010 3.2 -97.9 -98.3 -115.7  -159.0 -128.0 101.1

6/9/2010 3.3 -95.6 -96.2 -113.5  -154.7  -132.0 98.9
10/20/2010| 3.38 -96.0 -96.2 -115.0 -157.3  -135.2 99.4

1/19/2011 3.43 -92.4 -92.6 -113.6  -150.8  -137.2 95.8

4/13/2011 3.11 -92.9 -93.1 -113.8  -150.2 -124.4 96.0

7/15/2011 3.32 -92.7 -93.0 -113.9  -148.1  -132.8 96.0
10/13/2011 3.5 -96.9 -97.2 -1146  -159.1  -140.0 100.4

1/14/2012 3.41 -99.5 -99.8 -116.6 -165.0 -136.4 102.9

7/19/2012 3.58 -99.6 -100.0 -116.2 -161.1 -143.2 103.2

1/15/2013 3.7 -100.8 -101.4 -115.9 -173.0 -148.0 104.5

7/22/2013 3.76 -99.4 -99.8 -116.4 -164.5 -150.4 103.1

1/26/2014 3.82 -100.8 -101.4 -114.8 -159.0 -152.8 104.6

7/1/2014 3.64 -104.1 -104.6 -116.4 -161.2 -145.6 107.7

1/11/2015 3.75 -109.9 -110.2 -117.4  -169.5  -150.0 113.7

7/11/2015 431 -109.0 -109.5 -117.4  -172.7  -172.4 113.4

1/16/2016 3.14 -116.7 -116.8 -120.1  -179.0 -125.6 119.8

7/17/2016 3.49 -112.8 -112.9 -119.8  -171.6  -139.6 116.3

1/22/2017 3.45 -109.8 -110.1 -120.3  -172.9  -138.0 113.3

7/28/2017 3.93 -107.6 -107.9 -119.8  -162.4  -157.2 111.6

EX-7A
WL BoFL  BoFL (old) BoBL BoTZ GH40:1 FW Pivot
Date ftamsl  ft bmsl ftbmsl  ftbmsl ftbmsl ftbmsl | thickness, ft FW Thickness Statistics | depth

8/22/2021 3.64 2.71 271 -120.0 -160.9 -145.6 0.93 minimum 0.42| -105.64
1/13/2022 3.4 2.27 2.27 -120.3 -164.7 -136.0 1.13 maximum 1.13| -106.67
7/27/2022 3.65 2.53 2.53 -120.2 -161.8 -146.0 1.12 average 0.84( -107.01
1/25/2023 3.5 2.52 2.52 -121.0 -166.0 -140.0 0.98 mode 1.00| -106.76
7/28/2023 3.85 3.43 3.56 -121.7  -167.9  -154.0 0.42 o (n-1) 0.30| -103.32
1/28/2024 3.99 3.56 -106.7 -1243  -177.8  -159.6 0.4 n data 7| -105.16
7/25/2024 4.07 3.20 -107.2 -122.8  -171.1  -162.8 0.9 n-1 6] -104.98

Table B.4. EX-7 and EX-7A measured water levels and depths of phreatic interfaces.
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EX-6

WL BoFL  BoFL (old) BoBL BoTZ GH40:1 FW
Date ftamsl  ft bmsl ft bmsl| ftbmsl ftbmsl ftbmsl | thickness, ft FW Thickness Statistics
11/28/2000 3.9 -127.4 -127.5 -132.8 -156.0 131.3 minimum 129.0
5/15/2001 3.1 -125.9 -126.0 -131.1 -124.0 129.0 maximum 143.0
7/30/2002 4.07 -127.9 -127.9 -132.5 -162.8 1319 average 138.1
8/1/2003 3.86 -134.3 -134.5 -154.4 138.1 mode 138
2/26/2004 3.51 -135.0 -135.2 -140.4 138.5 o (n-1) 4.21
5/18/2004 3.88 -138.0 -138.1 -155.2 141.9 n data 18
6/25/2004 4.33 -136.5 -136.6 -173.2 140.8 n-1 17
8/4/2004 4.11 -138.8 -138.8 -164.4 142.9
9/16/2004 4.34 -173.6
10/30/2004 4.19 -167.6
12/16/2004 4.02 -160.8
2/23/2005 3.81 -152.4
5/16/2005 4.4 -176.0
8/29/2005 4.3 -172.0
12/1/2005 3.75 -150.0
2/19/2006 3.62 -144.8
5/10/2006 3.98 -139.0 -139.0 -159.2 143.0
8/8/2006 4.03 -138.8 -138.8 -161.2 142.8
11/29/2006 3.47 -138.2 -138.4 -138.8 141.7
3/13/2007 3.4 -136.8 -136.9 -136.0 140.2
6/5/2007 3.47 -134.9 -135.1 -138.8 138.3
9/18/2007 3.67 -136.2 -136.2 -146.8 139.8
12/11/2007 3.66 -134.3 -134.6 -146.4 138.0
3/4/2008 3.85 -134.1 -134.1 -154.0 137.9
6/2/2008 3.89 -130.9 -131.0 -133.4 -155.6 134.8
9/17/2008 3.88 -130.7 -130.8 -133.1 -155.2 134.6
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EX-9

