Geophysical Research Letters’

RESEARCH LETTER
10.1029/2023GL104642

Key Points:

e Evaporation causes groundwater
and solutes to upwell from deep
sediments to the surface, resulting in
near-surface solute accumulation

e Heterogeneity causes strain-dominated
and vorticity-dominated flow regions
to coexist at small spatial scales along
preferential flow paths

e Upwelling groundwater creates
distinct mixing hotspots that differ
spatially from those generated by
large-scale hydraulic gradients

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

X. Geng,
gengxiaolong @gmail.com

Citation:

Geng, X., Boufadel, M. C., Li, H.,

Na Nagara, V., & Lee, K. (2023). Impacts
of evaporation-induced groundwater
upwelling on mixing dynamics in
shallow wetlands. Geophysical Research
Letters, 50, €2023GL104642. https://doi.
0rg/10.1029/2023GL104642

Received 22 MAY 2023
Accepted 25 JUL 2023
Corrected 21 AUG 2023

This article was corrected on 21 AUG
2023. See the end of the full text for
details.

Author Contributions:

Conceptualization: Xiaolong Geng,
Michel C. Boufadel

Funding acquisition: Xiaolong Geng,
Michel C. Boufadel, Kenneth Lee
Investigation: Xiaolong Geng, Hailong
Li, Viravid Na Nagara

Methodology: Xiaolong Geng, Michel
C. Boufadel

Project Administration: Hailong Li

© 2023. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

ok

Impacts of Evaporation-Induced Groundwater Upwelling on
Mixing Dynamics in Shallow Wetlands

Xiaolong Geng!? (2, Michel C. Boufadel’, Hailong Li* ’, Viravid Na Nagara3, and Kenneth Lee®

'Department of Earth Sciences, University of Hawai'i at Manoa, Honolulu, HI, USA, ?Water Resources Research Center,
University of Hawai'i at Manoa, Honolulu, HI, USA, *Department of Civil and Environmental Engineering, New Jersey
Institute of Technology, Newark, NJ, USA, *State Environmental Protection Key Laboratory of Integrated Surface
Water-Groundwater Pollution Control, School of Environmental Science & Engineering, Southern University of Science and
Technology, Shenzhen, China, *Department of Fisheries and Oceans, Dartmouth, NS, Canada

Abstract Groundwater mixing dynamics play a crucial role in the biogeochemical cycling of shallow
wetlands. In this paper, we conducted groundwater simulations to investigate the combined effects of
evaporation and local heterogeneity on mixing dynamics in shallow wetland sediments. The results show that
evaporation causes groundwater and solutes to upwell from deep sediments to the surface. As the solute reaches
the surface, evaporation enhances the accumulation of the solute near the surface, resulting in a higher solute
concentration than in deep sediments. Mapping of flow topology reveals that local heterogeneity generates
spatially varied mixing patterns mainly along preferential flow pathways. The upwelling of groundwater
induced by surface evaporation through heterogeneous sediments is likely to create distinct mixing hotspots
that differ spatially from those generated by lateral preferential flows driven by large-scale hydraulic
gradients, which enhances the overall mixing in the subsurface. These findings have strong implications for
biogeochemical processing in wetlands.

Plain Language Summary In shallow wetlands, groundwater mixing and exchange have been
identified as critical factors affecting biogeochemical cycling and transformation in sediments. Our results for
the first time demonstrate evaporation causes a significant upwelling of groundwater and solutes from deep
sediments to the surface. As the solute reaches the surface, evaporation enhances the accumulation of the solute
near the surface, resulting in a higher solute concentration than in deep sediments. Mapping of flow topology,
including the Okubo-Weiss parameter and dilution index, reveals that evaporation and local heterogeneity
generates dynamic mixing patterns along preferential flow pathways. Such mixing mechanisms would strongly
affect biogeochemical conditions in near-surface sediments of shallow wetlands, which have strong implications
for wetland ecosystems.

