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Abstract

Coastal aquifers play an important role in marine ecosystems by providing high fluxes

of nutrients and solutes via submarine groundwater discharge pathways. The physical

and chemical characterization of these dynamic systems is foundational to under-

standing the extent and magnitude of hydrogeologic processes and their subsequent

contributions to the marine environment. We describe a km-scale experimental field

site located in a glaciofluvial delta entering Kachemak Bay, Alaska. Our characteriza-

tion applies geophysical (ERT and HVSR), hydrogeologic (grain size analyses, slug tests

and tidal response analyses) and geochemical (major ions and stable water isotopes)

methods to describe the complexity of coastal aquifers in proglacial environments

currently experiencing rapid transformations. The hydrogeologic and geophysical

techniques revealed thick (20–84 m) sediments dominated by sands and gravels and

delineated zones of freshwater, brackish water and saltwater at both high and low

tides within the subterranean estuary. Estimates of hydraulic conductivities via multi-

ple approaches ranged from 2 to 250 m d�1, with means across the four methods

within the same order of magnitude. Tidal response analyses highlighted a coastal

aquifer in strong connection with the sea as evidenced by clear spring- and neap-tidal

signals within a proximal piezometric hydrograph. Geochemical sampling revealed

coastal groundwaters as substantially enriched in solutes compared to proximal river

samples with limited variability across seasons. A clear connection between the Wos-

nesenski River and the adjacent aquifer was also observed, with concentrated

recharge from the river corridor during the meltwater season. This combination of

approaches provides the basis for a conceptual model for coastal aquifer systems

within the Gulf of Alaska and an upscaled mean daily yield of freshwater and solutes
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from the delta subsurface. Our findings are critical for subsequent numerical simula-

tions of groundwater flow, tidal pumping and chemical reactions and transport in

these understudied environments. This approach may be applied for low-cost, large-

scale hydrogeologic investigations in coastal areas and may be particularly useful for

remote sites where access and mobility are challenging.
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1 | INTRODUCTION

Following the oceans and the cryosphere, groundwater is the third

largest reservoir of the global hydrosphere and is by far the largest

reserve of liquid freshwater (Shiklomanov & Rodda, 2003). Groundwa-

ter is estimated to provide 36% of the drinking water supply globally,

and is an optimal source of freshwater because it supports with-

drawals during dry periods and is often of higher quality than surface

waters (Burke & Moench, 2000; Döll et al., 2012). Coastal aquifer sys-

tems are especially valuable as one of the primary contributors of

freshwater, solutes and nutrients from land to sea (Taniguchi

et al., 2019). A dynamic relationship between a dense wedge of saline

water propagating from coastal processes merging with fresh, gradi-

ent-driven groundwaters of the terrestrial domain lies unseen beneath

the surface. This interface is termed the subterranean estuary (STE)

and has been recognized as a vastly important biogeochemical hot-

spot for the cycling of elements that have a substantial influence on

near-shore ecosystems (Johannesson et al., 2017; Knee & Pay-

tan, 2011; Moore, 1999; Santos et al., 2021; Slomp & Van Cappel-

len, 2004). Water eventually exits the STE as submarine groundwater

discharge (SGD), which is the flow of water from porous media to the

ocean, regardless of whether it originates as recirculated seawater or

as fresh, terrestrial groundwater (fresh SGD; Burnett et al., 2003). The

current knowledge of this important resource is limited compared to

surface water resources, especially in data-scarce and widely inacces-

sible regions.

One of the greatest hydrological regime shifts ever experienced

on Earth is underway in the Gulf of Alaska (GoA). Glaciers along the

GoA coastline are losing mass more rapidly than any other glacierized

region (Zemp et al., 2019), although peak water is predicted to occur

the latest of all regions globally (Huss & Hock, 2018). The glacier mass

loss from this basin alone accounts for 7% of global sea level rise, or

0.211 ± 0.016 mm year�1 (Huss & Hock, 2018; Jakob et al., 2021).

Additionally, precipitation changes due to warming air temperatures

are increasing rainfall while diminishing snowpacks (Bieniek

et al., 2014; Shanley et al., 2015). These climate-driven mediations

have spawned an extensive research focus on the hydrology of the

GoA basin. Rapid transformations are occurring in the seasonality and

mass of freshwater (Beamer et al., 2017; Mizukami et al., 2022; Young

et al., 2021), nutrients and solutes (Bergstrom et al., 2021; Fellman

et al., 2015; Hood et al., 2020; Hood & Berner, 2009; Hood &

Scott, 2008; Jenckes et al., 2022), trace metals (Crusius et al., 2011;

Hawkings et al., 2018; Raiswell et al., 2006; Schroth et al., 2011) and

sediment (Anderson, 2005; Hallet et al., 1996; Jenckes et al., 2023)

that are delivered to coastal environments. This is effectuating exten-

sive modifications on oceanographic properties (Hauri et al., 2020;

Johnson, 2021) and near-shore ecosystems (Hood & Berner, 2009;

O'Neel et al., 2015; Weitzman et al., 2021; Whitney et al., 2018). One

major component of the hydrology of the GoA has received insuffi-

cient attention. Coastal groundwater is a meaningful source from

which freshwater, trace metals, nutrients and solutes are delivered to

coastal environments (Moore, 2010) and aquifers along the GoA mar-

gin are likely to experience significant alterations in the dramatic

hydroclimatic shift that is occurring (Russo et al., 2023).

Responsible coastal water management within the GoA has con-

siderable consequences on the thriving fisheries, aquaculture, tourism,

subsistence communities and culture therein. SGD is an integral part

of the effective management of coastal waters, and there is a need for

a comprehensive understanding of the groundwater systems within

this vast coastline. SGD often provides more nutrients than proximal

surface water sources (Kim et al., 2005; Rodellas et al., 2015; Swar-

zenski et al., 2007; Taniguchi et al., 2019), and contributes signifi-

cantly to the flux of trace metals and rare earth elements

(Johannesson et al., 2017; Szymczycha et al., 2016). Recent investiga-

tions in the Arctic revealed dissolved chemical fluxes that are up to

two orders of magnitude higher than rivers (Connolly et al., 2020) and

identified unique circulation mechanisms (Guimond et al., 2023).

Across the globe, SGD has been observed to express a dominant influ-

ence over fisheries (Lilkendey et al., 2019; Peng et al., 2021; Spalt

et al., 2020), near-shore environments and biological structures

(Johannesson et al., 2017; Lecher & Mackey, 2018; Moore, 1996,

2010; Santos et al., 2021), as well as meeting requirements for func-

tioning human societies (Alorda-Kleinglass et al., 2021; Moosdorf &

Oehler, 2017). In the GoA, a recent study estimated SGD as a primary

nitrate and silicic acid source to a semi-enclosed bay with economic

mariculture activity (Haag et al., 2023). These pathways can also serve

as an effective conduit for pollutants to reach coastal areas (Lecher

et al., 2015) and be a catalyst for eutrophication and the initiation of

red tides (Kurtz et al., 2023; Luo & Jiao, 2016).

Climate-mediated changes are expected to impact groundwater

resources negatively (Kundzewicz & Doell, 2009; Michael et al., 2013;

Richardson et al., 2024), particularly at high latitudes (Guimond

et al., 2022) and in mountain environments (Somers & McKen-

zie, 2020). Extreme rainfall events have been observed to induce high
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SGD rates and increase nutrient delivery to coastal waters (Diego-

Feliu et al., 2022). Degradation of the cryosphere coincides with radi-

cal land cover changes (Lane et al., 2017), which may significantly alter

groundwater recharge zones and storage (Bouraoui et al., 1999;

Mackay et al., 2020). Additionally, rapid uplift from negative ice mass

balance will increase topographic gradients to the coast (Larsen

et al., 2004), increasing fresh SGD in turn. Advancing our knowledge

of the current conditions of these systems will enable intelligent coun-

teractions to the effects of a rapidly changing landscape.

Whereas rivers and estuaries are easy to sample and monitor at

discrete locations, there are obvious difficulties in obtaining measure-

ments from the unseen groundwater component of the water cycle. A

suite of multidisciplinary methods has been established in recent

decades to assess the contribution of SGD to the marine system. Vari-

ous approaches may be grouped into three general categories: model-

ling, direct physical measurements and geochemical tracer techniques.