WL BoFL  BoFL (old) BoBL BoTZ GH40:1 FW
Date ftamsl  ft bmsl ft bmsl ftbmsl  ftbmsl ftbmsl | thickness, ft FW Thickness Statistics
12/5/2000 3.32 -89.0 -89.2 -116.5 -182.9  -132.8 92.3 minimum 88.5
5/15/2001 3.10 -86.9 -87.4 -115.2  -166.7  -124.0 90.0 maximum 108.9
7/29/2002 3.84 -90.7 -91.2 -116.3 -175.4 -153.6 94.5 average 96.0
8/1/2003 3.64 -93.3 -94.2 -120.5 -179.7 -145.6 96.9 mode 89
2/26/2004 3.39 -101.8 -102.4 -128.6 -189.7 -135.6 105.2 o (n-1) 5.44
5/17/2004 3.95 -98.2 -98.7 -124.9 -184.2 -158.0 102.2 n data 55
11/24/2004 3.61 -105.3 -106.2 -135.3 -195.6 -144.4 108.9 n-1 54
8/30/2005 4.20 -98.5 -100.2 -132.4  -190.7 -168.0 102.7
11/30/2005| 3.99 -99.0 -99.8 -131.4  -187.0 -159.6 103.0
2/18/2006 3.85 -99.7 -100.7 -131.2  -190.9  -154.0 103.5
5/10/2006 4.19 -95.3 -96.3 -128.9 -182.5 -167.6 99.4
8/8/2006 4.33 -95.4 -96.5 -129.7 -188.7 -173.2 99.7
11/28/2006 3.83 -95.4 -96.2 -128.3 -183.8 -153.2 99.3
3/13/2007 3.67 -95.9 -96.2 -125.4 -181.5 -146.8 99.6
6/5/2007 3.72 -90.5 -92.6 -123.5 -178.3 -148.8 94.2
9/18/2007 3.87 -89.8 -91.3 -123.5 -180.0 -154.8 93.7
12/11/2007 | 3.96 -88.7 -91.0 -124.1  -180.8  -158.4 92.7
3/4/2008 4.12 -91.1 -92.4 -122.2  -178.0 -164.8 95.2
6/4/2008 3.76 -89.5 -88.6 -119.8  -179.4  -150.4 93.3
9/17/2008 3.73 -86.3 -86.8 -118.8 -177.9 -149.2 90.1
12/10/2008 3.72 -85.5 -85.9 -116.7 -171.8 -148.8 89.2
2/18/2009 3.67 -85.6 -85.9 -116.0 -171.3 -146.8 89.2
6/10/2009 3.25 -85.3 -85.5 -114.8 -178.5 -130.0 88.6
10/7/2009 3.63 -86.6 -87.1 -115.2 -183.0 -145.2 90.3
12/2/2009 3.67 -88.0 -88.6 -115.3  -178.5 -146.8 91.6
2/26/2010 3.33 -88.9 -89.2 -115.3  -174.9  -133.2 92.3
6/5/2010 3.22 -86.6 -86.8 -114.6  -173.5 -128.8 89.8
10/19/2010 3.43 -85.4 -85.6 -113.9 -175.7 -137.2 88.8
1/14/2011 3.34 -85.6 -85.9 -113.8 -174.4 -133.6 88.9
4/13/2011 3.18 -86.0 -86.3 -113.6 -172.3 -127.2 89.2
7/16/2011 3.66 -84.9 -85.2 -113.0 -180.6 -146.4 88.5
10/12/2011 3.71 -89.6 -89.8 -113.9 -183.9 -148.4 933
1/14/2012 3.67 -92.9 -93.2 -115.2 -181.6 -146.8 96.6
7/19/2012 3.71 -86.8 -87.2 -114.2 -175.0 -148.4 90.6
1/9/2013 391 -91.9 -92.2 -115.2  -177.9  -156.4 95.8
6/28/2013 3.58 -91.1 -91.5 -117.2 -163.7  -143.2 94.6
7/22/2013 3.78 -86.3 -86.6 -114.5 -179.5 -151.2 90.0
1/24/2014 3.85 -93.9 -94.5 -116.5 -165.8 -154.0 97.8
1/10/2015 3.63 -97.4 -98.0 -118.8 -167.0 -145.2 101.0
7/13/2015 4.25 -96.6 -97.1 -127.1 -170.9 -170.0 100.8
1/17/2016 3.01 -102.4 -103.0 -129.4 -173.7 -120.4 105.4
7/16/2016 3.30 -93.2 -94.1 -121.6 -170.5 -132.0 96.5
1/21/2017 3.54 -99.0 -99.8 -125.6  -169.4  -141.6 102.5
7/27/2017 3.87 -91.2 -92.0 -120.0 -168.1  -154.8 95.1
1/18/2018 3.66 -95.5 -96.0 -120.3 -166.1  -146.4 99.2
7/21/2018 3.57 -89.1 -89.9 -118.7 -165.0 -142.8 92.7
2/28/2019 3.44 -95.5 -96.0 -121.0 -167.6 -137.6 98.9
7/19/2019 3.71 -88.8 -89.4 -117.7 -159.9 -148.4 92.5
1/19/2020 3.27 -97.6 -98.4 -123.9 -169.9 -130.8 100.9
8/17/2021 3.64 -88.0 -88.5 -116.4 -161.2 -145.6 91.7
1/15/2022 3.57 -95.2 -95.7 -117.7 -166.0 -142.8 98.8
7/31/2022 3.73 -89.4 -90.0 -116.9  -165.6  -149.2 93.1
1/23/2023 3.69 -94.6 -95.3 -117.0 -166.4 -147.6 98.3
7/24/2023 3.95 -98.7 -99.4 -120.9 -170.2 -158.0 102.7
1/20/2024 4.13 -103.2 -103.8 -129.9 -172.8 -165.2 107.4

Table B.6. EX-9 measured water levels and depths of phreatic interfaces.
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EX-1