1. Introduction

Among the most productive ecosystems on the earth, wetlands play an integral role in regulating the ecology of
watersheds, including hydrologic transfers and storage of water, biogeochemical transformations, and primary
productivity and decomposition (Bhowmik, 2022; Richardson, 1994). Wetlands also provide habitats and food
webs for an immense variety of species, such as microbes, plants, insects, amphibians, reptiles, birds, fish,
and mammals (Douglas et al., 2005). Wetland groundwater flow involves complex interactions with various
surface hydrological processes, providing primary controls on biogeochemical cycling and transformation of
such elements as carbon, nutrients (e.g., N, P, and S), metals (e.g., Fe and Mn), microbial community structure
in sediments (Sadat-Noori & Glamore, 2019; F. Wang et al., 2022; Wilson et al., 2015). It also affects terrestrial
chemical fluxes entering surface waters via terrestrial groundwater discharge, which has strong implications for
ecological zonation and productivity in wetlands (Wang & Cai, 2004; Wilson & Gardner, 2006).

There are multiple driving factors that control groundwater flow and associated solute transport in wetland
systems (Guimond & Tamborski, 2021; Xin et al., 2022; Zhao et al., 2016). Wetlands are classified into tidal
wetlands and non-tidal wetlands. Tidal wetlands are found along coastlines, and can contain only freshwater, but
are influenced by tides. Tidal action facilitates the exchange of water and chemicals between tidal creeks and
wetlands, which in turn supports the overall hydrological and biogeochemical functioning of wetland ecosystems
(Armstrong et al., 1985; Balke et al., 2016; Xiao et al., 2019). Non-tidal wetlands are more found around inland
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areas, not subject to tidal influence. They are typically areas where the groundwater table is shallow at or near
the surface (Doss, 1993). Instead of tides, groundwater flow in non-tidal wetlands is controlled by the hydraulic
connection with surrounding watersheds. Terrestrial freshwater recharge creates large-scale hydraulic gradients
that drive groundwater flow from uplands to wetland depressions (de la Fuente and Meruane, 2017; Thibodeau
et al., 1998). Such lateral groundwater flows could transport inland-derived nutrients into wetland areas and
therefore affect the transformation and storage of nutrients in wetland soil. Terrestrial freshwater recharge into
wetlands is influenced by a multitude of hydrological and environmental factors. For instance, high precipitation
rates and significant differences in elevation between uplands and low-lying wetland platforms could create steep
lateral hydraulic gradients (de la Fuente and Meruane, 2017). This in turn enhances the transport of terrestrial
freshwater and associated solutes into the wetlands (Davy et al., 2011; Zedler et al., 1999). Spatial heterogeneity
of sediment permeability could also impact the subsurface flow and transport pathways in wetlands. Wetland
sediments are often heterogeneous with macropores, rip-up clasts, and amalgamations of terrestrial organic
matters such as leaves, sticks, and fine-grained organic matter (Guimond et al., 2020; Harvey & Nuttle, 1995;
Moffett et al., 2012; Sawyer, 2015). Numerous studies have identified that local heterogeneity can exert a strong
control on flow and nutrient transport in aquatic sediments (Harvey et al., 1995; Sawyer, 2015; Xu et al., 2021).

