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Abstract

Riverbank groundwater discharge faces are spatially extensive areas of preferential

seepage that are exposed to air at low river flow. Some conceptual hydrologic models

indicate discharge faces represent the spatial convergence of highly variable age and

length groundwater flowpaths, while others indicate greater consistency in source

groundwater characteristics. Our detailed field investigation of preferential discharge

points nested across mainstem riverbank discharge faces was accomplished by:

(1) leveraging new temperature-based recursive estimation (extended Kalman Filter)

modelling methodology to evaluate seasonal, diurnal, and event-driven groundwater

flux patterns, (2) developing a multi-parameter toolkit based on readily measured

attributes to classify the general source groundwater flowpath depth and flowpath

length scale, and, (3) assessing whether preferential flow points across discharge

faces tend to represent common or convergent groundwater sources. Five major

groundwater discharge faces were mapped along the Farmington River, CT,

United States using thermal infrared imagery. We then installed vertical temperature

profilers directly into 39 preferential discharge points for 4.5 months to track vertical

discharge flux patterns. Monthly water chemistry was also collected at the discharge

points along with one spatial synoptic of stable isotopes of water and dissolved radon

gas. We found pervasive evidence of shallow groundwater sources at the upstream

discharge faces along a wide valley section with deep bedrock, as primarily evidenced

by pronounced diurnal discharge flux patterns. Discharge flux seasonal trends and

bank storage transitions during large river flow events provided further indication of

shallow, local sources. In contrast, downstream discharge faces associated with near

surface cross cutting bedrock exhibited deep and regional source flowpath
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characteristics such as more stable discharge patterns and temperatures. However,

many neighbouring points across discharge faces had similar discharge flux patterns

that differed in chloride and radon concentrations, indicating the additional effects of

localized flowpath heterogeneity overprinting on larger scale flowpath characteristics.

K E YWORD S

baseflow, evapotranspiration, groundwater discharge, groundwater-surface water interactions,

heat tracing, river, riverbank storage, seepage

1 | INTRODUCTION

Approximately half of streamflow across the continental

United States is supplied by discharge from groundwater (Scanlon

et al., 2023), often focused to discrete high flow springs and seeps

that arise from permeable geologic features (Marcelli et al., 2022). The

water quality of groundwater discharging along riverbanks is influ-

enced by source flowpath characteristics that can vary widely in spa-

tial scale and average depth from the land surface (Barclay

et al., 2020, Figure 1). The spatial distribution of discrete discharge

points tends to be preferential rather than well distributed along the

river corridor (Briggs & Hare, 2018), and numerous discharge points

may cluster together to form extensive ‘discharge faces’. Riverbank

discharge points act as a unique window into the adjacent aquifer

groundwater chemistry, which is often a reflection of accumulated

land use legacies and geologic characteristics (Brookfield et al., 2021),

and act as critical gateways for solute transport to surface water

(Hester & Fox, 2020). While groundwater is often considered a rela-

tively stable moderator of surface water variability (Leach

et al., 2022), research over the past decade has highlighted the vulner-

ability of shallow groundwater flowpaths to climate and anthropo-

genic warming (Eggleston & McCoy, 2015; Kurylyk et al., 2014), dry

periods (Zhi & Li, 2020), depletion by enhanced evapotranspiration

(ET) (Condon et al., 2020), and other critical zone processes (Singha &

Navarre-Sitchler, 2021). Alternatively, deeper groundwater flowpaths

with long transit times may be more hydrologically and thermally sta-

ble but can perpetuate decadal land use contamination legacies

through aquifers to surface waters, complicating water quality man-

agement strategies (Basu et al., 2022). Approaches that effectively

and efficiently assess groundwater discharge source characteristics

have important potential to improve river management decisions

under current and future land use and climatic conditions.

For the purposes of this study, we focus on groundwater dis-

charge along exposed riverbanks that have minimal hyporheic influ-

ence during low flow conditions, contrasting with other groundwater/

surface water studies that primarily focus on bidirectional hyporheic

exchanges and submerged groundwater discharge (e.g., Boano

et al., 2010; Ocampo et al., 2006; Revelli et al., 2008). Prior research

has conceptualized riverbank groundwater discharge along a spectrum

of assumed complexity. On the simplified end, watershed- to basin-

scale groundwater models often treat discharge as a net product of

aquifer processes, considering groundwater as a well-mixed, single-

sourced entity when it discharges to rivers at the scale of 100s metre

grid cells or greater. At greater temporal complexity, Rice and Horn-

berger (1998) describe observed processes of older water being rap-

idly pushed out of riverbanks during recharge events, though they

generalize groundwater flowpaths to individual discharge areas as

similarly sourced (shown conceptually as the right bank on Figure 1b).

F IGURE 1 (a) Depicts thermal infrared (TIR) data across a riverbank discharge face overlaying a photo of the terrain (field site River Island 5). The

TIR data show the characteristic cold thermal signature of groundwater emergence in summer at preferential discharge points (cold, blue) with locations

of vertical temperature profiles indicated by black bars. (b) Shows differing conceptual models of groundwater flowpaths to riverbanks, with varied

characteristic flowpaths converging tightly in space to one face on river left and common groundwater sources feeding individual faces on river right.
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Representation of groundwater discharge at riverbanks has also taken

on more dynamic and complex conceptualizations. Modica (1999)

describes a tight spatial convergence at discharge faces of vastly dif-

ferent aged groundwater flowpaths (summarized conceptually as the

left bank on Figure 1b). Characteristics range from younger, shorter

flowpaths higher on the bank, to older, longer flowpaths compressed

toward the river. That concept was based primarily on particle track-

ing paired with groundwater flow models; supporting field data has

been less clear. While both common and convergent conceptualiza-

tions and various combinations thereof may be circumstantially valid,

the way groundwater flowpaths express themselves among and

within mainstem river discharge faces remain largely under evaluated.

Although groundwater discharge faces are relatively contiguous

features along mainstem rivers, measurements of groundwater seepage

rates are often further focused to preferential discharge points (PDPs)

of relatively high discharge rates occurring within extensive faces

(Briggs et al., 2022, Figure 1a). Using fundamental hydrologic principles

related to Darcy's Law, temporal discharge flux records can indicate

high-level source groundwater characteristics at the PDP scale, poten-

tially parsing deep from shallow and local from regional flowpaths. For

example, ET and seasonal decline of the water table within the critical

zone are expected to most directly impact discharge rates from shallow

groundwater flowpaths (Singha & Navarre-Sitchler, 2021). Direct mea-

surements of submerged discharges in a lake indicate diel variation on

the order of 10% that was attributed to ET pumping of source ground-

waters (Rosenberry et al., 2013), and more broadly ET is recognized as

an important depletion mechanism of shallow groundwater storage

(Condon et al., 2020; Nichols, 1994; Rosenberry & Winter, 1997;

Shanafield et al., 2015). Therefore the temporal flux rate patterns of

PDPs sourced by shallow groundwater, which are controlled by chang-

ing lateral hydraulic head gradients, should reflect those source flow-

path processes as characteristic subdaily to seasonal variability.