WL BoFL  BoFL (old)  BoBL BoTzZ GH 40:1 FW Shallow  Pivot

Date ftamsl ft bmsl ft bmsl ft bmsl  ft bmsl ft bmsl| [ thickness, ft FW Thickness Statistics Con250 Depth
11/28/2000 8.54 -74.2 -174.4 -227.7 -360.4 -341.6 82.7 minimum 57.2 -174.5
7/29/2002 10.64 -206.1 -208.4 -234.7  -482.2 -425.6 216.8 maximum 216.8 -203.0
8/1/2003 7.86 -50.3 -53.2 -240.5 -3184 -314.4 58.2 average 97.6 -106.5
2/26/2004 8.49 -74.6 -137.1 -253.9 -472.7 -339.6 83.1 mode 61 -174.7
11/24/2004 9.03 -139.1 -143.8 -272.3  -481.2 -361.2 148.1 o (n-1) 48.0 -184.9
2/24/2005 5.80 -59.8 -65.7 -258.7  -480.0 -232.0 65.6 n data 55 -174.9
8/30/2005 7.40 -166.5 -168.7 -259.2 -4779 -296.0 1739 n-1 54 -195.1
11/30/2005 7.10 -139.2 -143.3 -268.4  -480.0 -284.0 146.3 -189.1
2/17/2006 6.08 -64.5 -69.2 -256.2 -442.8 -243.2 70.6 -178.7
5/10/2006 5.74 -53.7 -57.1 -251.6 -356.1 -229.6 59.4 -173.4
8/8/2006 7.59 -165.8 -171.9 -252.1  -477.1 -303.6 173.4 -192.9
11/28/2006 6.84 -113.2 -144.5 -255.0 -480.0 -273.6 120.0 -4.66 -185.5
3/13/2007 5.64 -66.5 -71.0 -247.3  -334.2 -225.6 72.2 -3.01 -170.3
6/5/2007 5.25 -57.0 -60.0 -239.9 -2875 -210.0 62.3 -136.9
9/18/2007 6.60 -106.7 -146.2 -234.6  -439.7 -264.0 113.3 2.80 -186.7
12/11/2007 7.27 -161.3 -188.1 -245.2  -480.0 -290.8 168.6 -186.1
3/4/2008 6.72 -118.7 -136.6 -241.6  -439.9 -268.8 125.4 -3.38 -184.7
6/3/2008 6.09 -52.8 -57.0 -235.6  -294.1 -243.6 58.9 -172.1
9/17/2008 6.61 -57.3 -110.9 -225.2 -393.9 -264.4 63.9 -0.19 -162.1
12/10/2008 6.40 -59.6 -61.8 -231.1  -319.0 -256.0 66.0 -100.5
2/18/2009 6.08 -58.1 -59.7 -222.6 -300.4 -243.2 64.2 -133.1
6/10/2009 5.55 -55.0 -57.5 -213.9 -279.9 -222.0 60.5 -106.5
10/8/2009 8.25 -198.2 -198.6 -230.9 -480.0 -330.0 206.4 -195.0
12/2/2009 7.15 -89.9 -112.9 -234.6  -480.0 -286.0 97.0 -165.6
2/24/2010 6.20 -55.2 -111.2 -232.3  -466.7 -248.0 61.4 -156.0
6/5/2010 5.59 -55.8 -56.6 -222.1  -306.8 -223.6 61.4 -172.9
10/19/2010 7.26 -156.4 -159.7 -225.2 -477.2 -290.4 163.7 -185.7
1/13/2011 6.55 -68.4 -128.6 -224.1  -4135 -262.0 75.0 -175.1
4/13/2011 6.02 -65.2 -69.2 -223.7 -390.4 -240.8 71.2 -172.9
7/14/2011 5.85 -52.2 -53.3 -217.1  -295.5 -234.0 58.1 -172.2
10/12/2011 8.52 -202.0 -203.1 -235.0 -480.0 -340.8 210.5 -198.6
1/13/2012 7.14 -100.9 -133.4 -244.7  -480.0 -285.6 108.0 -170.8
7/18/2012 6.73 -99.3 -141.4 -233.7 -452.1 -269.2 106.0 -173.3
1/10/2013 7.13 -103.3 -116.4 -245.4  -477.8 -285.2 110.4 -157.3
7/26/2013 6.30 -60.1 -61.7 -229.9 -434.1 -252.0 66.4 -164.2
1/28/2014 7.63 -69.0 -131.3 -243.3  -416.9 -305.2 76.6 -182.3
6/30/2014 6.37 -56.3 -58.2 -240.4  -294.9 -254.8 62.7 -175.0
1/15/2015 7.28 -66.5 -117.6 -252.4  -480.0 -291.2 73.8 -158.7
7/10/2015 8.94 -198.9 -203.3 -257.4  -480.0 -357.6 207.9 -185.3
1/19/2016 6.41 -66.4 -117.5 -258.5 -480.0 -256.4 72.8 -166.1
7/18/2016 5.66 -55.5 -56.5 -244.3  -282.7 -226.4 61.1 -175.8
1/19/2017 7.04 -65.6 -114.2 -251.7 -393.8 -281.6 72.7 -174.4
7/27/2017 6.28 -56.0 -59.8 -241.2  -289.7 -251.2 62.3 -140.0
4/11/2018 5.93 -57.7 -59.7 -235.8 -287.7 -237.2 63.7 -137.2
7/24/2018 6.69 -89.9 -142.3 -232.6 -381.2 -267.6 96.6 -184.5
3/1/2019 6.43 -69.3 -117.0 -245.3  -3914 -257.2 75.8 -175.3
7/18/2019 5.69 -51.5 -52.0 -232.6  -273.3 -227.6 57.2 -130.7
1/17/2020 6.64 -78.8 -135.2 -246.8 -480.0 -265.6 85.4 -175.9
8/20/2021 6.57 -63.6 -71.5 -227.8 -362.5 -262.8 70.2 -177.5
1/12/2022 6.88 -67.1 -129.1 -244.0 -417.0 -275.2 74.0 -170.5
8/1/2022 6.74 -73.3 -146.2 -233.0 -407.3 -269.6 80.0 -184.6
1/20/2023 8.12 -201.5 -203.9 -254.0 -477.6 -324.8 209.7 -196.7
7/24/2023 7.51 -74.6 -133.6 -251.5 -4329 -300.4 82.1 -180.4
1/23/2024 6.99 -64.1 -65.9 -257.1  -480.0 -279.6 71.1 -166.2
7/15/2024 6.30 -55.2 -56.4 -245.2  -284.5 -252.0 61.5 5.45 -172.0

Table B.7. EX-1

measured water levels and depths of phreatic interfaces.
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EX-4