Modelling techniques range from simple water balance calculations

(Hajati et al., 2019; Prakash et al., 2018; Russo et al., 2023; Zhou

et al., 2019) to complex, dual-density numerical models

(Michael, 2005; Michael et al., 2016; Paldor et al., 2022; Robinson,

Gibbes, et al., 2007; Robinson, Li, & Barry, 2007). Direct point mea-

surements of the SGD flux are commonly measured using manual or

automated seepage metres (Michael et al., 2003; Sholkovitz

et al., 2003; Taniguchi et al., 2003). Methods using piezometers in a

transect exploit measurements of the gradient of hydraulic head com-

bined with the application of Darcy's law (Kroeger et al., 2007; Mulli-

gan & Charette, 2006). Geochemical approaches that use natural

tracers to quantify SGD at local and regional scales have seen wide-

spread application in recent decades (Burnett et al., 2007; Kwon

et al., 2014; Rocha et al., 2016). Geophysical approaches have also

been applied to map out variations in temperature and salinity within

coastal aquifers, although they must be combined with other methods

to quantify the SGD flux (Taniguchi et al., 2019). These include the

detection of groundwater plumes via thermal infrared sensing of sea

surface temperatures (Lee et al., 2016; Varma et al., 2010), delineation

of saltwater and freshwater domains via electrical resistivity (Dimova

et al., 2012; Stieglitz et al., 2008; Taniguchi et al., 2008), and identifi-

cation of subsurface features and morphology via seismic profiling

(Mulligan et al., 2007; Stieglitz, 2005; Viso et al., 2010).

In this study we provide an efficient and economical means to

develop a preliminary characterization of coastal aquifer systems,

which may be particularly useful in remote and difficult to access loca-

tions. We combine site instrumentation for long-term monitoring of

groundwater levels and geochemical sampling across seasons with a

combination of geophysical and hydraulic approaches. The geophysi-

cal methods allow us to delineate aquifer domains and salinity profiles,

which subsequent hydraulic methods require to estimate physical

aquifer parameters, such as hydraulic conductivity. Darcy flux calcula-

tions and solute yields are presented by aggregating the hydraulic

characterization and geochemical monitoring. Long-term geochemical

monitoring of groundwater and proximal streams also allows for

directly comparing these waters' contributions to the marine system.

Furthermore, the components of this characterization are fundamen-

tal for subsequent numerical flow and reactive transport simulations

of SGD to the GoA. An evident lack of effort is applied to quantify

SGD and associated solute deliveries at the local scale in high-latitude

mountain regions. This multidisciplinary investigation is a major step

in determining these groundwater systems' current conditions and

fate along the GoA margin.

2 | STUDY AREA

2.1 | Wosnesenski River Delta experimental site,
Kachemak Bay, Alaska

2.1.1 | Geologic, hydrogeologic and oceanographic
context

The Wosnesenski River is a proglacial stream draining the western

flanks of the Grewingk-Yalik Ice Complex in the southern Kenai

Mountains of south-central Alaska. The bedrock geology of the Wos-

nesenski River watershed is entirely composed of the McHugh Com-

plex, which is part of a Mesozoic accretionary prism known as the

Chugach terrane that developed from off scraping and/or underplat-

ing at an ancient subduction zone (Bradley et al., 1992). Rock types of

the McHugh Complex include variably distributed greenstone, chert,

argillite, graywacke, conglomerate, outcrop-scale mélange and rare

limestone that have been intruded by a variety of igneous rocks (Clark

et al., 1973). The current geologic setting of the Kenai Mountains is

within the arc-trench gap of the Aleutian subduction system. Defor-

mation at the surface has resulted in primarily east-northeast striking

late brittle faults that occur in abundance throughout the mountain

range with widespread, sub-horizontal shortening in the NW-SE direc-

tion (Kusky & Bradley, 1999). Glaciers have periodically dominated

the landscape throughout the Quaternary period, with surficial

deposits indicating that at least five major glacial periods occurred

within the region during the Pleistocene (Schmoll & Yehle, 1986). The

current ice surface is at an elevation of around 1200 m, with peaks

protruding out to elevations up to 2000 m (Wiles & Calkin, 1994).

Equilibrium line altitudes in the area have risen on the order of 500 m

between the Late Wisconsin maximum and the present (Wiles, 1992).

Glaciers of the Grewingk-Yalik Ice Complex are all currently retreating

rapidly, with comparative satellite imagery revealing average retreat

rates of 45 m year�1 between 1950 and 2005.

The Wosnesenski River empties from the Kenai Mountains into

Kachemak Bay, creating a tide-dominated fan-delta. The Wosnesenski

River and its delta have a total area of 267 km2, 26% of which is cur-

rently covered by glaciers. The Wosnesenski River Delta (WRD), the

focus of our characterization, extends along 13 km of the Kachemak

Bay coastline. The WRD is solely accessible by landing craft, as no

roads connect to this remote, isolated location. Kachemak Bay is the

largest estuarine reserve in the National Estuarine Research Reserve

System. It is also one of the most diverse and productive estuaries in

Alaska, with an abundance of whales, porpoises, Stellar sea lions,

seals, sea otters, five species of Pacific salmon, halibut, herring, tanner

crabs, Dungeness crabs, king crabs, several species of clams and oys-

ters and other fauna (NERR website). The recent retreat of glaciers
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lining the southern shore of the bay has resulted in habitat degrada-

tion (Traiger & Konar, 2017). Studies that connect marine communi-

ties to coastal groundwater systems are not currently part of the

research scope in the GoA.

The surface of the WRD is dominated by a heterogeneous mix of

coarse glaciogenic sand and gravel, with lesser occurrences of silt in

the subaerial domain. Thick layers of this predominately coarse mate-

rial enable abundant phreatic storage within the delta and an exten-

sive mixing zone for biogeochemical reactions. The morphology of the

WRD is dictated by (1) the supply of glaciogenic sediments distributed

by the Wosnesenski River and its proximal valley glaciers as it changes

course laterally, (2) modifications from the high-energy marine envi-

ronment and (3) tectonic activity. In recent geologic history, the 1964

Valdez earthquake redirected the mouth of the river nearly 2.5 km

south of its previous position, coinciding with 1–2 m of subsidence in

the area (Coulter & Migliaccio, 1966). In Homer, directly across

Kachemak Bay from the WRD (�5 km), the mean maximum semidiur-

nal tidal range is 5.6 m, with extreme tides exceeding 9 m. Mean wave

heights are 0.5 and 0.8 m for summer and winter, respectively,

although they have been observed in excess of 2.5 m (Adams

et al., 2007). These oceanographic conditions enable a powerful

means to recirculate seawater back through the porous media of the

WRD and effectively pump nutrients and solutes via SGD pathways.

2.1.2 | Hydroclimate

The Aleutian low-pressure centre, which forces a counter-clockwise

circulation over the GoA, dominates the climate of the Kenai Moun-

tains (Daigle & Kaufman, 2009). This recruits a rather high mean

annual precipitation of 1730 mm year�1 to the town of Seward,

Alaska on the eastern side of the range. The precipitation shadow

effect greatly diminishes the supply of rain and snow to the western

flanks, with Homer, Alaska receiving 635 mm annually. Homer has a

mean air temperature of 3.3�C, which has increased rapidly over the

past 70 years by 5.5�C and 2.3�C for mean summer and winter tem-

peratures, respectively (Jenckes et al., 2023). Average annual snowfall

within the Wosnesenski watershed from 1980 to 2023 is

865 cm year�1 (extracted from Modern Era Retrospective Analysis for

Research and Applications; Rienecker et al., 2011). The Wosnesenski

River experiences three peaks in its discharge signal throughout the

year: (1) from melting snowpack, typically in June, (2) from melting ice

in proximal valley glaciers in July and August and (3) from the onset of

the rainy season when peak precipitation occurs typically during Sep-

tember and October.

3 | METHODS

3.1 | Geophysical characterization

Geophysical studies offer an efficient and cost-effective means for an

initial evaluation of the subsurface and are particularly valuable once

integrated with other hydraulic and geochemical data. We implement

several geophysical methods to provide preliminary and provisional

data to support our hydrogeologic investigation of the WRD. The

methods overviewed in this section allowed the geometry of the aqui-

fer to be defined, provided aquifer thicknesses required for subse-

quent methods, and delineated zones of saltwater, brackish water and

freshwater within the near-shore subsurface.