Additionally, PDPs that show discharge flux reversals (bank storage)

during high river flow events are more likely to be sourced by short,

local flowpaths where the lateral hydraulic gradient is strongly impacted

by variable river stage and riparian water table elevation compared to

long, regional flowpaths with more stable gradients (Briggs et al., 2018).

Despite the characteristic imprint of near surface critical zone

processes on groundwater discharge flux rates, vertical flux records

have not been previously used to infer groundwater sources to river-

bank discharges, due in part to monitoring limitations. Seepage meters

cannot readily be installed along exposed riverbanks above the water-

line and typically do not track temporal changes in water flux at high

resolution unless using automated methods (e.g., Rosenberry

et al., 2013). And while vertical heat tracing methods are more condu-

cive to installation in saturated sediments along exposed riverbanks,

common methods of analysis based on diurnal temperature signals

alone do not well-capture subdaily and abrupt changes in flux rate

(Lautz, 2012). Numerical methods can accurately capture rapid and

variable changes in flux rate, but typically only when paired with verti-

cal pressure data (LeRoux et al., 2021) or via manual calibration of

multiple model stress periods, and therefore the analysis is difficult to

scale to many measurement locations at seasonal timescales. Recent

application of spectral and recursive estimation Kalman Filter-based

approaches may allow accurate tracking of rapid vertical flux changes

due to storms, dam operation, and other subdaily to seasonal dynam-

ics (McAliley et al., 2022; Sohn & Harris, 2021). McAliley et al. (2022)

reformulated the one-dimensional convection/conduction equation as

a linear time-varying state space model using a spatial finite difference

approximation and matrix exponential for the solution as a function of

time. Because this rapid new method does not rely on diurnal signal

characteristics to calculate discharge flux, there is potential for more

accurate depiction of variable flux rates, particularly at the subdaily

timescale, and during high flow and storm events when natural tem-

perature signals are muted and distorted. Additionally, the recursive

estimation methods use information from adjacent time steps to

refine current time flux estimates allowing more certain tracking of

multiscale groundwater flux changes (McAliley et al., 2022).

The goals of our study were methodological and hydrologic pro-

cess based. First, we extensively demonstrate the new recursive esti-

mation heat tracing technique for tracking multiscale temporal

discharge flux variability. Then, we develop a transferrable approach

to use multi-month PDP flux records to infer general source ground-

water flowpath characteristics among and within individual riverbank

discharge faces. This approach is applied at 39 observed PDPs embed-

ded within larger discharge faces along the 5th order Farmington

River, Connecticut, United States. A spectrum of recently developed

groundwater flow models of the Farmington River corridor simulate

source groundwater discharge flowpaths ranging from local riparian

and floodplain scale (10s–100s of metres) to regional scale (multiple

kilometres, Barclay et al., 2020). Average simulated source flowpath

depths across the selected models ranged from a median of 6.2 to

21.8 m. This range spans the upper, near surface zone most strongly

impacted by near surface critical zone ET, recharge, and heat

exchange processes, here generally termed ‘shallow’ groundwater, to

deeper groundwater with reduced short-term variability. However,

the groundwater flow models of Barclay et al. (2020) do not have fine

enough spatial resolution to assess variability in groundwater sources

at the scale of observed Farmington riverbank discharges (Barclay

et al., 2022), nor the necessary geological complexity to explore spe-

cific PDP sources. Here, temporal groundwater flux pattern analyses

were used to classify PDPs as having shallow versus deep and local

versus regional groundwater sources, with a focus on shallow/local

and deep/regional classification pairings. We assume that while deep

groundwater must, by definition, travel through shallow sediments

immediately prior to discharge, transit time through those

sediments to PDPs is quick, such that shallow groundwater character-

istics are not adopted, and deep source groundwater can be identified.

Conservative dissolved chloride (Cl�) and metrics of stable isotopes of

water were used to further infer common or convergent groundwater

sources (i.e., Figure 1b) while dissolved radon gas was used to infer

fine scale flowpath geologic heterogeneity. Finally, we assess the river

corridor geologic framework that may control source groundwater

characteristics using recently collected passive seismic and towed

transient electromagnetic data to ‘scale up’ our point scale observa-

tions of preferential riverbank discharge to a river corridor geologic
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context. This study provides a unique in-depth look at discharge flux

patterns from exposed riverbanks across the growing season and

change in water year (4.5 months) at 39 discrete preferential flow

points located across larger discharge faces, yielding new insight into

the coupling of groundwater and mainstem rivers.

2 | METHODS

2.1 | Study area

The Farmington River watershed is a 1571 km2 mixed land use water-

shed with underlying bedrock generally composed of New England

crystalline rock, Mesozoic sandstone, and Newark Supergroup basalt

(Olcott, 1995). We focus this study on five groundwater discharge faces

operationally defined as laterally extended (>10 m) discharge features

along riverbanks at or above the water line with multiple embedded

PDPs as indicated with thermal infrared (TIR) and direct measurements.

The study faces are located along two reaches of differing hydrogeol-

ogy along the fifth-order mainstem of the Farmington River, a major

tributary to the Connecticut River located in northwestern Connecticut

(Figure 2a). The River Island reach is located along the west-to-east

flowing portion of the Farmington River downstream of the Tariffville

Gorge in an area where the river flows approximately normal to bed-

rock strike, down dip (Figure 2b). Median depth to bedrock measured at

six locations with passive seismic methods along the River Island reach

seepage faces was 14.5, 2.3 m SD (Jackson et al., 2023). The River

Island reach banks generally comprise highly permeable glacial deposits

of sand and gravel and adjacent land use includes residential and for-

ested land with a mix of hardwood and conifer tree species. The

upstream Alsop Meadows study reach is located along the south-

to-north flowing portion of the Farmington River (Figure 2c), with surfi-

cial geology dominated by loamy fine sand glacial till. Along the Alsop

reach, the river generally runs along bedrock strike with relatively thick

sediment accumulation. Mean depth to bedrock measured at 10 mea-

surement locations with passive seismic techniques was 23.2, 5.5 m SD

F IGURE 2 The study was conducted in the

(a) Farmington River watershed located in

Connecticut and Massachusetts, United States,

(b) specifically at clusters of riverbank preferential

discharge points (PDPs) along two sections of the

East Branch of the Farmington River at the

(c) River Island and (d) Alsop Meadows reaches.

Map layers in the form of hillshade rasters and

digital elevation models were derived from

Connecticut Lidar Data downloaded from the

Connecticut Department of Energy and

Environmental Protection (CT Eco, 2016) and

stream networks were provided by Barclay

et al. (2020).
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(Jackson et al., 2023). Near-river land use includes a golf course, crop-

land, and the Nod Brook Wildlife Management Area which contains

several large shallow ponds bordered by phreatic trees. Bank sediments

along this reach are mapped generally as high permeability soils with

finer scale variability that has not been found to control the occurrence

of PDPs (Briggs et al., 2022).