WL BoFL  BoFL (old)  BoBL BoTZ GH 40:1 FW Shallow  Pivot
Date ftamsl ft bmsl ft bmsl ftbmsl ftbmsl  ft bmsl [ thickness, ft FW Thickness Statistics | Con250 depth
10/12/2000 | 6.20 -169.7 -172.2 -248.0 175.9 minimum 9.3 -199.5
5/15/2001 5.30 -8.07 -10.9 -227.3 -212.0 13.4 maximum 246.0 -161.3
7/29/2002 7.93 -21.9 -233.7 -239.5 -317.2 29.8 average 61.1 -230.2
8/1/2003 5.66 -3.63 -7.66 -228.3 -226.4 9.29 mode 15( 3.34  -203.6
2/26/2004 6.24 -9.32 -14.5 -239.6 -249.6 15.6 o (n-1) 74.6 -226.2
5/18/2004 6.09 -28.4 6.09 -235.4 -243.6 34.5 n data 57 -212.3
11/23/2004 | 7.19 -5.83 -10.6 -287.6 13.0 n-1 56 -240.5
5/17/2005 6.00 -5.89 -18.1 -240.0 119 -179.4
8/30/2005 6.40 -14.5 -64.6 -238.7 -256.0 20.9 -180.0
11/30/2005 | 6.94 -40.7 -239.4 -277.6 47.6 -238.0
2/18/2006 6.10 -10.3 -15.5 -244.0 16.4 -216.8
5/10/2006 6.05 -28.3 6.05 -242.0 34.4 -179.8
8/8/2006 6.67 -145.5 -146.9 -266.8 152.2 -205.0
11/28/2006 | 6.61 -14.7 -176.6 -264.4 214 -224.7
3/13/2007 5.77 -10.2 -13.0 -230.8 16.0 -179.6
6/5/2007 5.53 -10.0 -11.8 -238.0 -221.2 15.5 -175.7
9/18/2007 6.16 -151.1 -152.0 -237.3 -246.4 157.3 -147.4
12/11/2007 | 6.91 -229.4 -230.4 -276.4 236.3 -223.7
3/4/2008 6.27 -10.1 -14.6 -238.3 -250.8 16.4 -169.8
6/2/2008 5.72 -9.55 -10.0 -235.6 -228.8 15.3 -176.5
9/17/2008 6.04 -132.8 -133.7 -232.9 -241.6 138.9 -133.3
12/10/2008 | 5.97 -27.3 5.97 -232.3 -238.8 33.3 -126.2
2/18/2009 5.81 -30.6 5.81 -231.6 -232.4 36.4 -124.9
6/10/2009 5.24 -26.9 5.24 -225.1 -209.6 32.1 -134.1
10/8/2009 7.30 -231.7 -232.1 -234.6 -292.0 239.0 -2314
12/2/2009 6.29 -12.4 -134.6 -231.3 -251.6 18.7 -134.4
2/24/2010 5.76 -9.94 -14.2 -229.2 -230.4 15.7 -123.7
6/4/2010 5.32 -9.23 -10.2 -224.5 -212.8 14.5 -129.1
10/19/2010| 6.21 -15.4 -174.6 -226.8 -248.4 21.7 -171.4
1/14/2011 5.64 -11.1 -49.7 -225.1 -225.6 16.7 -137.7
4/13/2011 5.41 -315 5.41 -225.1 -216.4 36.9 -132.5
7/16/2011 5.48 -36.8 -121.9 -221.5 -219.2 42.3 -121.2
10/12/2011 | 7.88 -234.0 -234.3 -235.3 -315.2 241.9 -232.4
1/14/2012 6.37 -14.0 -137.4 -224.5 -254.8 20.3 -136.1
7/19/2012 5.82 -9.33 -124.8 -224.0 -232.8 15.2 -124.0
1/14/2013 6.47 -12.9 -137.2 -224.0 -258.8 19.4 -135.4
7/22/2013 5.86 -9.44 -124.1 -223.5 -234.4 15.3 -124.1
1/24/2014 6.49 -8.10 -120.9 -221.7 -259.6 14.59 5.36 -199.0
6/28/2014 5.95 -9.44 -14.7 -226.5 -238.0 15.4 -129.1
1/12/2015 6.60 -10.1 -173.8 -235.4 -264.0 16.7 -223.1
7/13/2015 7.52  -229.6 -230.4 -235.2 -300.8 237.1 -228.0
1/14/2016 6.03 -12.0 -178.0 -238.9 -241.2 18.06 4.77 -223.0
7/16/2016 5.47 -8.53 -124.6 -233.5 -218.8 14.00 4.32 -177.6
1/21/2017 6.42 -15.9 -168.8 -236.3 -256.8 22.3 -222.5
7/29/2017 6.07 -9.19 -123.3 -232.1 -242.8 15.3 -173.1
1/20/2018 6.02 -12.6 -130.4 -233.0 -240.8 18.7 -173.1
7/20/2018 6.17 -125.2 -136.3 -229.6 -246.8 131.33 5.03 -188.2
2/26/2019 5.97 -12.6 -122.4 -2349 -238.8 18.54 4.83
7/16/2019 5.68 -9.73 -134.7 -233.8 -227.2 15.41 4.63 -188.7
1/18/2020 6.42 -18.1 -174.8 -237.4 -256.8 24.6 -223.3
8/15/2021 6.22 -135.7 -137.4 -231.3 -248.8 141.9 -176.2
1/15/2022 6.53  -152.8 -159.0 -235.1 -261.2 159.3 -221.7
7/27/2022 5.90 -129.6 -135.0 -231.1 -236.0 135.5 -179.5
1/23/2023 7.52 -238.5 -238.6 -300.8 246.0 -238.2
7/29/2023 7.30 -177.8 -183.3 -292.0 185.1 -224.8
1/26/2024 6.75 -16.7 -176.1 -270.0 235 -214.5
7/23/2024 6.24 -9.55 -124.3 -236.7 -249.6 15.8 -178.4

Table B.8. EX-4 measured water levels and depths of phreatic interfaces.
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APPENDIX C
TEMPERATURE-CONDUCTIVITY ANALYSIS

Previous studies have demonstrated a strong relationship between chloride concentration and
electrical conductivity in groundwater influenced by salinity and seawater mixing (Nugroho,
2024; Terzi¢ et al., 2010). A temperature—conductivity experiment was conducted to refine the
electrical conductivity value corresponding to 250 mg/L Cl-, the USEPA National Secondary
Drinking Water Regulation threshold for chloride (USEPA, 2025) (Figure C.1). A conductivity
value of 1100 puS/cm corresponding to 250 mg/L Cl~ was first identified by Simard et al. (2015),
who graphed a linear relationship between chloride concentration and conductivity using
approximately 3,800 GWA production-well conductivity records collected over a 10-year period
(2001-2011). This value was subsequently used by Dougher et al. (2019) to define the bottom of
the freshwater lens (BoFL).