3.1.1 | Electrical resistivity tomography

Direct current electrical resistivity tomography (DC-ERT) was

deployed to delineate the STE of the WRD. Data were acquired using

an 84-electrode, Earth Resistivity/IP Meter Super Sting R1 IP

(Advanced Gesoscienes Inc.). A dipole–dipole array was chosen over

other commonly used arrays (e.g. Wenner, Schlumberger) due to its

improved resolution, particularly in imaging lateral variations in resis-

tivity cross-sections. Images were obtained using the RES2DINV soft-

ware package (Loke & Barker, 1995), generating a two-dimensional

resistivity cross-section that seeks to minimize the root-mean-square

error between measured and simulated apparent resistivities. This

software was also used to correct for differences in surface topogra-

phy along a transect. Two DC-ERT surveys were conducted perpen-

dicular to the shoreline during low and high tidal events on 7 July

2020 to compare the subsurface resistivity resulting from variations

of the SW-FW interface over a semidiurnal tidal cycle. A difference

plot was calculated by subtracting the resistivities at low tide from

those at high tide to observe locations with significant variation

between tides. An additional transect was conducted parallel with the

shoreline during low tide to observe variability across the shoreface.

3.1.2 | Estimating depth to bedrock from
horizontal-to-vertical spectral ratio seismic methods

Reliable sediment thickness and geometry estimations are key compo-

nents of hydrogeologic investigations. We use a passive seismic tech-

nique that can be applied in remote locations to estimate the depth to

bedrock rapidly. The horizontal-to-vertical spectral ratio (HVSR)

approach records ambient noise from the Earth at a single, broadband,

three-component seismometer that simultaneously records horizontal

and vertical components of the seismic field at a given location (Ibs-

von Seht & Wohlenberg, 1999; Molnar et al., 2018; Nakamura, 1989).

The fundamental site resonance frequency is determined from the

averaged ratio between the horizontal and vertical spectrum, which

can then be applied to estimate sediment thickness using power-law

regression equations (Haefner et al., 2010; Lane Jr et al., 2008; Panthi

et al., 2023; Setiawan et al., 2018). We developed the first calibration

curve for Southcentral Alaska by collecting HVSR readings at sites

with known depth to bedrock. Sites of bedrock-penetrating water

wells provided by the Alaska Department of Natural Resources Well

Log Tracking System (WELTS) database were chosen to develop a

local power-regression law equation necessary for surficial sediment

thickness estimation (https://dnr.alaska.gov/welts/; last accessed

12 December 2023).

4 of 21 RUSSO ET AL.

 10991085, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.15240 by U

niversity O
f A

laska Fairbanks, W
iley O

nline Library on [09/10/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://dnr.alaska.gov/welts/


The primary seismic system we used to acquire HVSR data were

the MoHo Tromino (MOHO Science and Technologies, Italy). Data

were collected at each site for a minimum of 30 min and processed

with the Grilla software package to remove anthropogenic noise, con-

vert the time domain to the frequency domain, compute and plot the

spectral ratio curve and determine the site's resonance frequency.

Data acquisition and processing procedures followed user guidelines

established under the SESAME project (Bard & Participants, 2004).

3.2 | Experimental site instrumentation

Three proximal onshore piezometers were installed in September

2021 and April 2022 to monitor and sample the shallow groundwater

within the WRD (Figure 1). Solinst Model 615 stainless steel drive

points with 3.175-cm steel pipe were driven manually between 1.4

and 3.8 m deep (Table 1). This approach is much more cost and time

effective in remote, difficult to access locations than hiring a private

drilling company. Piezometer locations were placed in a transect

between the modern Wosnesenski River and Kachemak Bay along the

banks of an abandoned channel. We used Solinst LTC loggers to con-

tinuously record water level, temperature and electrical conductivity

of groundwater at 15-min intervals. Air temperature and barometric

pressure were recorded to apply atmospheric corrections to sensor

measurements. A river sensor that was originally deployed near the

Pz1 site (Figure 1) was buried during melt-water floods in July 2022,

with several unsuccessful recovery attempts made afterward.

3.3 | Hydraulic properties characterization:
Multiple scales of inquiry

In this study, we apply several methods to quantify the hydraulic

parameters of the WRD from local to aquifer scales. This

F IGURE 1 Experimental site location
with insets provided in the top panel. The
distribution of piezometers and
barologgers are provided as blue and
purple circles, respectively. Glaciofluvial
sediments are depicted in beige, with
lighter colours indicating intertidal zones.

Undivided bedrock geology of the
McHugh complex is drawn in shaded
relief. Specifications of piezometers are
described in tabular format below the
main site map (PT, pressure transducer).
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characterization includes measurements of hydraulic heads and

hydraulic conductivities (K). These parameters are critical to estimat-

ing groundwater flow, although there is an inherent difficulty in

obtaining reliable K values in complex sedimentary environments

(Rehfeldt et al., 1992). Local-scale K is obtained from grain size distri-

butions across a shore-normal transect and slug tests performed on

each piezometer, while site-scale parameters are derived from obser-

vations in groundwater level response to ocean tides.

3.3.1 | Grain size distribution of surficial materials
to estimate local K

In the absence of core typically recovered from drilling boreholes, our

study leverages grain size analyses and laboratory porosity measure-

ments of surficial sediments of the WRD as one means to estimate

hydraulic parameters. Nine sediment samples were collected over a

720 m transect perpendicular to the shoreline at equal intervals,

beginning 50 m landward of Pz2 and ending at the beach face. The

samples were collected between 20 and 30 cm depth of the deposi-

tional environment using a handheld trowel. Gradation analysis of

each sample is determined optically at the University of Massachu-

setts Amherst Sediment and Coastal Dynamics Lab using a Camsizer

(Retsch Technology, Germany) with a measurement range between

63 and 20 mm. Grains larger than 20 mm were removed, along with

organic debris. Each cleaned bulk sample was dried in an oven before

measurements were made. Due to our samples' wide range of grain

sizes, we analysed at least 200 g from each. The hydraulic conductiv-

ity of each sample is estimated using empirical methods that fit the

applicability requirements to relate grain size distribution with

K (Table S3). The Hazen, USBR, Beyer, Kozeny–Carman, Terzaghi and

Slitcher methods were selected for this determination (Beyer, 1964;

Carman, 1956, 1997; Hazen, 1892; Kozeny, 1927, 1953; Slich-

ter, 1899; Terzaghi et al., 1996; Vukovi�c & Soro, 1992). We estimate

the bulk porosity of samples in a laboratory setting using a 1000 mL

graduated cylinder, which is first partially filled with a known volume

of water. The sediment is added carefully to the cylinder and given

time to settle and compact. The estimated porosity is determined by

dividing the water volume by the sediment volume.

3.3.2 | Borehole scale analysis of K

After the installation and development of our piezometers, a series of

falling head slug tests were conducted on 13 October 2021, 21 April

2022, 18 May 2023 and 19 September 2023 to determine the local

saturated hydraulic conductivity (Ksat). Each piezometer was equipped

with a Solinst Levelogger pressure transducer to measure water level

every second during the slug tests. Once the water levels in the pie-

zometers were at an equilibrium, the piezometer was quickly filled to

the top of the casing with water. We observed steady-state condi-

tions between subsequent slug tests, visually confirming the asymp-

totes in the water level data. Mean Ksat were calculated from the

falling water levels using the Hvorslev's (Hvorslev, 1951), Bouwer-

Rice (Bouwer & Rice, 1976) and KGS (Hyder et al., 1994) methods in

the AQTESOLV 4.5 software.

3.3.3 | Tidal methods to characterize K at the
site scale

Coastal aquifer systems experience periodic fluctuations in their

groundwater levels due to propagating pressure waves induced by

oscillations in the hydraulic head at the submarine boundary. In

unconfined aquifers such as the WRD, this observed fluctuation ema-

nates from changes in storage due to the dewatering and filling of the

aquifer's pore space. As these pressure waves propagate inland, they

attenuate and experience phase shifts, typically dampening out after

several 100 m (Lanyon et al., 1982). At our experimental sites, semidi-

urnal and diurnal tidal signals are rarely observed in the time series of

groundwater levels due to their proximity to the shoreline (>550 m).

However, we observed a clear correlation between longer-period tidal

fluctuations controlled by spring-neap-tidal cycles and the groundwa-

ter levels recorded in Pz2. These fluctuations were analysed with tidal

response techniques to estimate hydraulic parameters over a larger

scale. Aquifer diffusivity, the ratio of transmissivity to the storage

coefficient, was calculated in the subaerial domain of the WRD using

two direct methods that relate time series of tide levels to corre-

sponding time series of groundwater levels at our tide-effected

site (Pz2).

Although more complex approaches exist (Zhang et al., 2021), we

obtained hydraulic diffusivity estimates from the tidal efficiency and

time lag methods based on the well-established Ferris (1952)

approaches, which offer simple, preliminary means to estimate aquifer

parameters. The tidal efficiency of a coastal aquifer is defined as the

ratio of the amplitude of groundwater fluctuations observed in a well

to the amplitude of tidal fluctuations at the ocean boundary. The

amplitude of the semidiurnal tidal fluctuation in the ocean-level data

has essentially been attenuated completely, and only the lower fre-

quency fluctuation remains. Therefore, the input time series for the

TABLE 1 Mean hydraulic conductivity results from slug tests.