2.2 | Site selection and instrumentation

There has been rapidly growing use of TIR imagery to efficiently locate

groundwater discharge for the inference of subsurface flowpath charac-

teristics (e.g., Marcelli et al., 2022). Groundwater discharge faces in this

study were selected based on TIR surveys along a 26.5 km stretch of

the mainstem of the Farmington River (Moore, Jackson, et al., 2023) via

the process described by Briggs et al. (2022). We used handheld TIR

cameras (E8, FLIR Systems) from watercraft to identify thermal anoma-

lies along the riverbanks associated with bankside groundwater dis-

charge, along with direct riverbank temperature measurements and

visual observations of physical discharge features. Instrument emissivity

was set to 0.98, consistent with freshwater in the summer (Handcock

et al., 2012), and viewfinder temperature ranges were set to span

stream and groundwater temperatures to highlight cold anomalies.

Groundwater temperatures were generally 9–12�C within the Farming-

ton River watershed (Barclay et al., 2022), creating distinctive thermal

targets associated with PDPs during warm weather (e.g., Figure 1a).

Each mapped discharge face contained numerous PDPs at varied

distances from the low river water line embedded in a larger bank area

of more diffuse groundwater seepage. Temperature measurements

(direct and TIR) and supporting observational data (visible bank satura-

tion and flow) were used to select a subset of PDPs for installing verti-

cal temperature profilers. The profilers each contained three

temperature loggers (Thermochron iButton model #1922L) at 0.01,

0.07, and 0.11 m depths where daily temperatures are most dynamic in

areas of discharge. Following Briggs et al. (2014), temperature logger

spacing was optimized for the quantification of groundwater flux out of

the bank (upward flow) over time while providing flexibility to also

quantify downward flux into the bank (bank storage events) that could

occur at a high river stage. Temperature profilers were installed at

40 PDP sites to capture daily, river flow events, and seasonal discharge

vertical water flux dynamics from mid-June 2020 to November 2020.

2.3 | Analytical and recursive estimation 1D

discharge flux modelling

Vertical temperature profiler data collected within the five study river-

bank discharge faces were used to quantify vertical discharge flux

over time at each PDP. We measured saturated sediment thermal

conductivity and heat capacity in the field with a TEMPOS

Thermal Property Analyzer (TEMPOS, Meter Group, Inc., Pullman,

WA, United States) at multiple points across each discharge face for

use in 1D discharge flux modelling. The TEMPOS probe prongs were

pressed directly into the saturated sediments of the discharge points

to minimize sediment disturbance and measured thermal parameters

were averaged for each face as described by Haynes et al. (2023).

Vertical discharge flux patterns were estimated over time using the

extended Kalman Filter (EKF) recursive estimation approach of McAli-

ley et al. (2022) applied 0.01, 0.07, and 0.11 depth temperature sensor

data. The ‘Hatch Amplitude’ attenuation analytical model run with

VFLUX2 software (Irvine et al., 2015) was also initially applied but

resulted in spurious results during storm events when natural diurnal

signals were non-ideal, so the VFLUX2 results are not shown here but

are included in the data release (Haynes et al., 2023). Unlike some

analytical fluid flux estimates based on the vertical propagation of nat-

ural temperature signals (e.g., Kampen et al., 2022; Luce et al., 2013;

Sohn & Harris, 2021), the EKF method does not provide estimates of

effective streambed thermal diffusivity, a critical parameter for the

prediction of diffusive (conductive) sediment heat fluxes. Instead,

the EKF method requires the parameterization of sediment thermal

conductivity and sediment volumetric heat capacity to solve the 1D

convection/conduction partial differential equation formulated as a

state space model (Constantz, 2008; McAliley et al., 2022). To address

this uncertainty thermal parameters at each PDP were independently

measured using the TEMPOS instrument, as described above.

The EKF method was used to recursively estimate specific dis-

charge in discrete time when temperature measurements were acquired

(i.e., hourly) at each PDP over 4.5 months. The variance of the EKF pre-

dicted 1D flux can be obtained from the diagonal elements of the state

covariance matrix, consequently, confidence intervals can be calculated

from EKF predictions using the posterior state covariance matrix. Kal-

man Filters have recently been more commonly applied to hydrologic

problems (e.g., Kang et al., 2018; Shapiro & Day-Lewis, 2021, 2022;

Sun et al., 2016). The methodology used here has been previously

tested on both synthetic and field data in McAliley et al. (2022) where

EKF methods were shown to converge to step changes in synthetic dis-

charge data on sub-daily timescales, and residuals between observed

(i.e., field observations) and estimated (i.e., EKF predictions) tempera-

ture observations were generally within 0.1�C, consistent with

expected measurement precision. Further information on the numerical

implementation, comparisons to synthetic and field observations, as

well as links to open-source code can be found in McAliley et al. (2022).

2.4 | Groundwater sample collection and analysis

We collected monthly (mid-June 2020 to October 2020) groundwater

chemistry samples at each PDP within the study discharge faces

where vertical temperature profilers were installed. Porewater sam-

ples were obtained with small piezometers (PushPoint (PPX36), MHE

Products, East Tawas, MI) installed directly into the points of dis-

charge. We inserted the sampler 20 cm into the sediment and devel-

oped the piezometers with a three-way valve manifold and 60-mL

syringe until minimal sediment was visually present in extracted

water. We extracted 120 mL of water to measure the field parameters

of dissolved oxygen, specific conductance, and temperature using a

HAYNES ET AL. 5 of 19
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handheld multimeter (YSI 6000, YSI Inc., Yellow Springs, OH). Another

120 mL of discharge water was collected in an HDPE bottle that had

been washed with phosphate-free soap and triple-field rinsed. Sam-

ples were refrigerated, syringe filtered (Whatman GF/F) within 24 h

of collection, and frozen until laboratory chemical analysis at the Cen-

ter for Environmental Science and Engineering, Storrs, CT. We mea-

sured anion concentrations by ion chromatography (Dionex ICS

1100). The measured Cl� concentrations are presented for this inves-

tigation of seepage face groundwater flowpath sources.

During the last sampling event in October 2020, we collected and

filtered 60-mL samples from PDPs for analysis of δ18O, δ2H, and dis-

solved radon-222 (222Rn) gas. Stable isotopes in water samples were

stored with no bottle headspace, wrapped in parafilm, and refriger-

ated until processing the Center for Environmental Science and Engi-

neering, Storrs, CT. The field filtered water samples were run on a

Picarro L2130-i in high precision mode (0.025/0.1‰ for δ
18O/δD)

with three water standards spanning the range of collected samples.

Line conditioned excess (lc-excess), indicating the degree of evapora-

tive fractionation, was computed from the local meteoric water line

(LMWL, Equation 1) established for Storrs, CT with 109 daily precipi-

tation samples collected across 2020 and 2021 (Knighton, 2021).

lc-excess¼ δ
2H�7:519 δ

18O
� �

þ10:123 ð1Þ

Levels of 222Rn in groundwater are generally dependent on sedi-

ment and rock type to which groundwater is recently exposed, the

surface area of those materials, and the groundwater residence time

(Hoehn & von Gunten, 1989). Given the short half-life of 222Rn of

3.8 days, radon concentrations predominantly reflect geologic expo-

sure within a few weeks transit time from aquifer to discharge zone.