Temperature Conductivity Analysis Lab Notes:

W M target vol. &conc.
§ r vt [mg) Cl{mgl) GCz(mgl) Vi)  CtimglL)
V1[L) V2l  CiWtimg) Cf{mglL) 250 21333 4,35 1 250
0 1 4.35 4.35
0.005 0.995 110.9949 110.9949 V1 (250 mg)= linear eqn.
0.01 098 217.6398 217.6398 mxeb | L 0.00004688 :m
0.015 0.985 324.2848 324.2848 0.011925088| -0.00020395 :b(L)
0.02 0.98 4309297 430.9297
0.025 0.975 537.5746 537.5746 WL analysis
0.03 0.97 644.2195 644.2195 11/26/25 12/15/25
0.035 0.965 750.8644 750.8644 1 (mgiL) 2 (mgl) | ctimgL)
0.04 0.96 857.5093 857.5093 21400 4,38 253
0.045 0.955 964.1543 964.1543 21300 4,36 243
0.05 095  1070.798 1070.799 21300 4,31 252
0.055 0.945 1177.444 1177.444 avg 21333 4.35 249
W w Vi (L), V1
V1 (mL) V2 (mL) # 2
250 mg/L solution, volume required: 11,9251 988.0743  1000.00

Final [Cl-] to \olume of seawater
0.03

0.2 o ﬁl.n,nﬁ'lgz’
B0
gﬁﬁm Ezl
W L y=0 L
0.01 Pl
]
0 50 1m 150 200 250 300 350 200 450 500

CiVy mg

Figure C.1. Final volume calculation used to prepare the target 250 mg/L CI™ solution for the
temperature—conductivity experiment.
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The analysis consisted of three phases: (1) collection of rainwater and seawater, (2) laboratory
testing of chloride concentrations, and (3) probe calibration and the temperature—conductivity
experiment.

Rainwater was collected by placing a five-gallon bucket on the roof of WERI from June 2025 to
November 2025. The bucket was covered with mesh cloth and secured with bungee cords to
minimize contamination. Seawater was collected in November 2025 from the beach behind the
Marine Laboratory. Both rainwater and seawater samples were brought to the WERI Water
Quality Laboratory (WQL), where chloride (CI7) concentrations were measured from three
replicate samples (~60 mL each) using EPA Method 325.2 (U.S. EPA National Exposure
Research Laboratory [EPA-NERL], 1978).

The average chloride concentration of the three replicate samples was calculated for both the
rainwater and seawater and used to determine the required volumes needed to prepare a target
solution of 250 mg/L CI™ using the mass balance equation:

Cfo = C1V1 + 62V2

where Cf is the target chloride concentration (250 mg/L) and Vy is the final solution volume (1
L). After the volumes were calculated, the solution was prepared and submitted to the WQL for
verification. Three samples were analyzed, (50 mL each), yielding an average chloride
concentration of approximately 249 mg/L.

Prior to the experiment, the conductivity probe (In-Situ Aqua TROLL 100) was calibrated using
procedures and standards consistent with those used by the USGS Pacific Islands Water Science
Center (PIWSC). Following calibration, the temperature—conductivity experiment was
conducted. The prepared chloride solution was first placed in an ice bath to lower its temperature
to 20 °C. Once the target temperature was reached, the solution was transferred to a hot plate and
slowly heated to 30 °C (Figure C.2). The solution was then removed from the hot plate, covered
with aluminum foil to minimize evaporation, and allowed to cool to room temperature. This
procedure was repeated for three trials (Figure C.3).

c(m

uS/cm

20 30
T°C

Figure C.2. Experimental apparatus setup and expected temperature—conductivity trend for the
250 mg/L CI” solution.
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SeaWRWT1 SeaWRWT2 SeaWRWT3
12162025 12162025 12162025
T°C pS/cm T°C uS/cm T°C uS/cm

19.969 808.888 19.9805 882.322 19.9981 791.547
20.205 822.148 20.0099 883.256 20.0502 793.032
21.7553 860.411 20.0417 884.49 20.0993 794.04
21,9808 864.788 20.0752 B885.473 20.1528 795.086
22.1914 868.292 20.1065 886.28 20.2108 796.428
22.3372 871.636 20.1379 887.432 20.2733 797.535
22,4691 875.636 20.1698 888.547 20.3305 798.537
22.6559 878.562 20.202 889.617 20.3852 799.624
22,8599 883.002 20.2346 890.473 20.4404 800.664
23.172 880.221 20.2698 891.737 20.5024 802.085
23.4137 888.77 20.3043 892.7 20.5688 803.263
23.6548 884.215 20.3391 893.735 20.6267 804.455
23.735 B884.096 20.3746 894.813 20.6819 805.603
24,686 895.313 20.4114 895982 20.7388 806.748
24,7843 897.059 20.4486 B897.022 20.7976 B807.525
24 8879 B98.164 20.4875 898.421 20.8563 808.689
25.0124 902,396 20.527 899.672 20.9225 810.24
25.3742 909.542 20.5672 900.838 21.0161 811.491
25.7408 909.231 20.6076 901.368 21.075 813.223
25.8093 905.931 20.6505 902.409 21.1284 814.306
25,9121 912.369 20.6945 903.656 21.1799 815.953
26.1625 919.387 20.7407 904.537 21.2574 817.406
26.4502 922.667 20.7878 905.731 21.3233 818.382
26.6806 924.173 20.835 906.907 21.38 £19.18
26.7418 924.593 20.8805 907.971 21.4422 8§20.437
26.8051 925,562 20.9259 909.038 21.5038 821.366
26.8614 926.756 20.9704 910.237 21.56 822.166
26.9091 927.443 21.0119 911.174 21.6044 B823.117
26.9547 928,416 21.0546 911903 21.6492 824.137
27.0035 929.645 21.0988 913.018 21.6975 824.926
27.0548 930.133 21.1447 914,557 21.7514 826.331
27.4813 937.089 21.1904 915.714 21.8047 827.315
275789 939.151 21.2346 917.178 21.8478 §28.101
27 .6 19 21.2808 918.53 21.9959

ai1a =7

Figure C.3. Sample results from the seawater—rainwater solution mixture for trials 1, 2, and 3,
showing temperature (°C) and conductivity (uS/cm).
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Graphs were constructed to evaluate the relationship between temperature and electrical
conductivity and were compared with results from a similar July 2024 experiment using a NaCl
and deionized water solution (Figure C.4).