Site ID K (m/d) KGS model K (m/d) Horslev K (m/d) Bouwer-Rice Standard deviation (m/d) Kavg (m/d)

Pz1 26 28 27 18 27

Pz2 1.8 2.8 2.6 0.5 2

Pz3 28 30 19 6 26
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ocean water level was obtained by applying a running average of

the difference between the high and low tides to create a self-similar

signal with amplitudes that are representative of the spring-neap tide

variability. The second direct method we apply to our time series data

to calculate aquifer diffusivities is the time lag method. Theoretically,

the time lag is the inverse of the velocity of the pressure wave's prop-

agation as it moves through the aquifer. In simpler terms, it is sub-

tracting the time of a peak or trough in the tidal time series from the

corresponding peak or trough in the groundwater time series, which is

how we estimate this parameter in the current study.

The methods described in the previous sections provide K as the

estimated aquifer parameter. The diffusivity estimations from the tidal

response methods must be converted to K to compare aquifer param-

eters determined through the three approaches we applied. The rela-

tionship between diffusivity (D) and hydraulic conductivity (K) in

unconfined aquifer systems is given by:

K¼DSy
b

, ð1Þ

where b is the saturated thickness of the aquifer at the location of

groundwater level observations [m], and Sy is the aquifer's specific

yield. We apply the estimation of aquifer thickness, b, from the HVSR

results at Pz2 (49 m), discussed in the geophysical methods section.

Concerning the aquifer's specific yield, Sy, we apply a value of 0.15.

This is the median value for the representative range (0.1–0.2) of pro-

glacial fans and sandur aquifers (Parriaux & Nicoud, 1990) and is the

same calibrated value that was determined for an analogous site in a

previous investigation (Mackay et al., 2020). We analysed 19 half

cycles between 20 October 2021 and 25 May 2022. The dominant

frequency determined by a fast Fourier transform of the well and

ocean-level time series was used as the input tidal period for both the

tidal efficiency and time lag methods (14.7 days).

3.4 | Geochemical characterization

Water samples were collected at each piezometer and the

Wosnesenski stream site monthly to bi-monthly during the Alaskan

field season (April–October). Samples were collected in clean 1-litre

high-density polyethylene bottles. Pore water samples were collected

using a peristaltic pump (Geopump, Geotech Environmental Equip-

ment, Inc.) with clean tygon tubing. Bottles were rinsed three times

with sample water before containing the sample. Before collecting the

sample from the piezometers, we pumped at least three times the vol-

ume of water in the well to ensure that samples were derived from

inflowing water across the well screen. Water samples for stable

water isotopes and major elemental analysis were filtered with

0.45 μm PTFE membrane filters.

Water samples were analysed for δ2H and δ18O using a Picarro

L-1102i WS-CRDS analyser (Picarro, Sunnyvale, CA) in the ENRI

Stable Isotope Laboratory at the University of Alaska Anchorage.

International reference standards (IAEA, Vienna, Austria) were used to

calibrate the instrument to the VSMOW-VSLAP scale and working

standards (USGS45: δ2H = �10.3 ‰, δ18O = �2.24 ‰ and USGS46:

δ2H = �235.8 ‰, δ18O = �29.8 ‰) were used with each analytical

run to correct for instrumental drift. Long-term mean and standard

deviation records of a purified water laboratory internal QA/QC stan-

dard (δ2H = �149.80 ‰, δ18O = �19.68 ‰) yield an instrumental

precision of 0.93 ‰ for δ2H and 0.08 ‰ for δ18O.

Major elements were analysed at SGS Environmental Services in

Lakefield, Ontario. Alkalinity was measured in the field using Che-

metrics Titrets 10–100 ppm total alkalinity kits. Anions were analysed

by ion chromatography following the methods in EPA300/MA300-

inos1.3. Inductively coupled plasma mass spectrometry (ICP-MS) was

used for elemental analysis using SM 3030/EPA 200.8 methods. All

elemental analytical errors were reported to be less than 10%. The

HCO–
3 and CO2–

3 concentrations were calculated using Geochemist's

Workbench Community Edition 17.0 based on the alkalinity and pH

of each sample. In this study, we report the sum of Ca, K, Mg, Na,

HCO–
3 , SO

2�
4 , Cl� and SiO2 as total dissolved solids (TDS) to compare

our results with previous efforts.

4 | RESULTS

4.1 | Geophysical characterization results

4.1.1 | Resistivity profiles

The inverted resistivity profiles from our ERT surveys are presented in

Figure 2. The first panel provides a shore-normal profile captured at

high tide, the second panel provides the same profile at low tide, the

third panel takes the difference between low and high tide (low—high)

at the shore-normal transect, and the fourth panel provides the sec-

ond transect parallel to the ocean at low tide. An inset map to the

right of the first panel displays the relative location of electrodes

along both transects. An additional inset to the right of the third panel

provides an ocean water level time series of the day data were col-

lected. The obtained results showed inverted bulk resistivities ranging

from 1.0 to 373.7 Ωm and 0.7 to 414.2 Ωm for the shore-normal tran-

sect at high and low tide, respectively. The average inverted resistivi-

ties for the shore-normal transect were relatively similar for the high

and low tides at 56.8 and 54.4 Ωm, respectively. Inverted resistivities

for the transect parallel to the shore ranged from 0.3 to 265.9 Ωm,

averaging 20.4 Ωm. The low inversion error (RMS) between 3.53%

and 6.5% for all transects indicates that we achieved accurate and reli-

able results.

Assuming that aquifer levels are consistent with those observed

in Pz2 across the transect, variation in resistivity due solely to changes

in sediment facies may be detected in the upper 2–3 m of our profiles.

In this case, the highest resistivity values (up to 374 Ωm) are observed

in the pea gravel found on an active berm proximal to the bay, while

the lowest resistivity values (7–20 Ωm) are observed in an intermit-

tent tidal channel behind the berm dominated by finer sand. By

assuming a limited variation in the sands and gravels that dominate

RUSSO ET AL. 7 of 21
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the WRD and assuming a low resistivity of seawater (0.1–5 Ωm due

to the relative fresher seawater observed in Kachemak Bay), we may

begin to delineate zones of freshwater, seawater and brackish water

within this STE. Another benefit of performing a time-lapse is that

variability between tides can be completely attributed to changes in

the salinity of the groundwater.

Within the saturated zone of both transects, freshwater is

observed as locations with higher resistivity (>32 Ωm; yellow-red). At

both high and low tide in the shore-normal transects, freshwater

occurs from 60 m inland to the end of the transect to a depth of 14 m

below the ground surface (Figure 2a,b). Brackish water, the mixing

zone between fresh and saltwater, is assumed to have intermediate

resistivity values (5–32 Ωm; teal-green). The brackish water in the

shore-normal transect protrudes into the coastal aquifer in two

distinct fingers, one from 3 to 7 m of depth extending 72 m from

the shoreline and the other from 16 to 30 m of depth extending

110 m inland (Figure 2a,b). These two fingers are connected

vertically at a distance of 30–48 m from the shoreline. Both of the

freshwater-brackish water interfaces are nearly horizontal, which is

expected when groundwater levels, recharge rates and influx to the

WRD aquifer are relatively low during summer conditions. We would

expect this interface to be steeper if we performed this survey during

spring months when aquifer levels and recharge rates are at their

annual maxima.

Inland zones of freshwater and brackish water experienced little

change throughout a tidal cycle (Figure 2c), except in a zone between

37–46 m inland and 2.2–4.5 m depth. Resistivity values increased by

over 80% in this zone during the high tide transect (Figure 2c), indicat-

ing water with a higher freshwater content than that at low tide.

Although this may seem counterintuitive, these results highlight the

usefulness of our time-lapse in isolating preferential SGD zones.

The ERT transects take approximately 195 min and work from elec-

trode pairing to electrode pairing, beginning with those closest to the

shore. We began collecting data for the high tide transect 95 min

before the high tide, which means data collected at the zone of higher

freshwater content was around 46 min before the high tide.