We collected 250 mL of unfiltered discharge water for 222Rn sampling

using our push point sampler with no headspace. Data were analysed

within �3 days of sample collection using a RAD7 instrument

(DURRIDGE Company, Inc., Billerica, MA), and radioactive decay cor-

rections were performed to account for the elapsed time since sample

collection. Groundwater chemical constituent data used for this study

are available from Moore, Haynes, et al. (2023).

2.5 | Source groundwater inference

We designed the discharge face groundwater categorizations defined in

Table 1 to assess the degree of common versus convergent flowpath

sources to PDPs across each groundwater discharge face based primar-

ily on multiscale temporal groundwater flux patterns. The most objec-

tive measure of shallow groundwater influence was the existence of

pronounced diurnal pumping flux patterns (exceeding 0.03 m/day signal

amplitude) as quantified with dynamic harmonic regression analysis

applied to the EKF model output. We highlight PDPs as shallow, locally

sourced groundwater when diurnal pumping was found in conjunction

with both metrics of local-scale groundwater flowpaths - the existence

of seasonal groundwater flux patterns and flux direction reversal during

high river flow events. Shallow/local PDPs are contrasted with PDPs

that showed little systematic diurnal discharge flux variation and lacked

seasonal patterns and flux reversals, indicating deeper, more regional

groundwater sources. Seasonal PDP temperature patterns, Cl� concen-

trations, and the lc-excess synoptic provided further insight regarding

common or convergent groundwater sources.

We examined the streambank temperature time series at the dee-

pest sensor (�11 cm) for evidence of seasonal temperature shifts in dis-

charging groundwater temperature indicative of shallow groundwater

(e.g., Hare et al., 2021). More stable seasonal temperature regimes indi-

cate deeper groundwater sources, emanating from below the �6 m

shallow zone of pronounced vertical annual temperature signal propa-

gation (Constantz, 2008). Although 11 cm is inherently a shallow mea-

surement, short term land surface temperature changes are typically

strongly muted by that depth in preferential groundwater discharge

zones (Briggs et al., 2014), so we assumed observed seasonal tempera-

ture patterns primarily reflected source groundwater temperature

dynamics. The difference between the running 7-day maximum and

TABLE 1 Summary of the attributes used to categorize

groundwater discharge face source flowpaths.

Category definitions

Metrics Shallow Deep

Diurnal

discharge

pattern

Pronounced diurnal

discharge rate

pattern likely

caused by

evapotranspiration

(>0.03 m/day).

Lack of diurnal rate

pattern based on

measured discharge

rate signal amplitude

(<0.03 m/day).

Max–min

temperature

difference

Indication of a

seasonal shift in

groundwater

discharge

temperature of

>6�C.

Indication of season

shift in groundwater

discharge

temperature of

<3�C.

Local Regional

Seasonal

discharge

pattern

Enhanced discharge flux

in early summer and

later fall, weak summer

discharge flux.

Lack of clear

seasonal

discharge flux

pattern.

Riverbank

storage

Significant discharge flux

rate reversal (river

water into bank) for at

least one contiguous

day (95% CI).

Lack of significant

discharge flux rate

reversal (95% CI).

Common Convergent

Chloride

concentration

The SE of mean for all

PDP locations were

within range of one

another.

The SE mean for

one or more PDP

locations was

outside the range

of one another.

lc-excess The variance of the lc-

excess values of a

single discharge face is

less than or equal to

the variance of the

dataset as a whole.

The variance of the

lc-excess values of

a single discharge

face is greater than

the variance of the

dataset as a whole.

6 of 19 HAYNES ET AL.

 1
0

9
9

1
0

8
5

, 2
0

2
3

, 7
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/h

y
p

.1
4

9
3

9
 b

y
 U

n
iv

ersity
 O

f C
o

n
n

ecticu
t, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

7
/1

2
/2

0
2

3
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



minimum temperature time series over the 4.5-month deployments

was used to indicate the presence of seasonal patterns. The average

7-day max–min mean difference among the discharge faces was �5�C,

thus we considered a max–min difference >6�C as an indication of a

shallow groundwater flowpath. PDPs with a max–min difference <3�C

indicated a more seasonally stable deep groundwater signature. Source

groundwater depths of locations with average seasonal temperature

change between 3 and 6�C were considered inconclusive. Overall, the

seasonal max–min temperature difference was considered the most

qualitative of all the metrics determined for this study due to the

assumed thresholds and the fact that low-flux discharge can also show

seasonal temperature shifts as impacted by downward conduction of

local seasonal heat, regardless of source groundwater depth.

We applied the EKF recursive estimation discharge flux modelling

methods to the raw PDP temperature data from 39 locations (one

PDP was dropped due to clear times of desaturation) and proceeded

with in-depth analysis of the EKF model results. As a primary indicator

of shallow groundwater sources, we inspected the EKF temporal

water flux records for diurnal patterns that might be driven by ET

along relatively shallow flowpaths accessible by floodplain phreato-

phyte vegetation and/or wetlands and ponds adjacent to the river. To

do this, we used the dynamic harmonic regression approach of ‘Cap-

tain Toolbox’ (Young et al., 2010) to the EKF modelled discharge flux

patterns to assess whether diurnal signals existed, and if so, to quan-

tify their amplitude over time. This discharge flux signal processing

approach created a quantitative metric of (presumed) upgradient ET

influence. Analysis of the harmonic regression power spectral output

for all sites was used to determine signal amplitude threshold for ‘sub-

stantial’ diurnal discharge flux patterns of 0.03 m/day, where ampli-

tude is defined as half of the total daily discharge flux signal range.

Sites with an average diurnal pumping discharge signal of at least

0.03 m/day amplitude across the measurement period were classified

as having a shallow groundwater source (Table 1).

The other short-term discharge flux process used as a source

groundwater inference metric was evidence of flux reversals, other-

wise known as bank storage, that can occur during episodic high river

flow events even when the general groundwater hydraulic gradient is

toward the river (Shuai et al., 2019). We assumed that significant

reversals of flux direction (outside the EKF model results 95% confi-

dence interval) indicated shorter, local discharge flowpaths. The lateral

hydraulic gradient is more sensitive to meter-scale changes in river

surface elevation compared to long, kilometre-scale regional discharge

flowpaths. Stability in discharge flux patterns of presumed deep/

regional discharges has been noted relative to local hillslope stream-

bank discharge in previous studies (Rosenberry et al., 2016). In hydro-

geologic settings that differ from the Farmington River corridor, local

flowpaths may be deeper than the phreatophyte rooting zone and

zone of annual temperature signal fluctuation if soils are highly per-

meable along contributing hillslopes as noted by Briggs et al. (2020).

We examined all groundwater discharge flux time series for pat-

terns (Figure 3) indicative of local/shallow versus regional/deep source

groundwater characteristics, where the former is expected to be more

sensitive to seasonal water table fluctuations. Local groundwater

flowpaths can display increased flux in the spring and fall months and

decreased flux in the summer months due to the change in water table

and river surface levels. Deeper groundwater is less impacted by such

seasonal water table drawdown (Burns et al., 1998). Pronounced sea-

sonal flux patterns were identified for this study as locations that

started the early summer measurement period with several weeks of

sustained discharge, followed by a mid-late summer circumneutral flux

period (flux rate not significantly different than zero), followed by a late

fall sustained increase back to significant discharge rates (Table 1).