As a fundamental component of the hydrologic cycle, evaporation is an important driver for subsurface flow and
transport processes in wetlands (Li et al., 2005; Silvestri et al., 2005; Zhang et al., 2014). Previous studies iden-
tified the upwelling of groundwater due to the evaporation from the sediment surface (Geng & Boufadel, 2015;
Geng et al., 2016a). In wetland systems with a shallow groundwater table, the near-surface region usually has
a relatively high water content (due to strong capillary forces), which facilitates pore water evaporation from
the sediments (Mahfouf & Noilhan, 1991; Xin et al., 2017). The shallow groundwater table also builds a strong
hydraulic connection between the evaporation front and deep surrounding groundwater, which efficiently replen-
ishes the loss of water evaporated near the wetland surface, resulting in a sustainable evaporation rate on the
surface (Liu et al., 2022). In wetlands, the large-scale hydraulic gradients induce lateral groundwater flow to the
depression areas, while strong evaporation drives pore water to flow upward. Therefore, lateral hydraulic gradients
interacting with evaporation as well as local heterogeneity might induce very complex driving mechanisms that
transport groundwater flow and solutes/contaminants from deep sediments toward the wetland surface (Figure 1).
Such driving mechanisms are expected to be more obvious in the depression regions of non-tidal wetlands, due
to the shallow groundwater table and relatively long exposure time to the air compared to the regions periodi-
cally inundated by tides. However, the impacts of evaporation and associated groundwater upwelling on wetland
subsurface transport behaviors have not been investigated, especially taking into account geologic heterogeneity.
These water and solute mixing dynamics are critical for understanding aspects of wetland systems such as subsur-
face biogeochemical transformation, contaminant fate, and ecosystem function.

In this work, we use numerical simulations to illustrate the effects of evaporation-induced groundwater upwelling
on the mixing dynamics of subsurface flow and solute in shallow wetlands. Simulations of subsurface flow and
solute transport were conducted through a 2-D density-dependent, variably saturated model, considering evap-
oration impacts on the surface for both homogeneous and heterogeneous sediments. Tempo-spatial evolution of
subsurface pore-water flow and solute transport in response to interplay of lateral hydraulic gradient and surface
evaporation was quantified.

2. Methodology
2.1. Representation of Heterogeneous K Field

Geophysical fields (e.g., hydraulic conductivity K fields) have been widely observed to be self-similar or so-called
scaling invariant (Boufadel et al., 2000; Peitgen & Saupe, 1988; Schertzer & Lovejoy, 2011). Scaling properties
of a K field at the support scale / can be characterized using the sth order structure function:

(IAKy[*) ~ h™50, )]

where the function &(s) is the structure function exponent. In this study, heterogeneous K fields were assumed
to follow multifractal scaling, which captures both Gaussian and non-Gaussian statistics. Heterogeneous
K fields were generated using the universal multifractal (UM) model (Geng, Boufadel, Lee, & An, 2020;
Tessier et al., 1993) by adopting the multifractal properties analyzed from the in-situ permeability data
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Figure 1. Schematics of groundwater flow and contaminant transport in

heterogeneous aquatic sediments, where large-scale hydraulic gradients and

surface evaporation alternate as the primary driving force. The blue arrow

lines illustrate the flow paths generated by the hydraulic gradient, while the

gray arrow lines denote the upwelling groundwater flow caused by surface

evaporation. The red shades represent the upward intrusion of contaminants in

deep sediments, driven by the upwelling groundwater flow.

measured in Castle et al. (2004) as input, which represents a wide range
of fluvial to marine depositional settings, including wave-dominated and
tide-dominated nearshore-marine environments. In the UM model, the
function &(s) is expressed as follows (Pecknold et al., 1993; Schertzer &
Lovejoy, 1987):

cl
-1

&E=sH — (s* =), @)
a

Where a (0 < a < 2) is the multifractal parameter, measuring departure from
monofractal behavior defined by @ = 0; ¢l is the codimension parameter,
measuring the degree of intermittency; and H is the Hurst exponent linked
to the degree of scale invariant smoothing. To mitigate any potential bias
originating from the boundaries, the 2D fractal K field was generated over
512 x 512 cells at 0.05 x 0.05 m resolution, and the central 61 X 201 was
extracted and used for groundwater flow and transport modeling. The geomet-
ric mean of K was maintained at 1.0 X 10~* m/s. The generated multifractal
fields were tested to preserve the same underlying statistics as the measure-
ment fields by comparing observed and simulated structure function expo-
nents (i.e., £). The details of generating multifractal K fields are described in
Geng, Boufadel, Rajaram et al. (2020). A homogeneous case with the equiv-
alent K to the heterogeneous case was also simulated for comparison.