F IGURE 2 Sequence of inverted model bulk resistivities of field experimental data from 7 July 2020. (a) And (b) provide longshore transects
at high and low tide, respectively, (c) takes the difference between high and low tide, and (d) provides a shore-parallel transect taken at low tide.
Transects in plain view are provided in an inset map to the right of panel (a). Tide water levels from the day of data collection are provided in an
inset time series to the right of panel (c); this inset has panels labelled over the time when each panel's data were collected. The freshwater-
brackish water interface is delineated with a grey line in (b) and zones discussed in the text are labelled. The discontinuous upper saline plume
(USP) and freshwater discharge tube are outlined in (d).
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Groundwater with higher freshwater content is still discharging to the

northern boundary at this time before infiltrating seawater is once

again able to push it back during peak tidal conditions. Figure 2c high-

lights preferential fresh SGD pathways discharging to the northern

boundary as inland zones with a high percent change in the profile.

The greatest changes in resistivity values over the tidal cycle are

observed from near the shoreline to approximately 32 m inland below

a depth of 2.5 m. The results obtained from our ERT transects delin-

eate several classic features that are ubiquitous in the literature con-

cerning STEs. The most prominent feature is the upper saline

plume (USP; Robinson et al., 2006), which is between 5.6 and 11.2 m

deep from 22 to 29 m inland (Figure 2a,b). The USP is formed from

tidal recirculation along the sloping beach face and experiences the

highest salinity during peak tidal conditions before mixing with dis-

charging fresher water during low tide. Figure 2d images the variable

distribution of the USP parallel to the shoreline that occurs due to

preferential pathways that infiltrating seawater takes arising from var-

iations in the permeability of the subsurface media. Below the USP,

freshwater typically exits the STE in a freshwater discharge tube

(FDT) that is confined between the USP and the saltwater wedge

(Robinson et al., 2006). The variable distribution of the FDT is readily

apparent in our transect parallel to the shore (Figure 2d) while remain-

ing difficult to interpret in our shore-normal transects due to the trun-

cation of the profile depth at the transect margins. In Figure 2d,

brackish water discharging from the STE at low tide is imaged

between depths of 5.4 and 17.0 m below the ground surface. Higher

resistivity values indicative of relatively fresher water are readily

apparent in the centre of this transect. This may be due to preferential

flow pathways or due to the timing of electrode pairings in the tran-

sect, where data from the centre of the transect were collected during

peak low tide conditions. The FDT is not continuous in the shore-nor-

mal transect due to the tide propagating from the northern boundary,

which likely pushes the fresher water farther to the south. The saltwa-

ter wedge from this northern boundary is thought to be observed

below the FDT on the left side of Figure 2d. We choose not to discuss

significant differences observed in the shore-normal transects over

the tidal cycle below the USP due to the possibility of errors or edge

artefacts associated with a 2D resistivity tomogram (Hung

et al., 2019).

4.1.2 | HVSR data

The calibration curve for Southcentral Alaska was composed of nine

calibration stations (Table S1, Figure S1). The current study collected

data at 12 sites with a range of sediment thicknesses necessary to cal-

ibrate the wide range of sediment thicknesses present in our study

area. Three of these sites were removed due to data quality issues or

undependable information from the well driller's logs. Thornley et al.

(2021) provide resonance frequency peaks from 34 HVSR stations

across the Municipality of Anchorage. We attempted to correlate their

data with proximal bedrock-penetrating wells, though we were only

able to use one of their sites due to either a well's proximity to their

stations or because many of the wells in the area do not reach the

bedrock surface within well driller's logs. The resulting power-law

regression equation for Southcentral Alaska is given by:

H¼62:3� f0
�0:6914, ð2Þ

where H = sediment thickness (m), f0 = site resonance frequency

(Hz) and the empirical constants represent the intercept and slope of

the regression equation. Our equation is very different from other

commonly used empirical equations (e.g., Haefner et al., 2010; Lane Jr

et al., 2008), highlighting local calibration as an essential step when

utilizing the HVSR method in new geographic settings. Calculated

depths of our calibration stations had an average difference from the

depths recorded by concurrent well driller's logs of 24%, with an R2 of

0.83. This is within a reasonable bound of error, especially when con-

sidering the complex geologic history of the area and the reliability of

well driller's logs.

Following the development of our correlation equation, unconsol-

idated sediment thicknesses within the WRD were estimated using

the peak resonance frequency at 24 sites distributed across the delta

(Figure 3). The calculated thicknesses ranged from 19 to 84 m spread

across a 6 km transect from Kachemak Bay to the head of the delta.

The acquired data has a reasonable distribution of sediment thickness.

For example, stations near bedrock outcrops yield thinner sediment

estimations than those that are more distal from outcrops. Another

prevalent pattern is that the thickness of unconsolidated sedimentary

deposits generally increases with stations that are closer to the ocean.

Figure 3b provides a cross-section of a bedrock surface that slopes

gently into Kachemak Bay, which we derive from our results. The

average bedrock elevation at our sites is 41 m below sea level

(Table S2). The thickest sediment was measured within the bedrock

valley of the Wosnesenski River. Figure 3c renders a cross-section of

an incised bedrock that occurred before the subsequent filling of the

glaciofluvial valley.

4.2 | Hydraulic characterization results

4.2.1 | Estimation of K from grain size analysis

Delta plain surficial sediment samples of the WRD consist mostly of

medium to coarse sands and gravels (Figure 4). The average effective

particle size (d10) across all samples is 0.345 mm, indicative of medium

sands. The cumulative weight percentage of sediments with particle

diameter <2.0 mm is more than 50% at eight out of the nine sites,

with site SS1 being the only one that is predominately composed of

fine gravel. The porosity of samples ranges from 0.26 to 0.37, with an

average of 0.32. The uniformity coefficient (Cu) of samples ranges

from 2.4 to 16.5, with an average of 7.8. Samples SS5, SS7 and SS8

are classified as well-sorted, while the rest are poorly to very poorly

sorted. Porosity generally increases with closer proximity to the coast,

while Cu generally decreases in the same direction.

The average hydraulic conductivity values (K) computed across

the six statistical grain size methods ranged from 5 to 129 m d�1,

with a mean value from all sediment samples of 39 m d�1 (Table S4).
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Estimates of K provided by the USBR and Terzaghi methods consis-

tently calculated values lower than the other methods, while the

Beyer method always calculated the highest, when applicable, and

also had the highest range between samples. The relative standard

error of the mean between methods is 61% and is observed to

increase with increasing Cu (R2 = 0.66). The Terzaghi and Slitcher

F IGURE 4 Map of sediment sample collection in the WRD with grain size distribution plots for all samples. Each plot additionally provides
the coefficient of unconformity (Cu), porosity (n) and average hydraulic conductivity (Kavg) from empirical equations. WRD, Wosnesenski River
Delta.

F IGURE 3 (a) Map providing the locations of HVSR data collected within the WRD. Symbol sizes are proportional to the unconsolidated
surficial sediment thicknesses estimated for each site; (b) and (c) are example cross-sections constructed from estimated thicknesses, with the
areal extent of transect lines provided in (a). Red squares on (b) and (c) mark HVSR survey locations. HVSR, horizontal-to-vertical spectral ratio;

WRD, Wosnesenski River Delta.
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methods were the only relationships that could be applied to each

sample according to the domain of applicability requirements for the

empirical methods (Table S3). One sediment sample does not apply to

the Beyer method due to a high effective particle size, five sediment

samples do not apply to the USBR method due to high uniformity

coefficients, and the majority of samples do not apply to Kozeny–

Carman and Hazen approximations due to small effective particle

sizes and high uniformity coefficients, respectively. Spatial variability

in grain size distributions and the average K across applicable

methods is provided in Figure 4.

4.2.2 | Estimation of K from slug tests

The slug test-derived average hydraulic conductivity (K) along the pie-

zometer transect ranged from 2 to 27 m d�1, also indicative of medium

to coarse sands (Table 1). The relative standard error of the mean

between methods for each test ranged from 2% to 16%, with a mean

of 6%. The consistently lowest estimates were obtained from Pz2, the

piezometer that is the farthest down gradient and closest to Kachemak

Bay. The highest variability of K values was observed in Pz1, which is

set in the margins of a modern braid bar of the Wosnesenski River.

Slug tests performed on 13 October 2021 and 21 April 2022 at this

site returned the same average value for K of 3 m d�1. During slug

tests performed on 20 May 2023 and 20 September 2023, the average

K at Pz1 increased to 29 and 48 m d�1, respectively. This increase

coincides with the active cutting of the braid bar from channel migra-

tion during high-water events in 2022 and 2023. During this time, the

active mobilization of fine sediments within the hyporheic zone likely

led to this observed increase in K (Stewardson et al., 2016).