To augment the inference of source groundwater based on multi-

scale groundwater flux rate patterns, we collected Cl� and stable

water isotope data. We used the mean and SE of seasonal Cl� con-

centrations (n = 5; monthly samples from June to October) to indicate

whether the groundwater source among PDPs of an individual face

were common or converging (Table 1). The mean of the monthly Cl�

data ± the SE created ranges that were compared between PDPs

across each discharge face. If two or more PDPs lacked overlapping

Cl- ranges, the source groundwater flowpaths of the face were

inferred to be convergent. Because anthropogenic sources frequently

disrupt natural Cl� levels (Cassanelli & Robbins, 2013), we decided it

would not be practical to attempt groundwater age or travel time esti-

mates based on our Cl� samples and instead use the parameter to

indicate source flowpath heterogeneity.

Isotopic differences between groundwater samples and local pre-

cipitation can be used to distinguish between local and regional flow-

paths in mountainous regions (Springer et al., 2017). However, the

muted topography of western Connecticut is not conducive to such

analysis. Instead, the lc-excess metric (Equation 1) derived from stable

isotopes of water was used to determine if the contributing ground-

water flowpaths had been directly influenced by evaporation via

upgradient exchange with floodplain ponds and wetlands, as surface

water features exist across the Farmington River floodplain. The vari-

ance of lc-excess metrics across individual discharge faces was calcu-

lated and compared to the variance of the larger PDP populations

from the study to assess discharge face-scale variability in lc-excess. If

the variance along an individual discharge face was greater than that

of all remaining PDPs, the face was characterized as having conver-

gent flowpaths. Concentrations of 222Rn are potentially controlled by

fine scale geologic differences (Bourke et al., 2014), which may be

expected to vary even among groundwaters of generally common

sources. Therefore, we did not use 222Rn for source groundwater

characterization (not included in Table 1), and instead the 222Rn pro-

vided general insight into flowpath geologic context.

3 | RESULTS

The riverbank discharge faces in this study show signs of converging

groundwater flowpaths sourcing PDPs based on defined attributes

(Table 1). Overall the Alsop Meadows sites indicated a prevalence of

shallow/local groundwater sources compared to the downstream

River Island sites that displayed characteristics of deeper/regional

source groundwater metrics.
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3.1 | Seepage face descriptions

Three distinct and spatially extensive discharge faces were mapped

along the Alsop Meadows reach ranging from 11 to 27 m in length lat-

erally along the riverbanks (Figure 2d). Alsop faces 1 and 2 were

located along the downstream left riverbank on the outer edge of a

large meander bend and bisected by a small surface tributary to the

river. There were several surface water ponds in the adjacent upgradi-

ent floodplain, and the Alsop 1 discharge face was in the closest prox-

imity to a golf course. Alsop 3 was �800 m downstream along the

right-side riverbank in a relatively straight stretch of river channel

adjacent to farm fields. Four PDPs were mapped across Alsop

1 (PDP1-4), 6 PDPs were mapped across Alsop 2 (PDP5-10), and

10 PDPs across Alsop 3 (PDP11-20).

Further downstream along the River Island, two extensive discharge

faces (i.e., 29 and 26 m in length along respective riverbanks) were

mapped along the left bank of the main channel (River Island 4) and right

bank of the island side channel (River Island 5) at approximately the

same downstream distance (Figure 2c). A total of 20 PDPs were found

across both the River Island 4 discharge face (n = 10, PDP21-30) and

F IGURE 3 Discharge flux patterns for four example preferential discharge point (PDP) locations as modelled by the extended Kalman filter

(EKF) method, where discharge (upward flow direction) is indicated by positive values for ease of interpretation. (a) Is a PDP with a clear diurnal

flux pattern and one flow reversal event, and (b) is similar but also shows a seasonal trend with circumneutral flux mid to late summer.

(c) Exemplifies the deep/regional flux pattern with relatively little diurnal or seasonal variability, and (d) shows a regional discharge signal with

minor diurnal variability.
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the River Island 5 seepage face (n = 10, PDP31-40). PDP21 was

dropped from further analysis as there were multiple clear periods of

shallow temperature sensor desaturation where the temperature record

warmed substantially and abruptly in a manner not reflected in deeper

or adjacent PDP temperature records. Temperature loggers at PDP23,

26, and 35 had discrete periods of apparent short-term sensor malfunc-

tion amounting to a few days or less over the 4.5 months of data collec-

tion, and these times were removed from the respective records before

running the vertical discharge flux models.

The recursive estimation methods require an estimate of dis-

charge process variance, a parameter related to expected system

noise and true short-term discharge flux variability. As in the McAliley

et al. (2022) study, we found that setting the process variance param-

eter values from 1 � 10�4 to 1 � 10�5 m/day for EKF models

reduced model output noise and preserved real, abrupt changes in dis-

charge flux. Smaller values of process variance tended to overly

smooth the discharge flux patterns to show little change at multiweek

timescales even during known variation in river flow. For all sites, we

first utilized a process variance of 1 � 10�4 m/day, and then for

17 PDP sites reduced to 1 � 10�5 m/day when there were clear time

periods of enhanced or biased model residuals, as described in more

detail by Haynes et al. (2023). All EKF discharge flux results are sum-

marized in Figures 4 (Alsop Meadows) and 5 (River Island).

3.2 | Shallow versus deep source groundwater

metrics

Alsop Meadows PDPs were predominately classified as shallow or

mixed and River Island was predominantly classified as deep source

groundwater (Table 2). Using the 0.03 m/day diurnal discharge signal

amplitude threshold, 16 PDPs were classified as having a predomi-

nantly shallow groundwater source, and all but two of those locations

were located within the Alsop Meadows discharge faces. When evalu-

ating the more qualitative metric, weekly running minimum and maxi-

mum temperatures collected at 11 cm depth, 17 locations were

classified as shallow, using a difference threshold of greater than 6�C,

and all but three of these were along Alsop Meadows discharge faces.

The remaining Alsop PDPs were classified as ‘inconclusive’ or having

a maximum-minimum difference of 3–6�C. Six River Island PDPs had

running weekly minimum to maximum differences less than 3�C and

were therefore inferred to have potential deep groundwater sources.

No sites with pronounced diurnal discharge flux patterns were classi-

fied as deep groundwater sources using the maximum-minimum dif-

ference, but seven sites without pronounced diurnal patterns had

maximum-minimum difference >6�C (Figure 6).

3.3 | Local versus regional source groundwater

metrics

Although groundwater source characteristic combinations of deep/

local and shallow/regional are plausible, for this study we focused on

the agreement between shallow/local and deep/regional metrics, as

shown in Figures 4 and 5 and listed in Table 2. Significant seasonal

trends were identified for 15 PDPs, most notably for all the Alsop

3 PDPs, but for only one of the River Island PDPs (Table 2). Only

11 PDP locations had substantial discharge flux rate direction rever-

sals, and those were all observed along Alsop Meadows discharge

faces. Seven Alsop PDPs were inferred to have shallow/local ground-

water sources based on the diurnal discharge rate and both local met-

rics. No classification of shallow/local source groundwaters was

determined for the River Island PDPs (Figure 5). Two Alsop PDPs also

showed agreement between deep groundwater inference and both

regional metrics, located along discharge face Alsop 2 (Figure 4). In

contrast, 16 of the 19 River Island PDPs had an agreement between

deep/regional groundwater source metrics (Figure 5).