Among the three trials, Trials 1 and 3 were most similar to the previous NaCl experiment. Trial 2
produced higher conductivity measurements, likely due to inconsistent laboratory technique. The
solution was not allowed to cool to room temperature before the trial began and therefore did not
fully equilibrate. Before Trial 3, the solution was removed from the hot plate, allowed to cool
properly, and covered with foil shaped like a funnel to minimize evaporation. Data from both
experiments were combined and plotted together in two ways: one graph included SW + RW
Trial 2, while the other excluded it (Figure C.5.; Figure C.6.)

Temperature-Conductivity

1100
SW+ RW
T1 y=14.409x + 542.6 Avg, T112,873
p ,T112,
R"=0.988 y=17.488x +490.77
1050 | 15 y =20 8554+ 475.89 R*=1
R*=0.998 Avg, T1&T3
13 y=17.2x+45383  y=15.805x+498.22
2 _ =
1000 R®=0.9986 R*=1
950
E
£
w
=
900 NaCl+ DiW
T1 y=17.348x + 445.06
R*=0.9959 ——NaCLDiWT1
T2 y=15.082x+509.91 —e—NaCLDIW T2
850 o
R=0.9732 —o—NaCLDIW T3
T3 y=15.232x+518.36 e AvgNaCITL,2,83
R*=0.9949 -
800 —o—SeaWRWTL
Average y=15.887x+491.11 —o—SeaWW RW T2
R*=1
——SeaWWRW T3
—e—Average SW & RW T1,72,T3
750 : : : t : : : : : |
20 21 22 23 24 25 26 27 28 29 30 —e—Average SWRRWT1&T3

°C

Figure C.4. Linear temperature—conductivity relationships for the three seawater—rainwater trials
compared with three previous 250 mg/L NaCl trials.
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With T2 (SW+RW)
1100

1050 y=19.059x + 449.81
1000

950
900
850
800
750

uS/cm

20 21 22 23 24 25 26 27 28 29 30
°C

Figure C.5. Temperature—conductivity graph showing all seawater—rainwater and NaCl trials,
including trial 2 (SW+RW).

Without T2
1100
1050
1000 y=16.689x +470.05
£ 950 R?=0.9753 e et
B 900 R s
= P T RN = 1 15 IR +
I -.._‘:” .i,...:w‘w"' :
850 R TR 31 e
Lt
800
750
20 21 22 23 24 25 26 27 28 29 30
°C

Figure C.6. Temperature—conductivity graph showing seawater-rainwater and NaCl trials,
excluding SW+RW trial 2.

The linear equation highlighted in Figure C.6 was used to calculate the conductivity value
corresponding to 250 mg/L CI™ for each collection date, and this value was then used in the linear
interpolation equation in the VBA code to calculate BoFL depth.
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APPENDIX D
EXCEL DEVELOPER MODULE VISUAL BASIC APPLICATION CODE

To derive BoFL depths consistently across CTD profile collection dates, data from the USGS
GeoLog Locator were processed using an Excel VBA module developed to identify the
conductivity corresponding to the 250 mg/L chloride threshold. Figure D.1 summarizes the
workflow, beginning with CTD profile data organized in Excel, followed by application of a
VBA code to locate the depth where conductivity values bracketed the threshold equivalent to
250 mg/L chloride. The final output produced a table of BoFL depths by date, which was used
for the DOW phreatic hydrographs and freshwater lens thickness response analyses in Chapter 4.

To automate BoFL depth extraction, the “Boffler]” VBA code was developed in Microsoft Excel
and incorporated into the workflow shown in Figure D.1. The code, shown in Figure D.2, also
accounts for cases in which the conductivity value at the start of the CTD record is greater than
or equal to the 250 mg/L chloride threshold. In these cases, the first depth in the record is
assigned as the BoFL depth and plotted on the historic phreatic profile as a large white diamond
marker.

Raw data VBA code BoFL output
4742 50.18 255 26.8 247 1495 99673 12/5/2000 14:41:59 Column field Date BoFL

516 5436 283 26773 248 162 99674 12/52000 14:42:01 1|deptn i) 12/5/2000| -116.48
6613 58.80 285 26737 247 1755 996.76 12/5/2000 14:42:04 3|actual conductivity (AC)

-58.68 6144 257 2673 249 1831 99676 12/5/2000 14:42:06 atemperature (¢) 5/15/2001| -114.99
58.77 61.53 263 26713 255 18.3¢  996.77 12/5/2000 14:42:08 8|date (m/ddiyyyy) 7/30/2002( -120.36
877 6158 285 26717 247 1834 996.77 12/5/2000 14:42:11 N 8/1/2003| -124.07
S8.84 616 257 26718 249 1836 99677 12/5/000 1414213 e

—_— _— -128.
58.77 6153 258 26719 250 1834 99677 12/52000 14:42:15 HCH 026} 2/26/2004| -126.45
884 616 257 26717 249 1836 99677 12/52000 14:42:18 5/18/2004| -125.92
58.79 6155 257 26719 249 18.34 99677 12/52000 14:42:20 6/24/2004| -123.45
-58.83 6159 256 26717 248 1836 99677 12/5/2000 14:42:22 8/5/2004| -126.40
68.82 6158 256 26716 248 1835 99677 12/5/2000 14:42:25 ’

568 6156 262 26717 254 1835 99677 12/5/2000 14:42:27 9/14/2004| -136.60
5876 61.52 262 26712 254 18.34  996.77 12/5/2000 14:42:30 10/29/2004| -137.98
Gem eim  ms  serit s dest seerr iamaeso idess 1m0 13840
5. . 71 18. . 14:42:

568 6156 262 26716 254 1835 99677 12502000 14:42:37 2/24/2005/ -139.32
-58.77 61.53 254 26.716 246 18.34  996.77 12/5/2000 14:42:39 8/29/2005| -129.26
877 6188 289 26717 251 1834 99677 12512000 14:42:41 12/1/2005| -130.65
5879 6155 263 26718 255 1834 996.77 12/5/2000 14:42:44
6875 6151 261 26724 253 1833 99677 12/5/2000 14:42:46 2/18/2006| -128.47
58.78  61.54 262 26.718 254 18.34  996.77 12/5/2000 14:42:48 5/11/2006( -125.68
5879 6155 260 26713 252 1834 99677 12/5/2000 14:42:51 8/9/2006| -122.16
6876 6152 262 26708 254 1834 99677 12/5/2000 14:42:53

/291 -124.