4.2.3 | Estimation of K from tidal methods

Time series datasets used for the tidal methods are provided in

Figure 5. The tidal level time series is characterized by the largest

amplitudes and shows mixed character in both semidiurnal and

spring-neap cycles. The low-frequency ocean level amplitude associ-

ated with spring-neap-tidal cycles had an average amplitude of 2.5 m

(SD = 0.7 m). The piezometric time series of Pz2 had an average

amplitude of 0.6 m (SD = 0.2). The time lag between peaks and

troughs of the low-frequency ocean level and aquifer level data was

2.7 days (SD = 0.2 days).

Aquifer diffusivities and the corresponding hydraulic conductivi-

ties based on the tidal efficiency and time lag methods are provided in

Table S5. Calculated diffusivities use a depth of 48.9 m at Pz2, as

determined in the previous geophysical results section. The average

tidal amplitude and time lag diffusivity estimates for the analysis

period overviewed in Figure 3 are 34 119 and 50 408 m2 d�1, respec-

tively (Figure 1). After applying a conservative value for specific yield

(0.15), average values for K were 105 and 155 m d�1 for the tidal effi-

ciency and time lag methods, respectively (Table 1). Significant vari-

ability using data collected at different dates has been noted

previously in the literature (Águila et al., 2023; Jha et al., 2008). How-

ever, both methods provided a sensible range of estimates for the

highly conductive media of the WRD across dates.

4.3 | Geochemical characterization results

Ionic concentrations and stable water isotopic compositions from our

2-year geochemical sampling campaign are given in Figure 6. Each

sampling location has a unique symbol, the colour of which is dictated

by the month that the sample was collected (Figure 6). Major ions are

plotted against Cl� concentrations, a conservative tracer that has

been commonly applied to assess the distribution of travel times from

multiple water source end-members and pathways within a catchment

(Cox et al., 2007; Hoeg et al., 2000; Kirchner et al., 2010; Rice &

Hornberger, 1998). Samples collected from Pz2, our groundwater site

that is the farthest down gradient, show less variability in Cl� concen-

trations than the other sites. The river site and the more proximal

wells show a similar pattern of decreasing Cl� concentrations during

the glacial melt season (July–September), which is generally, when

peak flows, occur on the Wosnesenski River. This indicates significant

F IGURE 5 Time series observations
of groundwater and tide water levels
(meters above sea level) and groundwater
electrical conductivity (μS/cm).
Groundwater level and electrical
conductivity observations were collected
from our Pz2 site, while tide levels were
provided by the Seldovia, AK station
(https://tidesandcurrents.noaa.gov/
waterlevels.html?id=9455500; last
accessed on 26 October 2023).
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stream water exchange with the proximal groundwaters during this

time. The river samples and Pz2, the coastal piezometer, provide two

generalized end-members within this system. Pz2 represents a cumu-

lative mix of flow paths and transit times, whereas the river is driven

by shorter transit times and less interaction with geologic media on its

path, particularly during the melt season. By plotting major ions

against Cl�, viewers may qualitatively and visually separate out the

catchment storage timescales within, with higher Cl� concentrations

representing a larger spectrum of water age, pathways, and sources

that reach each site. If separate lines are drawn between river samples

and Pz2 for each month, then samples from Pz1 and Pz3 should fall

within that mixing line and in that order. Points above and below

these lines indicate enrichment or depletion, respectively, by chemical

reactions and/or cation exchange. This is indeed the case for our sam-

ples, particularly during the meltwater season (Figure 6). In these

samples, major cations show that enrichment of groundwaters proxi-

mal to the river occurs during the primary melt season (July–Septem-

ber), while samples are slightly depleted during baseflow conditions.

One must also consider the potential lag time that occurs between

sites. Pz1, located 112 m from the river, is likely influenced by river

water much more rapidly than Pz3, which is located 630 m from the

river. This lag time is readily apparent during July when samples from

Pz1 move toward the river water end-member a month earlier than

those from Pz3. Our monthly sampling plan also highlights the impor-

tance of collecting samples across seasons since end-members in this

dynamic environment change frequently.

F IGURE 6 Geochemical characterization of sampled shallow groundwater and river water within the WRD across seasons. The colour of data
represents the month sampled and shapes refer to our four experimental site locations. Relationships of major ions with chloride are provided, as
well as a plot of stable isotopes. The δ18O versus δD values of average rain, snow, glacier and seawater collected over 5 years are provided in the
inset in the stable isotopes plot. The brown oval within this inset provides the location of our data. CDCA, carbonate dissolution via carbonic acid;
CDSO, carbonate dissolution via sulphide oxidation; WRD, Wosnesenski River Delta; an * indicates that concentrations were corrected for
precipitation.
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Water types for the shallow groundwater of our well sites and

the Wosnesenski River are classified using a Piper diagram (Figure S2).

The samples mainly fall within the Ca-HCO3 type, except for a few

samples from the Wosnesenski River and wells closer to the river (Pz1

and Pz3) which tend toward the Ca-SO4 type earlier in the year

before the onset of the melt season (April or May). This follows a clear

pattern observable in Figure 6, where concentrations of SO4
2� and

HCO3
� for the Wosnesenski River and its proximal piezometers show

opposite trends across hydrologic seasons. Between spring baseflow

conditions and the peak meltwater season (July/August), SO4
2� con-

centrations are reduced by 41%–60% at all three sites. The opposite

trend occurs for HCO3
�, with concentrations increasing by 290%–

402% at the same sites. This observation does not hold at Pz2, where

both SO4
2� and HCO3

� concentrations increase by 167% and 402%

through the summer, respectively.

5 | DISCUSSION

Our integrative approach provides multiple insights into the workings

of coastal groundwater systems along the GoA margin, which may be

broadened to other high-latitude coastal margins. In this section, we

compare and synthesize observations made in the results section to

highlight the key aspects of this system's physical and chemical func-

tioning and provide an upscaled Darcy flux estimate for the WRD.

5.1 | Aquifer delineation through geophysical
examination

Describing the boundary conditions within an aquifer is requisite for

studies concerning the subsurface. By deploying geophysical tech-

niques, key components of the coastal aquifer of the WRD were

delineated. The ERT transect was particularly useful in identifying

locations of subterranean estuarine dynamics within the near-shore

environment, including a distinct brackish water wedge protruding

into the aquifer system at distances of at least 110 m from the coast-

line. Inverted resistivity values also allowed for the identification of

two brackish water-freshwater interfaces. The occurrence of two dis-

tinct freshwater-brackish water interfaces could occur due to several

reasons. First, the distribution of mixing water within the subsurface

may be predominately controlled by heterogeneity coupled with tidal

range, as similar structures have been simulated in 2D numerical flow

models (Geng et al., 2020; Li et al., 2009, 2016). Additionally, the two

interfaces could be due to the tidal propagation of seawater from

two directions at the location of our transects. The closest oceanic

boundary to the west may be responsible for the deeper, thicker

brackish water finger protruding into the WRD aquifer, while the shal-

low, thinner finger may result from the tidal propagation from the

north where seawater travels up to 2 km over the intertidal zone. Sea-

water derived from the northern tidal propagation has been observed

to enter the subsurface in concentrated recharge pathways at the end

of tidal channels.

The ERT results also successfully defined the locations of both

the surficial mixing zone of the USP and the freshwater discharge

tube, which occur between depths of 5.6–11.2 m and 5.4–17.0 m,

respectively. Cross-shore variability, as shown through a time-lapse of

high and low tides (Figure 2a,b), reveals these zones' dynamic flow

and transport behaviour. Very few studies have successfully mapped

USPs, even fewer in locations with such a high tidal range (Grünen-

baum et al., 2023; LeRoux et al., 2023). To the best of our knowledge,

we are the first to delineate a large USP in the GoA driven by these

high tidal oscillations. This feature is likely a major portion of the total

SGD flux and is an important biogeochemical hotspot within the STE.

Additionally, this delineation provides beneficial guidance for future

experimental designs. It is also crucial to set up initial conditions and

calibrate and validate subsequent numerical simulations of groundwa-

ter dynamics within the aquifer.

The usefulness of passive seismic techniques to rapidly estimate

sediment thicknesses within these coastal aquifer systems is also pre-

sented in this study. The bedrock boundary is an essential piece of

information required for estimations of storage and flux in proglacial

aquifer systems. Classical approaches to estimate sediment thick-

nesses in proglacial environments typically involve imaging the sub-

surface through electrical resistivity or seismic refraction profiling

(Guðmundsson et al., 2002; Müller et al., 2022), which are substan-

tially more time consuming and costly with excessive equipment

requirements. The development of the first HVSR calibration curve

for Southcentral Alaska highlights that a site's resonance frequency

within this area varies considerably from depths calculated in previous

work in distant geographic locations. An average thickness of 49 m

was calculated from 24 stations within the WRD. This considerable

thickness brings additional prominence to the storage and geochemi-

cal reaction potential within. Although this is a meaningful start, addi-

tional calibration points are required to add to the robustness of the

current calibration curve. Additional points are also necessary if we

proceed to extrapolate a sediment thickness map encompassing the

entirety of the WRD for a 3D simulation. Many of these areas remain

difficult to access, and a large population of bears prevented mobility

within a sizeable area in the northeastern portion of the delta. Addi-

tionally, concurrent stations would further resolve the reliability of

this approach.