3.4 | Chloride, stable isotopes, and dissolved radon

Although Alsop Meadows seepage faces 1 and 2 were in close spatial

proximity, Cl� concentrations were substantially higher for Alsop

2 across all monthly sampling events, generally ranging from 75 to

150 ppm (Figure 7a). River Island PDPs also showed high Cl� concen-

trations, varying more than two-fold across each face (i.e., �20–

220 ppm; Figure 7b). Using the SE determined for all sample data,

each seepage face in this study was classified as having convergent

groundwater sources based on Cl� concentrations (Table 2). The sta-

ble water isotope lc-excess metric indicated the greatest variability

between the PDPs of Alsop Meadows discharge faces 1 and 2. Conse-

quently, each was classified as having convergent groundwater

sources (Figure 7c). Alsop Meadows 3 and the River Island discharge

faces were classified as having common groundwater sources based

on no significant variation in the lc-excess metric (Figure 7d). Dis-

solved radon was substantially higher for seepage faces Alsop 1, Alsop

2, and River Island 4 compared to Alsop 3 and River Island 5. Addition-

ally, River Island 4 showed the greatest variation across all PDPs,

ranging from 237 to 479 pCi/L (Figure 7e,f).

4 | DISCUSSION

4.1 | Evapotranspiration influence on shallow

discharge flux patterns

Application of the new EKF flux modelling approach to vertical tem-

perature records collected directly at points of focused groundwater

discharge yielded a novel characterization of daily oscillations in flux

magnitude (Figure 3, Table 2). Similar to numerous observations of

diurnal water level patterns observed in shallow wells adjacent to

surface waters (e.g., Gribovszki et al., 2010; Harmon et al., 2020;

Lautz, 2008; Rosenberry & Winter, 1997), we attribute these oscilla-

tions to the influence of ET processes on shallow source groundwa-

ter flowpaths. Daily streamflow patterns have also often been

recorded during summer and attributed to riparian and hillslope scale
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ET (e.g., Gribovszki et al., 2010; Lundquist & Cayan, 2002), though

direct measurement of diel discharge fluxes has only been demon-

strated a small number of times, using instrumentation deployed

below the waterline (Rosenberry et al., 2013). ET-influenced dis-

charge flux patterns have not yet been quantified in detail

(e.g., Figure 6) along exposed riverbank discharges (to our

F IGURE 4 (a) Displays all Alsop

Meadows preferential discharge point

(PDP) discharge flux patterns derived

with the extended Kalman Filter (EKF)

model (no 95% CI) and sites classified as

being shallow/local (red) or deep/

regional (blue) or mixed signal (grey)

groundwater sources. Discharge

(upward flow direction) is indicated by

positive values for ease of

interpretation. A mixed source

(or inconclusive) groundwater

characterization was defined when

either shallow/local or deep/regional

metrics did not agree. Site numbers are

displayed on the right y-axis with

respective PDP discharge faces.

(b) Shows the Farmington River

streamflow (USGS site no. 01189995)

and local precipitation record for the

measurement period (U.S. Geological

Survey, 2023).
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knowledge), and the recently developed EKF vertical temperature

profiler analysis method was key to that advance. Lautz (2012)

applied more commonly used analytical vertical temperature analysis

methods of Gordon et al. (2012) to data collected along a beaver-

influenced Wyoming stream that indicated diurnal discharge flux

pumping was occurring during discrete multiday periods. However,

F IGURE 5 (a) Displays all River

Island preferential discharge point

(PDP) discharge flux patterns

derived with the extended Kalman

Filter (EKF) model (no 95% CI) and

sites classified as being deep/

regional (blue) or mixed (grey)

groundwater sources. Discharge

(upward flow direction) is indicated

by positive values for ease of

interpretation. A mixed source

(or inconclusive) groundwater

characterization was defined when

either shallow/local or deep/

regional metrics did not agree. Site

numbers are displayed on the right

y-axis with respective PDP

discharge faces. (b) Shows the

Farmington River streamflow

(USGS site no. 01189995) and local

precipitation record for the

measurement period (U.S.

Geological Survey, 2023).
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the interpretation of those apparent subdaily discharge patterns was

uncertain as they were characterized using analytical models based

on daily temperature signals.

Through initial testing for this study, we also found it difficult to

quantify diurnal flux patterns with confidence using the VFLUX soft-

ware methods (Haynes et al., 2023). It can also be challenging to

TABLE 2 Interpreted source groundwater flowpath metrics for all preferential discharge point locations (metrics are described in Table 1)

with the average diurnal discharge flux pattern amplitude listed in parenthesis under the ‘diurnal discharge’ column.

Shallow versus deep flowpath Local versus regional flowpath Common versus convergent

Discharge

face PDP

Diurnal discharge

pattern (m/day)

Max–min

temperature diff.

Seasonal discharge

pattern

Riverbank

storage

Chloride

concentration Lc-excess

Alsop 1 PDP01 Shallow (0.04) Shallow Regional Local Convergent Convergent

PDP02 Shallow (0.03) Shallow Local Regional

PDP03 Shallow (0.04) Shallow Local Local

PDP04 Shallow (0.04) Shallow Local Local

Alsop 2 PDP05 Shallow (0.06) Inconclusive Regional Local Convergent Convergent

PDP06 Shallow (0.05) Inconclusive Local Local

PDP07 Deep (0.02) Inconclusive Regional Regional

PDP08 Shallow (0.03) Inconclusive Regional Regional

PDP09 Deep (0.01) Inconclusive Regional Regional

PDP10 Shallow (0.06) Inconclusive Regional Regional

Alsop 3 PDP11 Shallow (0.03) Shallow Local Local Convergent Common

PDP12 Shallow (0.04) Shallow Local Local

PDP13 Shallow (0.04) Shallow Local Regional

PDP14 Deep (0.02) Shallow Local Local

PDP15 Shallow (0.05) Shallow Local Local

PDP16 Deep (0.01) Shallow Local Regional

PDP17 Deep (0.02) Shallow Local Regional

PDP18 Deep (0.02) Shallow Local Regional

PDP19 Shallow (0.05) Shallow Local Local

PDP20 Shallow (0.03) Shallow Local Local

River

Island 4

PDP22 Shallow (0.03) Inconclusive Regional Regional Convergent Common

PDP23 Deep (0.01) Deep Regional Regional

PDP24 Deep (0.00) Deep Regional Regional

PDP25 Deep (0.01) Inconclusive Regional Regional

PDP26 Deep (0.01) Deep Regional Regional

PDP27 Deep (0.01) Deep Regional Regional

PDP28 Deep (0.02) Inconclusive Regional Regional

PDP29 Deep (0.02) Deep Regional Regional

PDP30 Deep (0.01) Inconclusive Regional Regional

River

Island 5

PDP31 Deep (0.02) Shallow Local Regional Convergent Common

PDP32 Deep (0.02) Shallow Regional Regional

PDP33 Shallow (0.06) Inconclusive Regional Regional

PDP34 Deep (0.02) Inconclusive Regional Regional

PDP35 Deep (0.00) Inconclusive Regional Regional

PDP36 Deep (0.01) Deep Regional Regional

PDP37 Deep (0.01) Inconclusive Regional Regional

PDP38 Deep (0.02) Inconclusive Regional Regional

PDP39 Deep (0.01) Inconclusive Regional Regional

PDP40 Deep (0.01) Shallow Regional Regional
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disentangle source flowpath-scale ET influence on submerged dis-

charge points as variation in daily streamflow magnitude and velocity

impact pressure along the riverbed, influencing discharge flux rates.