2.2. Groundwater Flow and Solute Transport Model

Subsurface flow and solute transport were simulated using the variably satu-
rated density-dependent model MARUN (Boufadel et al., 1999; Geng &
Boufadel, 2015, 2017; Geng, Pan, et al., 2016; Li et al., 2008). The simulated
domain is 10 m wide and 3 m deep to represent near-surface wetland sedi-

ments (Figure S1 in Supporting Information S1). The grid resolution of the simulated domain is 0.05 m in both

directions. The mesh was made fine enough to meet the strict criterion for the grid Peclet number to be less than
or equal to 2.0 (Zheng & Bennett, 2002). The time step selected for the MARUN simulation was 6.0 s, ensuring
that the grid Courant number remained below 0.5. In the model, the convergence criterion for the Picard iteration

of the pressure head was set at 1073 m. At the inflow boundary, a shallow groundwater table was assumed, which
was set 15 cm below the surface. A mild hydraulic gradient of 2 X 10~ was adopted in the model, resulting in a
2 cm drop in the groundwater table at the outflow boundary. To investigate the impacts of evaporation-induced

groundwater upwelling on the movement of solute from deep sediments toward the surface, we assumed the pres-

ence of ions in solution at the concentration of 0.6 mg/L at a depth of 50 cm below the surface.

2.3. Evaporation

Evaporation was applied at the surface every 12 hr to represent the daily fluctuations of evaporation effects. We

established the meteorological parameters of 40% relative humidity, 27°C temperature, and 2.5 m/s wind speed

to simulate a typical summer climate with relatively dry conditions (Figure S2 in Supporting Information S1). An

evaporation flux, E,, was calculated using the bulk aerodynamic approach (Mahfouf & Noilhan, 1991):

Pair

Pwater Rair (qg - qﬂil’)' (3)

g =

Where p,; and p,,.. denote the density of air and freshwater, respectively, g, and g, denote the air and surface

relative humidity, respectively, and R

i is the aerodynamic resistance, expressed as 94.909 x u=%%, where

u represents the wind speed (m/s) at the atmospheric reference level (~2 m above the soil surface). There are

numerous models that have been developed to estimate the aerodynamic resistance (Ghiat et al., 2021). In this

paper, we chose to adopt the empirical relationship between aerodynamic resistance and wind speed as proposed

by Liu et al. (2006), which has proven its validity across both bare soil surface and maize fields. Cauchy boundary
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condition was adopted in the MARUN model to simulate solute accumulation below the soil surface due to evap-
oration, expressed as follows (Geng & Boufadel, 2015):

(4e — ppSD - Ve) -1 =0, 4)

where § is the Darcy flux vector, c is the solute concentration, f is the density ratio between actual water density
to freshwater density, ¢ is the porosity of the porous medium, § is the soil moisture, D represents the physical
dispersion tensor, 7 is the vector normal to the boundary.

2.4. Metrics of Groundwater Flow and Solute Transport

In this work, flow topology was used to characterize the mixing strength in heterogeneous porous media (de
Barros et al., 2012; Sposito, 2001). In particular, de Barros et al. (2012) revealed that flow topology categorizes a
flow field as strain-dominated and vorticity-dominated regions. Within strain-dominated regions, a solute plume
will be stretched and deformed, which increases the interface between the plume and surrounding clean water,
and therefore enhances the mixing of solute in pore spaces. By contrast, within vorticity-dominated regions, the
solute plume will only be spun by local fluid rotation, which results in less local mixing of the solute with the
surrounding groundwater. A measure of flow topology is the Okubo-Weiss parameter, ©, which depends on shear
and stretching deformation and vorticity:

dgx  9g:\ (6qz 94x )2 < dq:  0gx )2
O=(—- - - 5
<0x dz) + o0x + 0z ox 0z )

where g, and g_ denote the Darcy fluxes in the horizontal and vertical directions, respectively. The three terms on

the right-hand side represent the normal and shear components of strain (s, and s,) and the relative vorticity of
the flow, respectively. The value of @ allows the classification of flow fields into three types based on the value
of the standard deviation of the field, o, (Isern-Fontanet et al., 2004). These are: a vorticity-dominated region
(6 < -0.26,,), a strain-dominated region (@ > 0.2c,), and a background sheared flow field (160 < 0.25,,).

A local-scale analysis of mixing strength relies on the measure of dilution, defined as the dilution index, E, which
has also been introduced herein to characterize the mixing patterns of solutes in heterogeneous aquatic sediments
(de Barros et al., 2012; Kitanidis, 1994), and we used it in our prior work (Geng, Boufadel, Lee, & An, 2020;
Geng, Heiss, et al., 2020; Geng, Michael et al., 2020). To investigate impacts of evaporation on the mixing
strength, we integrated E(x, z, ) over 12-hr periods when evaporation was on and off, respectively:

[T dE(x,z,1)
E(X,Z) —A Tdt, (6)

where the integration is calculated at each element over a particular time to represent overall local-scaling mixing
at that location. The dilution index at each node and specific time is calculated using the simulation results
obtained from the MARUN model.

Forward particle-tracking was conducted to reveal the upwelling flow pathways and associated transit times
within the simulated domain. A particle tracking code, NEMO3D (Geng, Boufadel, Rajaram, et al., 2020; Geng
et al., 2014, 2016b), was used for these simulations. The neutrally buoyant particles were released 50 cm below
the surface at a 10 cm horizontal interval at the initial time, and the simulated transient velocity field was used for
displacing the particle locations at each time step without allowing for dispersion.

3. Results

Figure 2 shows that without evaporation, lateral groundwater flow pathways were simulated for both hetero-
geneous and homogeneous cases, which are mainly driven by the large-scale hydraulic gradient. By contrast,
as evaporation occurred on the sediment surface, the direction of groundwater flow was altered, causing it to
flow upwards toward the surface (Figures 2b and 2c¢). In particular, the upwelling groundwater flow paths were
observed at depth of 1 m below the surface. This indicates that evaporation affected groundwater flow from deep
sediment pores to the surface. Our simulation results also show that local heterogeneity caused the perturbation

GENG ET AL.

4of 12

ASUAOI] suowwo)) daAnear) ajqeaijdde ay) £q pauioaod are sa[onIe YO fosn Jo sajni 10} K1eiqr suljuQ L3[IA\ UO (SUOHIPUOS-PUE-SULID}/W0d Ad[1m ATeiqrjaut[uo//:sd)y) SUonIpuo)) pue suLd | Yy 39S ‘[€707/80/Sz] uo Areiqiy autjuQ L3[IM ‘TH9+01T1DET0T/6T01°01/10p/wod Kapim Kreiqrjauruo sqndney/:sdny woiy papeojumo( ‘ST ‘€702 ‘L0086



.Yl )
NI Geophysical Research Letters 10.1029/2023GL 104642
£ 8.0E-07
e @)
% 6.0E-07
g 4.0E-07 LOQ(K/Kmin)
g Il u
& 2.0E-07
& 012345
o 0.0E+00 + T T . . : . . : € 3.— ,
0 50 100 150 200 250 300 350 400 450 & ; ’
Time, h -92f;
T 1
3 3 [
20

e 1]
g
B=5y 1
b)s, [/ /7]
§ 241771

—_~
(3]
N
Elevation, m

N
[N}

4 “"5% 58 6 62 64

Distance, m Distance, m
(f) m Heterogeneous case = m Homogeneous case
3000
2500
2000
1500