5.2 | Hydraulic parameterization over multiple
scales of inquiry reveals congruent estimations

One of the greatest challenges of characterizing the hydrogeology of

a study area is appropriately determining aquifer parameters, such as

hydraulic conductivity. We deployed several empirical and hydraulic

methods that vary from sample to field in scale, all of which are nei-

ther costly nor time-consuming to perform. Each method provides

K estimates spanning 1–2 orders of magnitude. However, the mean

results from different methods are within a reasonable difference

from one another (same order of magnitude). Slug tests performed in

piezometers provided the lowest range of results, while the direct
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tidal methods estimated the highest average values. This follows the

consensus where previous investigations reported increasing K over

larger scales (Fallico et al., 2010; Hunt, 2006; Schulze-Makuch

et al., 1999).

The average aquifer diffusivity calculated by the time lag method

was 50 400 m d�1, which is over 16 000 m d�1 than those calculated

by the tidal efficiency method (Table S5). Previous studies have noted

similar dissimilarities (Águila et al., 2023; Jha et al., 2008; Sánchez-

Úbeda et al., 2018). Jha et al. (2008) recommended that the time lag

method should only be applied for a rough estimation of aquifer

parameters as it consistently yielded very large hydraulic diffusivity

values that varied considerably across sites. Inconsistencies between

the tidal efficiency and time lag method have been investigated in

depth by Trefry and Bekele (2004). Their results indicate the tidal effi-

ciency-based diffusivity estimates as more reliable. Variability in both

the time lag and tidal efficiency methods may be attributed to several

factors that substantially influence the results when calculating

parameters using data from different dates. For simplicity, the theo-

retical solutions we apply only consider one tidal component with ide-

alized, steady-state boundary conditions, and that diffusivity does not

vary with fluctuations in the water table height as the partial differen-

tial equation is assumed to be linear. Additional processes that con-

tribute to the variability between tidal efficiency and time lag

methods include a sloped aquifer base (Su et al., 2003) and the differ-

ence in the propagation of water table fluctuations as a function of

the ratio of the wave period to the aquifer depth (Nielsen et al., 1997;

Shoushtari et al., 2016). Environmental conditions, such as barometric

pressure, wind speed, water temperature and recharge conditions

resulting from snow melt and rain, may also influence the tidal wave

propagation through the WRD aquifer. For example, Wunsch and

Stammer (1997) describe an oceanic ‘inverted barometer’ effect that
will cause a variation of 1.02 cm in sea level for a fluctuation of

1 mbar in atmospheric pressure, and Guimond et al. (2023) found the

dominant mechanism of aquifer recharge and groundwater discharge

to be wind-driven. We provide a plot of atmospheric pressure, aver-

age daily temperature and daily precipitation in Figure S3 to cater the

visualization of the dynamic relations between aquifer levels and envi-

ronmental forces. To help reduce this uncertainty, we use the geomet-

ric mean across different dates (n = 19 for reliable peaks and troughs)

over a longer, continuous dataset.

The results from the tidal efficiency method are regarded as the

most useful since it captures the greatest extent of the aquifer and is

within a reasonable range of both the grain size analyses and the slug

tests. Additional advantages of this method are that it provides a rep-

resentative combined description of aquifer properties over a large

spatial scale from a single point measurement and helps resolve issues

over the spatial variabilities in aquifer systems that may not be deter-

mined by the other methods. Previous work in geologic analogues

assigned specific yields on the higher end of our range, typically from

0.15 to 0.25 for sands and gravels (Chen et al., 2010; Mackay

et al., 2020; Müller et al., 2023; Nilsson et al., 2007). Further, this

technique may also be applied to estimate K near the Wosnesenski

River based on the diurnal flood-wave response observed in proximal

piezometers during the melt season or after significant rain events.

We deployed a sensor into the Wosnesenski River that was buried

during meltwater floods in 2022 and remains unrecovered.

Numerous efforts have promoted the necessity to utilize multiple

means for the estimation of K since a sole method appropriate for all

geological media does not exist, and unguided choices can lead to large

errors in this parameter estimation (Águila et al., 2023; Hwang

et al., 2017; Mohanty et al., 1994). By deploying these multiple lines of

inquiry, we have begun to define this system as highly permeable with

strong connectivity between marine and terrestrial domains. We find

that all of the methods applied provide reasonable estimates for the

hydraulic conductivity of the WRD, which may be implemented at simi-

lar sites across the GoA margin and other analogous high-latitude

coastal aquifer systems. Müller et al. (2022) compiled a review of

hydraulic conductivity values reported in proglacial studies. They pro-

vide a range of 10–657 m d�1 for K (mean across studies = 142 m d�1)

in analogous geologic landforms (e.g., outwash plains).

5.3 | A geochemical perspective of coastal
groundwater in Alaska

Our geochemical investigation in the WRD provided leading evidence

for the significance of coastal groundwaters within the GoA. Most

importantly, these waters are considerably enriched in nutrients and

solutes when compared to the proximal river samples, regardless of

season (Figure 6). This is congruent with the overwhelming consensus

in the literature concerning SGD globally (Connolly et al., 2020; Rodel-

las et al., 2015; Santos et al., 2021; Swarzenski et al., 2007; Taniguchi

et al., 2019). Elemental concentrations of major ions measured within

our coastal piezometer, Pz2, were up 7.2� greater than those mea-

sured from river samples. A substantial enrichment was observed in

nearly every analyte we examined across seasons, except for SO4
2�

before the onset of the melt season (April–May samples). One must

also consider that our samples only describe the shallow groundwater

chemistry. Martínez-Pérez et al. (2022) provide findings that concen-

trations of major ions increase significantly with depth in their study

site. Additionally, we observe that this enrichment occurs along a gra-

dient, with concentrations increasing with increasing proximity to the

coast, suggesting that the length of flow-path and water–rock interac-

tions are important.

Geochemical results indicate high connectivity between the Wos-

nesenski River and the adjacent aquifer system over large spatial

scales. Pz3 is located in an abandoned river channel 630 m from the

river. In dynamic deltaic systems such as the WRD, abandoned chan-

nels are widely distributed and occur at many depths. These high-

energy depositional environments offer effective conduits that have

the potential to rapidly route water out of the stream and transport it

quickly over large distances, increasing the water's nutrient and solute

concentrations along the way. We observe waters derived from snow

and glacier melt within the river that travels 630 m from the stream to

Pz3. This change in groundwater composition occurs within a month

of when the river chemistry shifts, illustrating once again the highly
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conductive nature of the aquifer. These observations indicate that

concentrated aquifer recharge occurs over the river corridor during

the meltwater season. Similar recharge processes have been observed

in other glacierized streams. Liljedahl et al. (2017) calculated that an

Alaskan headwater stream in the Yukon River drainage basin lost

between 38% and 56% of its annual streamflow to recharge lowland

aquifers. The authors attempted to explain long-term increases in low-

land river baseflow due to this phenomenon. Similarly, Ó Dochartaigh

et al. (2019) demonstrated active aquifer recharge from river losses

through tracer data in a proglacial outwash plain in Iceland, and subse-

quent studies found that focused infiltration will become an even

larger source of groundwater recharge with current climate change

projections (Mackay et al., 2020). In coastal aquifers, this concentrated

recharge may be a mechanism to enhance fresh SGD rates to marine

environments. However, knowledge concerning how climate change

and glacier recession will affect these coastal aquifers and SGD rates

is limited.

Several seasonal patterns are observed in Figure 6. Winnick et al.

(2017) describe in detail the direct control of snowmelt on the anion

concentration hysteresis that is recognized in our data. Briefly, lower

groundwater levels during periods dominated by baseflow allow oxi-

dized waters to more readily pass through the pyrite oxidation front

where sulphuric acid is neutralized by HCO3
� and rapidly deproto-

nates to SO4
2�, thus increasing its concentration while removing alka-

linity (Kemeny et al., 2021; Winnick et al., 2017). This effect

experiences a strong dilution during periods of rising water tables

associated with the meltwater season. The different pattern observed

in the seasonal fluctuation of SO4
2� with groundwater at Pz2 is due

simply to the timing of peak groundwater levels at this location, which

occurs in March–April from the melting of the low-elevation snow-

pack (Figure 6). The SO4
2� concentration at this site increases with

declining water table heights observed during summer months, pro-

viding sustained concentrations while river exports are at a minimum.