By collecting vertical temperature data directly in exposed riverbank

discharges and modelling subdaily discharge flux patterns with the

EKF method, we have more confidently captured the variable influ-

ence of ET on source groundwaters to individual discharge points.

These findings highlight new research opportunities that more directly

pair diurnal discharge fluxes with evaluations of stream corridor ET to

better understand the environmental drivers of the patterns described

in Figure 6. In late summer at several of our study sites, the relative

magnitude in ET-driven diurnal flux variation observed in this study of

large riverbank discharge faces generally exceeded the 10% diel vari-

ability previously recorded along a lakebed using automated seepage

meter, at times effectively shutting down PDPs during the afternoons

(Figure 3a,b).

Through a combination of stream and well pressure measure-

ments, Harmon et al. (2020) found that ET signals in near-stream shal-

low groundwater varied in space due in part to geologic

heterogeneity. They also observed the amplitude of diurnal stream

stage fluctuations to generally peak in late summer while shorter term

groundwater fluctuations were related to soil water storage (increased

ET signals) and cloud/smoke cover (decreased ET signals). We found a

similar August through September peak in diurnal pumping for Alsop

Meadows sites that exceeded our shallow groundwater classification

signal amplitude threshold of 0.03 m/day (Figure 6a). Also observed

were abrupt short-term changes in diurnal discharge flux amplitude

that may be tied to the combination of air temperature and soil mois-

ture. However, further analysis of the specific ET controls is beyond

the scope of the current study. In addition to transpiration, Alsop

Meadows discharge faces are directly adjacent to irrigated lands

(i.e., golf course) and shallow floodplain wetlands and ponds

(Figure 1), which may further complicate the net ET signal. Most of

the River Island PDPs that we inferred to show deeper and more

regional source groundwater characteristics showed little diurnal

fluctuation (Figure 6b), indicating deeper source flowpaths not directly

accessed by plants and ponds. The EKF advance in subdaily discharge

flux monitoring addresses research priorities put forth by Singha and

Navarre-Sitchler (2021) and may help diagnose the vulnerability of

stream aquatic habitats as ET fluxes generally increase in the north-

eastern United States under a warming climate, drawing down shallow

groundwater (Condon et al., 2020).

4.2 | Seasonal discharge patterns and flux

reversals

Shallow groundwater sourced PDPs are expected to be sensitive to

long-term climate warming and shorter-term precipitation patterns

(Kurylyk et al., 2014). We found that 15 out of 39 PDPs that were

monitored in detail for this study effectively shut down as PDPs dur-

ing mid- to late-summer in 2020. This observed seasonality in major

riverbank discharge has interesting implications. At local scales, if

shallow groundwater-sourced discharge faces are reduced during

dry times, associated cold-water patches in the adjacent channel

would also be minimized. Reduction of relatively cold water inflows

to warm rivers in summer likely reduces the potential for shallow

groundwater-sourced PDPs to create thermal refuges, as the distri-

bution of cold water fish in such patches has been shown to be

highly sensitive to flow rate and thermal mixing (Morgan &

O'Sullivan, 2022). Seasonal patterns of shallow groundwater dis-

charge may also explain why shallow groundwater dominated

streams generally show reduced baseflow scores compared to deep

groundwater dominated streams, nationally (Hare et al., 2021). Alsop

Meadows 3 is an example of a major riverbank discharge feature

with persistent seasonal reductions in discharge rate (all 10 moni-

tored PDPs), and the other Alsop faces showed a more mixed

response to seasonal drydown. In contrast, the River Island sites had

only one PDP out of 19 where a strong seasonal pattern was

observed, with flux rates generally greater than >1 md�1, yielding a

F IGURE 6 Extracted diurnal discharge flux signal amplitudes are shown for all preferential discharge point (PDP) locations across the (a) Alsop

1 and 2, and (b) River Island 5 discharge faces. Specific PDPs shown in detail in Figure 3 are highlighted with thicker lines as indicated by the

panel legends.
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more consistent source of baseflow to the mainstem river system

sourced by deep/regional groundwater.

During high river flow events, riverbank storage can enhance river

corridor denitrification by pulsing electron donors and acceptors into

reactive bank sediments and enhancing mixing (Shuai et al., 2019). As

river stage drops, the release of water from bank storage can then

supply river flow, extending the influence of individual precipitation

events (Rhodes et al., 2017). Unlike many mainstem rivers, the Far-

mington River is not significantly impacted by major dam releases and

bank storage events are most likely to be caused by melt and storm

flows. Over the summer to fall monitoring period of 2020, we found

that 11 of the Alsop Meadow PDPs experienced at least one full day

of discharge flux reversal, yet none of the River Island flux records

met that criterion (Figures 4 and 5). Although river flow during the late

season events was of a similar high magnitude to flows early in the

summer, apparent exchanges of river water into riverbank sediments

were not observed for any locations early in the sampling period.

These observations highlight the seasonal control of river floodplain

groundwater head, even for locally sourced groundwaters. Following

the fundamental principles of Darcy's Law, as water table elevations

fall over the summer, local (shorter) flowpaths are expected to show

greater discharge flux variability as impacted by river stage compared

to regional (longer) flowpaths, where the lateral hydraulic gradient is

dominated by flowpath length (Briggs et al., 2018). This physical

F IGURE 7 Temporal Cl� data collected across (a) Alsop Meadows and (b) River Island discharge faces, respectively. (c, d) lc-excess from a

single stable water isotope sampling event, and (e, f) dissolved radon gas concentration collected at the same time. In (a) and (b) the seasonal

means and quartiles of Cl� concentrations are shown as box plots, and the remaining plots show the results of one spatial sampling event.
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mechanism explains why many of the Alsop Meadows PDPs that

showed pronounced ET influence and seasonal discharge reduction

also tended to have late season discharge flux reversals (Figure 4) in

contrast to the more stable discharge patterns observed at the River

Island sites (Figure 5).

4.3 | Groundwater discharge constituent

characterization

Constituents and tracers measured in water samples from PDP dis-

charge locations indicated variations in concentrations, both among

the Farmington River discharge faces and within them. Although

located in close physical proximity, Alsop Meadows discharge faces

1 and 2 had contrasting Cl� profiles, whereas Alsop 2 had substan-

tially higher and more temporally variable Cl� concentrations gener-

ally ranging from 100 to 150 mg/L (Figure 7). Alsop 2 also had more

heterogeneous discharge flux patterns and may show greater local

influence from shallow floodplain ponds (evaporative Cl� concentra-

tion) and anthropogenic (road salting, irrigation) Cl� sources.