1

Travel time, h

OllIIEIIIIgiIIimullhllhlléliilgllh!llllglli!o

3 4 5
Distance, m

Figure 2. (a) Simulated evaporation rate on the sediment surface, (b, c¢) groundwater flow paths driven by the large-scale hydraulic gradient (blue arrow lines) and
surface evaporation (black arrow lines), respectively, for homogeneous and heterogeneous cases, (d, e) upwelling trajectory of particles released at the deep location
0.5 m below the ground surface for homogeneous and heterogeneous cases, respectively, and (f) travel time required for the released particles to reach the sediment
surface, for both homogeneous and heterogeneous cases. The heterogeneous hydraulic conductivity (K) field generated using the Universal Multifractal (UM) model is

shown in (c).

of the groundwater flow pathways in both lateral and vertical directions (Figure 2c). For the heterogeneous case, a
centimeter-scale upwelling of the lateral flow paths (i.e., without evaporation) is observed at the distance between
6 and 6.5 m. This is most likely due to the existence of preferential groundwater paths flowing through high
permeability zones adjacent to low permeability zone. This highlights the important impact of local heterogeneity
on groundwater flow paths.

The particle tracking results demonstrate the upward movements of particles released from deep sediments to
the surface due to evaporation for both homogeneous and heterogeneous cases (Figures 2d and 2e). The particles
released in the homogeneous sediments demonstrated consistent upwelling trajectories from deep sediments to
the surface. By contrast, a significant perturbation of the particle trajectories was observed for the heterogeneous
case. Due to local heterogeneity, some particle trajectories converged and formed preferential pathways from
deep sediments to the surface. It resulted in a nonuniform spatial distribution of travel time required for the parti-
cles released from deep sediments to reach the surface (Figure 2f). The mean + standard deviation of the travel
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Figure 3. Concentration contours depicting the upward intrusion of the solute in deep sediment due to evaporation-induced upwelling groundwater flow for (a—d)
homogeneous case and (e-h) heterogeneous case. (i, j) The horizontal-average concentration distribution below the surface at different times for homogeneous and
heterogeneous cases, respectively. (k) The upward intrusion of the solute plume as a function of time, with the delineation of the plumes' edge where the concentration
was 20% of the maximum (i.e., 0.12 mg/L).

time for the homogeneous case was 602 hr + 22 hr, while it varied significantly for the heterogeneous case, rang-
ing from 386 to 2890 hr with a mean and standard deviation of 847 hr + 532 hr. The extremely long travel time
at certain locations (e.g., the distance between 3 and 5 m) is because fairly low hydraulic conductivity limited the
travel speed of the particles released within the low permeability zones, and therefore dramatically increased the
travel time of the particles before they reached the upwelling preferential flow pathways.