5.4 | Synthesis of findings, upscaling of Darcy flux
calculations and recommended additions for
successive investigations

Insights gained through this investigation are summarized within a

conceptual model of the hydrogeochemical functioning of the WRD

in Figure 7. This conceptual model illustrates the complex but consis-

tent stream-aquifer-oceanic interactions that were observed over the

two-year field campaign. The application of methods across three

branches of hydrogeology yields a more complete perspective of

these intimate connections: (1) geophysics delineated the structure

of the aquifer system through which the interactions occur and

defined zones of highly dynamic salinity patterns across tidal cycles,

(2) hydraulic methods supply physical parameterization of the geologic

media and reveal rapid responses between terrestrial and oceanic

forces and (3) hydrochemistry of the Wosnesenski River and its proxi-

mal shallow groundwater featured a close and active connection

F IGURE 7 Graphical abstract summarizing the major findings from our experimental field site in the Wosnesenski River Delta. Circled
numbers provided in the depiction are explained in corresponding numbers listed in the text. The range of saturated hydraulic conductivities, Ksat,
from different methods is presented in the lower right-hand side (GSD, grain size distribution).
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between stream and aquifer processes that are supported by the

hydraulic parameterization. Although these methods are impractical

to achieve at a larger regional scale, the findings can be applied across

the GoA coastal margin in a more generalized sense. Thousands of

similar deltas occur along this margin and are likely to experience simi-

lar connectivity with adjacent reservoirs and enriched chemical con-

centrations. Additionally, our findings may be used to inform future

investigations in both the WRD as well as the greater GoA region and

other coastlines globally. Lastly, our investigation into this system pro-

vides a baseline characterization that may be compared to future

studies that may observe alterations that occur with the current radi-

cal land cover change.

The hydrochemical and hydraulic techniques we applied resulted

in congruent findings that further confirm the major aquifer interac-

tions. Our observations expose the necessity for geochemical sam-

pling across seasons and spatial areas to observe the connectedness

of coastal aquifer systems to adjacent surface water bodies. The

groundwater chemistry near the river followed similar patterns as

the meltwater during the summer months, and this relationship

reversed outside of the meltwater season (Figure 4). Groundwater sol-

ute concentrations become enriched with distance from the river, typ-

ically reaching the highest observed elemental concentrations in our

sampling location closest to the ocean. A strong hydraulic connectivity

between the freshwater aquifer system and the ocean was also

observed through our groundwater monitoring, where up to nearly

2 m oscillations occur due to spring and neap-tidal cycles over dis-

tances of at least 550 m.

This synthesis of approaches enables a preliminary estimation of

the freshwater and solute flux delivered to the marine environment

from the WRD through an upscaling application of Darcy's Law. By

combining the bulk hydraulic conductivity from hydraulic methods

(K = 105 m d�1, mean value from tidal efficiency model), the average

hydraulic gradient between aquifer and ocean water levels calculated

through groundwater monitoring (0.006), the average sediment thick-

ness of the coastline estimated through geophysical methods (55 m)

and the average TDS measured through geochemical sampling

(180 mg/L), these estimates may be readily made along the 6150 m

coast of the WRD outside of the Wosnesenski watershed. We

approximate fresh SGD from the WRD to an average of 2.5 m3 s�1

with a daily yield of 39 tonnes of dissolved solutes. This estimate does

not account for the solute enrichment or depletion that may occur in

the STE between Pz2 and the coast. Further, this estimate does not

include the flux from delta sediments beneath the modern Wosne-

senski River.

In a recent study, Russo et al. (2023) estimated the mean annual

flux of fresh, terrestrial groundwater to the GoA to be 3.5%–11.4% of

the total freshwater flux (combined rivers and fresh SGD). Results

from their study provide fresh SGD estimates from the WRD to aver-

age around 24 700 m3 d�1, equivalent to 0.29 m3 s�1. The estimate

provided by the current study is nearly an order of magnitude higher

over the same area. Russo et al. (2023) were also unable to quantify

the influence of streams on coastal catchments, which our current

study has found to be a significant source of recharge. Although both

values are significantly less than the average flux delivered from the

Wosnesenski River of 32 m3 s�1 during the melt season (Jenckes

et al., 2023), the enhanced solute chemistry of this groundwater sys-

tem emphasizes the importance of coastal groundwaters to the bio-

geochemistry of Kachemak Bay. Jenckes et al. (2023) estimated the

TDS flux from the Wosnesenski River during the melt season to be

210 tonnes day�1. Our estimation of the average dissolved solute flux

from the aquifer is 19% across the same period, and fresh SGD likely

dominates this flux outside of the melt season. We have observed the

Wosnesenski River in both dry and frozen conditions during this time,

while groundwater levels within Pz2 remain relatively consistent, sug-

gesting a sustained contribution of freshwater and solutes throughout

the year. Assuming these concentrations reflect mean values, input

from coastal groundwater has the potential to rival the input from riv-

ers within the GoA. Further, we sample groundwater from the upper

portion of the WRD aquifer, which may not be representative of

enriched solute concentrations that may occur at depth.

Monitoring efforts identified high variability in the hydraulic gra-

dient between Pz2 and the coast, ranging from less than zero during

flood tides occurring in the days before peak spring-tide conditions to

0.016 during ebb tides in the days following peak spring-tide condi-

tions (Figure 3). This observation indicates that the delivery of fresh

SGD to the coast has significant temporal variability and exposes the

days following peak spring tidal cycles as times of significant ground-

water flushing to the near-shore environment and the ecosystems

within. This monitoring also highlighted consistent groundwater levels

throughout the year, and maintained moderate levels through the

winter months when the river flux is near zero.

The conceptual model of the WRD would benefit from several

additions to provide a more thorough representation of this system.

While shallow piezometers are simple and economical to instal, dee-

per penetrating wells would provide further insight into the stratigra-

phy and hydrochemistry of the WRD aquifer. Additional piezometers

distributed throughout the domain would further aid in an accurate

delineation of the water table and allow for observations of any sub-

stantial variabilities in processes that may have been overlooked. The

experimental set-up of Martínez-Pérez et al. (2022) included 13 bore-

holes, nine of which were grouped in three nests, which allowed for

the discovery of an aquifer that behaved as a multi-aquifer system

previously thought to behave as one cohesive unit. Our conceptuali-

zation would also benefit greatly from the addition of a river gauge,

allowing the direct comparison of river levels with proximal ground-

water levels. Additionally, the hydraulic diffusivity of the near-river

aquifer system may be estimated through the direct tidal methods

that we used at Pz2.

6 | CONCLUSIONS

This study developed a more detailed understanding of coastal uncon-

fined aquifer systems of the GoA margin and integrated several disci-

plines to characterize a locally connected system from a physical and

chemical perspective. The quantitative and geochemical analyses are
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simple and are based on the hydraulic and geochemical responses

observed within the WRD. Even so, the integrative framework cap-

tured a broad view of the dynamic stream-aquifer-oceanic continuum

and is readily transferable to subsequent studies and regions. The

findings presented here emphasize the benefits of using an integrated

approach across disciplines to assess aquifer processes and interac-

tions at a catchment scale.

Hydraulic conductivities obtained from multiple lines of inquiry

and at multiple scales repeatedly supported the highly permeable

nature of these environments. The site instrumentation and tidal

response analyses featured a strong connection between marine and

terrestrial forces. Geochemical sampling revealed coastal groundwa-

ters as significantly enriched in nutrients and solutes across seasons

compared to the proximal river concentrations. These samples also

highlighted a clear connection between the river and aquifer systems,

with concentrated recharge occurring over the river corridor during

the meltwater season. This recharge travels long distances over short

periods, experiencing geochemical enrichment along its path. Geo-

physical techniques allowed the delineation of key features within the

STE and estimated sediment thicknesses that average 49 m over a

6 km long transect.

The methods in this study are informative, low-cost, and readily

applicable to catchment-scale hydrogeologic investigations in moun-

tainous coastal areas across the GoA and other coastal margins glob-

ally. They may be particularly useful in remote sites where access and

mobility are challenging, as exemplified within the WRD. Improved

characterization of coastal aquifers is needed to guide effective water

resource management decisions and project future climate change-

driven alterations, particularly in the GoA. Kachemak Bay is one of the

most productive estuaries in the world. Developing a thorough under-

standing of SGD is essential for the protection of the coastal ecosys-

tem, as well as for its cultural and economic importance.
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