5877 6153 256 26706 248 1834 99677 12/5/2000 14:42:55 11/20/2006) -124.10
874 615 258 26708 250 1833  996.77 12/52000 14:42:58 3/14/2007 -120.42
6875 6151 262 2671 254 1833 996.77 12/6/2000 14:43:00 6/7/2007| -118.26
5881 6157 259 26712 251 1835 99677 12/512000 14:43:02 9/19/2007| -118.75
5873 6149 256 26715 248 1832 99677 12/5/2000 14:43:05 ceriss - 1,
6877 6183 262 26719 254 1834 99677 12/5/2000 14:43:07 = Lo, 1211212007 -118.77
58.79 6155 258 26717 250 1834 996.77 12/5/2000 144310 3/5/2008| -117.63
5878 61.54 262 26.718 254 1834 99677 12/5/2000 14:43:12 (ee 6/3/2008| -112.09
6879 6185 262 26718 254 1834 99677 12/5/2000 14:43:14
5876 6152 263 26718 255 1833 99677 12/5/2000 14:43:17 9/18/2008| -112.09
5879 61.55 262 2672 254 18.3¢  996.77 12/5/2000 14:43:19 or To r1 12/11/2008| -111.96
6878 6184 263 2672 258 1834 99677 12/6/2000 14:43:21 If .Cells(3, 1) = D Then 2/19/2009| -111.83
-58.82 61.58 257 26.72 243 18.35 99677 12/5/2000 14:43:24 -Cells(3, 2) =ad

568 6156 255 18.35 99677 12/5/2000 o EEeE 6/11/2009) -111.%6

58 335 77 . 10/9/2009| -112.57

.
.

Figure D.1. DOW raw data, Excel VBA code, and resulting BoFL depth output for the 250 mg/L
CI" threshold.
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Sub Bofflerl()

Dim c%, rl%, r2%

Dim T#, D As Date Dim

Con#, cl#, c2#, dl#, d2#, dd#

Dim rawSheets As Variant, s As Variant

rawSheets = Array("Raw", "Raw2'", "Raw

"Rawll", "Rawl2",
npaw22 "
"pa
"R

With Sheetl

i=2
Do Until .cCells(i, 1) = ""
i=1i+1
Loop
rl=1i-1
End With

With Sheetl

.Columns(2) .NumberFormat = "0.00"
.Columns (3) .NumberFormat = "0.00"
End With

'loop each raw data sheet
For Each s In rawSheets

"Raw5" . "Raw6"
Rawd", Rawé" ,
"pawl 5N

np

"

'dd depth
'Con value

With ThisWorkbook.Worksheets (CStr(s))

i=2

Do Until .Cells(i, 1) = ""
i=1i+1

Loop

r2 =i - 1 'number of rows in this raw sheet

For i = 2 To r2
T = .cells(i, 4)

Con = 16.689 * T + 470.05 'equation empirical
SCon25 = Con / (1 + 0.0191 * (T - 25))

'interpolator
c2 = .Cells(i, 3): cl = .Cells(i - 1, 3)
d2 = .Cells(i, 1): dl = .Cells(i - 1, 1)

If ¢l = c¢2 Then 'if undefined
dd = (d2 - dl) / 2 + dl
D = .Cells(i, 8)

ElseIf i = 2 And cl > Con Then
dd = dl:

'SpecificConductivity (Con, T) for 25 degC
If .Cells(i, 3) >= Con Then 'if raw data ACon GTE 250Con (T) then stop and interpolate for depth

D = .Cells(i, 8) 'first data SC > Con, take the first depth

Else

m= (d2 - dl) / (c2 — cl): dd =m * (Con - cl) + dl "interpolated depth

D = .Cells(i, 8)
End If
With Sheetl
For j = 2 To rl
If .Cells(j, 1) = D Then
.Cells(j, 2) dd
.Cells(j, 3)
Exit For
End If
Next
End With
Exit For
End If
Next
End With
Next s
End Sub

|
Q
Q
=}

Figure D.2. VBA code used to calculate BoFL depth for each collection date.
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Specific conductance (SC) values were still used to determine the depths of the bottom of the
brackish layer (BoBL) and bottom of the transition zone (BoTZ). However, actual conductivity
(AC) was used for the BoFL interpolation because the temperature-dependent linear equation
already accounts for changes in temperature. Actual conductivity refers to the raw conductivity
recorded by the CTD probe and varies with temperature, with colder water producing lower
conductivity values and warmer water producing higher conductivity values. In contrast, specific
conductance is the conductivity value corrected to a standard temperature of 25°C. Figure D.3
compares actual conductivity and specific conductance from Trial 1. Actual conductivity
increased with temperature, while specific conductance remained more stable because it was
corrected to 25°C.

1000
980
960 .

940
y =-2.5823x + 967.15

R?=0.7984
920 |

900

pS/cm

880

860

840

y = 14.598x + 537.22
R?=0.9928

820

800
20 21 22 23 24 25 26 27 28 29 30

°C

——CNDCT(uS/cm) wwsSPCNDCT(pS/cm)

Figure D.3. Actual conductivity versus specific conductivity analysis, trial 1.

The following equation can be used to convert to specific conductance from actual conductivity:

C

SC= T F T —29)

Derived from Radtke et al. (1998), where SC is specific conductance (uS/cm), C is actual
conductivity (uS/cm), T 1s temperature (°C), and f is the temperature-correction coefficient.
Although the CTD probe internally uses 0.021, the value 0.0191 is used in the USGS data log for
the SC formula.
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APPENDIX E
PROFILE AND PIVOT ANALYSIS

A VBA code was developed to correct for and account for a shallow brackish layer recorded
by the CTD probe at depths shallower than 10 ft below mean sea level (Figure E.1). When the
code is run, it skips depths greater than or equal to -10 ft if actual conductivity is greater than
or equal to the threshold conductivity (“Con”). These shallow brackish depths were marked
on the historic phreatic profile as small white diamond markers and labeled “Shallow Con 250
mg/L.”