The River Island discharge faces showed strong spatial gradients

in Cl� concentration that persisted over the study period, even

though the discharge flux patterns indicated a dominance of deep/

regional source groundwater (Figure 5, Table 2). We attribute the

observed chemical variability to variability in discrete Cl� sources local

to the discharge faces. All PDP locations had roads, active agriculture,

or golf course turf within 200 m of the riverbank, which are all possi-

ble Cl� sources (Gutchess et al., 2016) and may imprint on regional

groundwater sources proximal to discharge via vertical percolation.

Given the conservative nature of Cl� transport in groundwater, ripar-

ian buffers do little to mitigate Cl� along river corridors, and our study

indicates substantial fine-grained spatial discharge characterization

may be necessary to estimate Cl� loading to rivers from preferential

groundwater discharges.

The isotopic lc-excess metric showed less variability among and

within the study discharge faces, and only Alsop Meadows faces

1 and 2 showed enough inter PDP variation to indicate distinct

groundwater sources. Although the differences are subtle, lc-excess

patterns at those sites may reflect evaporation processes from proxi-

mal floodplain ponds, features not found immediately upgradient of

the other study discharge faces. This supports the general characteri-

zation of shallow/local groundwater sources and potential contribu-

tion of pond surface evaporation to the observed diurnal discharge

pumping patterns. Fundamentally, lc-excess is only useful in parsing

various source groundwater flowpaths when a subset has experienced

pronounced evaporation typical of exchange with surface water fea-

tures. Although we did not use 222Rn to classify the PDPs as indicated

in Table 2, observed concentrations were highest across discharge

faces Alsop 1 and 2, and River Island 4. We did not anticipate high

concentrations at the Alsop sites, as we expected higher concentra-

tions of radon to be related to bedrock sources. Instead, the high con-

centrations observed at the Alsop sites with deep bedrock likely

indicate 222Rn production in the unconsolidated valley sediments. As

detailed by Schaper et al. (2022), radon production can be highly vari-

able at local scales within alluvial material, complicating the use as a

quantitative tracer of groundwater sources and travel times.

4.4 | Common versus convergent source

groundwater conceptual models and geologic controls

The dichotomy of common and convergent conceptualizations has

limitations in terms of capturing the potential variety of groundwater

expression along mainstem riverbanks. Our results show that dis-

charge faces express varying degrees of converging groundwater

flowpaths. Discharge faces can have common general source depths

and lengths but also have groundwater chemistry that indicates dis-

tinct sources that converge at the discharge face (i.e., Alsop 1). We

believe that is a function of how groundwater flowpaths integrate

multiscale chemical legacies and may show discharge concentrations

that are influenced by immediate river corridor sources. In this case,

variable Cl� application to anthropogenic features near the river likely

influenced both shallow/local and deep/regional discharge concentra-

tions. Given the multiscale complexity in groundwater chemistry, the

toolkit elements presented here based on physical flux patterns may

be more reliable for inference of general source groundwater

characteristics.

The dominance of apparent deep/regional groundwater sources

to the River Island PDPs may be explained by the underlying bedrock

geology of those sites relative to Alsop Meadows. On average, the

bedrock contact under the River Island discharge faces was 40% shal-

lower than the Alsop faces. Along the River Island reach the river

flows normal to the dipping bedrock strike, a situation thought to

enhance groundwater discharge, especially from sedimentary bedding.

When the upper 32 m of the streambed electrical resistivity geophysi-

cal imaging of the White et al. (2020) dataset are plotted along the

reach, clusters of mapped PDPs generally coincide with other major

resistive streambed features and occur along opposing banks

(Figure 8). Those resistive features have previously been interpreted

as dipping sandstone bedrock units (Lane et al., 2020). Water-bearing

sandstone bedrock units cutting perpendicularly across the riverbed

provides a mechanistic explanation for the deep/regional discharge

flux patterns that dominated the River Island discharge faces. The

implications of riverbank discharge from deep/regional sources to leg-

acy contaminant transport are profound. For example, pilot scale

PFAS compound sampling at a subset of the PDPs found older and

more toxic compounds associated with the River Island groundwater

discharge (Baranovic, 2022).

5 | CONCLUSIONS

Groundwater discharge source characteristics influence a wide range

of ecological and environmental patterns and processes, from
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landscape-scale legacy contaminant transport (Ransom et al., 2022),

to niche cold water habitat (Sullivan et al., 2021), baseflow regimes

(Hare et al., 2021), and near-stream biogeochemical processes

(Hester & Fox, 2020). Using common watershed scale groundwater

flow modelling techniques, Barclay et al. (2020) found that fundamen-

tal source groundwater characteristics along the Farmington River

were uncertain, as models with similar calibration metrics predicted

disparate attributes related to source flowpath depth (e.g., deep

vs. shallow) and length (e.g., local vs. regional). That uncertainty is

strongly influenced by underinformed geologic structure, even in the

Farmington River watershed where soils and bedrock maps are aug-

mented by recent geophysical data collection. By efficiently identify-

ing PDPs in the field using TIR, and monitoring temporal discharge

flux rate patterns and constituents, groundwater sources can be

inferred providing additional data with which to evaluate model pre-

dictions. Here we describe, implement, and evaluate an approach for

assessing multiscale temporal discharge flux attributes over five

extensive riverbank discharge faces to assess whether discharge faces

represented common or convergent source groundwater flowpaths.

Practically, if discharge faces along mainstem rivers tend to be domi-

nated by common groundwater sources, sampling strategies can

remain simplified to a few representative PDPs for the assessment of

legacy contaminant transport and other management relevant charac-

teristics as described by Barclay et al. (2020). However, if discharge

faces do indeed represent a focused convergence of a wide range of

flowpath depths, lengths, and ages, numerous PDPs need to be evalu-

ated across each discharge face to assess source groundwater

characteristics.

Given the outsized influence major groundwater discharges can

have on localized aquatic habitat and larger river ecosystem dynam-

ics (i.e., control points), it is important that we explicitly evaluate the

groundwater flowpaths contributing to extensive discharge faces.

Such understanding influences a range of management relevant

groundwater discharge characteristics, including vulnerability to

drought, climate change, and legacy contaminant transport. Along

the Farmington River, we found support for a modified conceptual

model of groundwater flowpath convergence along the riverbank.

The upstream Alsop Meadows discharge faces that occurred over

thick valley sediments indicated the greatest density of shallow/local

groundwater sources. The downstream River Island sites that

occurred over thinner sediments and known permeable bedrock fea-

tures intersecting the river corridor were dominated by deep/

regional source groundwater indicators. Our study highlights the

importance of combining multiple source groundwater inference

metrics and the utility of new discharge flux modelling approaches in

capturing multiscale temporal patterns that are diagnostic of a range

of physical processes relevant to river corridor science and

management.
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