Sub Pivoter2()

Dim rawSheests As Variant, 3 As Variantc

Dim w= A= Worksheet

Dim i As Long, r2 As Long

Dim T As Double

Dim shp As Shape

Dim ch As Charc

Dim Yo As Scring, Yol As String, Yo2 As Sctring, Yo3 As String

Application.ScresnUpdating = Falase

rawSheets = Array("Raw"™, "Raw2", "Raw3i", "Raw4"™, "Rawi", "Raweé™, "Raw7", "Rawi", "Rawd", "Rawll",

"Rawll"™, "Rawlz"™, "Rawl3"™, "Rawl4"™, "Rawl3", "Rawle", "Rawl7", "RawliZ", "Rawls", "Rawli", _

"Raw2l®™, "Raw22", "Raw23®, "Raw24", "Rawi5i", "Rawlg")
Application.ScreenUpdating = False
For Each & In rawSheets
Set ws = ThisWorkbook.Worksheets (CStr(a))
With ws

"last row (column A)

g2 = . Cells(.Rows.Count, 1).End(x1lUp).Row

compute col from col D

For i = 1 To

If IsNumeric(.Cells(i, 4).Value) Then
T = CObl(.Cell=(i, 4).Value)

Cellsii, 10).Valus = 16.685% * T + 470.05

H &y
[X]

Elae
Cells(i, 10).Valug = ="
End If
Hext 1
femm== create new chart (embedded) (does NOT delete old charts)

Range ("L10") .Select

Set shp = .Shapes.AddCharc2 (240, x1XYScacterSmoothNoMarkers)
ahp.Left = .Range("L10").Lefc

shp.Top = .Range("L1O™).Top

shp.Height = 288

shp.Width = 4§32

S&t ¢h = shp.Chart
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Yo = .Range ("H1").Value

Ma'" ¢ g g WIS

ch.SeriesCollection(2) .Name = "Con2S0"
ch.SexiesCollection(2) .XValues = Yo3
ch.SeriesCollection(2) .Values = Yo2

T3 + axes
ch.HasTitle = True
ch.ChartTitle.Text = Yo

With ch.Axes (xlValue)

MinimumScale = -250
MaximumScale = 10

End Wicth

With ch.Axes (xlCategory)
.TickLabelPosition = xlHigh

End Wicth
Next s
Application.ScreenUpdating = True
End Sub

Figure E.1. VBA code (“Pivoter2”) used to correct for and account for the shallow brackish
layer recorded by the CTD probe at depths shallower than 10 ft below msl.

To visualize changes in actual conductivity with depth, a VBA code was used to automatically
generate salinity profile graphs for each CTD collection date (Figure E.2). Each raw data sheet
represents one CTD collection date for a given DOW and contains the corresponding depth
and actual conductivity values. The code extracts these values from each sheet and plots the
salinity profile graph on the same sheet. This process was repeated for each DOW, allowing
the salinity profiles to be generated consistently across all collection dates and DOWs.

A brackish layer pivot analysis was then conducted on EX-1 and EX-4. Figures E.3, E.4, and
E.5 show several salinity profiles from EX-1 and EX-4 that were selected to analyze the
brackish lens within these two sites. The pivots were manually selected to determine the
actual pivot to the lower portion of the transition zone greater than 250 mg/L CI".

These pivots provide insight into the brackish lens underlying a thin freshwater lens in these
sites, where chloride concentrations are slightly above the freshwater threshold of

250 mg/L CI. For EX-1, pivot conductivity ranged from 700 to 5,600 pnS/cm, equivalent to
approximately 1 to 11% of seawater salinity. For EX-4, pivot conductivity ranged from 800 to
4,700 uS/cm, equivalent to approximately 2 to 10% of seawater salinity.
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With ThisWorkbook.Worksheets (CS5tx(s))

i=2

Do Until .Cells(i, 1) = ""
i=i+1

Loop

r2 =i - 1 'number of rows in this raw sheet

For i = 2 To 2
T = .Cells (i, 4)
Con = 16.689 * T + 470.05 'eguation empirical
5Con25 = Con / (1 4+ 0.0191 * (T - 25)) 'SpecificConductivity(Con, T) for 25 degC

ddd = .Cells(i, 1)

If ddd > -10 Then
GoTo 10

End If

If .Cells(i, 3) »= Con Then 'if raw data ACon GTE 250Con(T) then stop and interpolate for depth
'interpolator

Cells(i, 3): cl

d2 = .Cells(i, 1): dl

= .Cells{i - 1, 3)
= .Cells{i - 1, 1)
If cl = c2 Then 'if undefined

dd = (d2 - dl) / 2 + dl

D = .Cells(i, 8)
ElseIf i = 2 And cl > Con Then

dd = dl: D= .Cells(i, 8) 'first data 5C > Con, take the first depth
Else
m= (d2 - dl) / (c2 - cl): dd = m * (Con - cl) + dl 'interpolated depth
D = .Cells(i, 8)
End If

With Sheetl
For j = 2 To rl

If .Cells(j, 1) = D Then
.Cells(j, 2) = dd
.Cells({j, 3) = Con
Exit For
End If
Hext
End With
Exit For
End If
10 If ddd > -10 Then
Casel0 = Casell 4+ 1 'for all cases the conductivity spikes above -10' elevation, then goes below (
End If
Hext
End With
Hext =
End Sub

Figure E.2. VBA code for salinity profile generator.

The selected salinity profiles from both EX-1 and EX-4 show distinct patterns. One pattern is
a brackish shift, in which the profile transitions from a shallow brackish layer to freshwater
and then back to brackish water. In EX-1, following the shift from the shallow brackish layer
to freshwater, approximately 50 ft of freshwater was present before the profile fully
transitioned back to brackish conditions. Another observed pattern was a stepwise brackish
pattern, in which conductivity decreased abruptly in discrete steps with depth rather than
showing a gradual transition.
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Figure E.3. EX-1 brackish pivots, 2006 to 2024, indicated by the red circle.
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Figure E.4. EX-4 brackish pivots, 2000 to 2005, indicated by the red circle.
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Figure E.5. EX-4 brackish pivots, 2014 to 2019,
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