Evaporation-induced upwelling groundwater flow induces the intrusion of solute from deep sediments to the
surface. For the homogeneous case, alternating evaporation effects on the sediment surface drove the solute to
migrate upward from deep sediments toward the surface (Figures 3a and 3b). As the solute reached the surface,
subsequent evaporation accumulated the solute near the surface and significantly elevated the solute concentration
near the sediment surface. According to the simulations, due to evaporation, the concentration near the surface
increased to twice the initial concentration of solute set in deep sediments (Figure 3c). As a result, the concen-
tration gradient reversed, with a higher concentration near the sediment surface. This caused the near-surface
solute plume to disperse downwards, leading to elevated solute concentration at deeper locations (Figure 3d).
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The upward intrusion of the solute from deep sediments was also observed for the heterogeneous case but with
large spatial variability (Figure 3e). It shows that preferential flow accelerated the evaporation-induced upward
movement of the solute through high permeability zones. Interestingly, significant groundwater upwelling flow
occurred even without evaporation effects on the surface where the groundwater system was mainly driven by the
lateral hydraulic gradient (Figure 3f). The results provide evidence that local heterogeneity also contributed to the
upwelling of the flow and solute from deep sediments toward the surface. By contrast, the upward movement of
the solute was limited within areas of low permeability (Figures 3g and 3h). As a result, the solute concentration
remained low near the surface where the sediment exhibited low permeability. Within those areas, the solute
concentration was primarily increased by the spreading and dispersion of the high-concentration solute from the
surrounding high-permeability zones, rather than by upward intrusion. The vertical concentration profiles further
demonstrate the temporal evolution of the solute concentration along the depth for homogeneous and heterogene-
ous cases (Figures 3i and 3j). It is evident that multiple phases were involved in the upward intrusion of the solute
from deep sediments by evaporation. Evaporation-induced groundwater upwelling transported the solute from
deep sediments toward the surface. Once the solute reached the surface, evaporation accumulated it and increased
its concentration at the surface. As the near-surface concentration exceeded that of the underlying layer, reversed
concentration gradients caused the solute plume to disperse downwards. After 17 days of alternating evaporation,
the solute concentration near the surface increased to over twice the initial concentration in deep sediments. In
the homogeneous and heterogeneous cases, the surface concentration was 1.24 mg/L and 1.43 mg/L, respectively.
The higher concentration in the heterogeneous case was due to preferential flow pathways, which allowed the
solute to travel a shorter time to reach the surface and therefore increased its exposure time to evaporation at
the surface. This enhanced the solute's accumulation near the surface. Figure 3k shows that the solute plume
took 173 and 104 hr to migrate from deep sediment to the surface in the homogeneous and heterogeneous cases,
respectively. It is evident that the shorter travel time in the heterogeneous case allowed the solute to undergo three
additional evaporation cycles at the surface compared to the homogeneous case.

The combined effects of alternating evaporation and local heterogeneity lead to the emergence of complex mixing
mechanisms in shallow wetland sediments. In the absence of evaporation, a contour plot of the ® parameter shows
that local heterogeneity created spatially varied strain- and vorticity-dominated flow regions. These regions coex-
isted at small spatial scales, mostly along the lateral preferential flow paths within high-permeability zones
(Figure 4a). The solute mixing within sediment pores was intensified in the strain-dominated flow regions and
limited in the vorticity-dominated flow regions. Evaporation intensified subsurface mixing and caused changes
in its spatial patterns within sediments (Figure 4b). Due to evaporation, the strain- and vorticity-dominated flow
regions experienced quantitative enhancement near the sediment surface and expanded further downwards along
the vertical preferential flow pathways. This indicates that the solute underwent more intense stretching and
deformation as it moved toward the surface. Additionally, evaporation increased the spatial extent of both the
strain- and vorticity-dominated regions in the subsurface by 47% and 50%, respectively, compared to their extents
in the absence of evaporation effects (Figure 4c). The dilution index further illustrates the impact of evaporation
on subsurface mixing patterns (Figures 4d and 4e). In the absence of evaporation, high dilution index values were
typically concentrated along lateral preferential groundwater flow pathways. However, evaporation on the sedi-
ment surface notably affected the spatial distribution of the dilution index. Due to evaporation, the values of the
dilution index were significantly elevated near the sediment surface and expanded downward along the upward
preferential flow pathways. Figure 4f demonstrates that the area of zones with the dilution index greater than 0.01
expanded by over threefold when evaporation occurred on the surface. Additionally, the average of the dilution
index across the simulated domain nearly tripled, increasing from 6.2 X 1073 to 1.7 x 1072 due to evaporation.
This indicates that evaporation-induced groundwater upwelling through the heterogeneous sediments created
distinct mixing hotspots that spatially differed from those generated by lateral preferential flows driven by the
large-scale hydraulic gradients. Overall, these results suggest that evaporation generally enhanced the mixing of
groundwater and solute in the subsurface.

4. Discussion

Our study highlights the important role of evaporation in the upwelling of groundwater flow and solutes from
deep sediments toward the surface in shallow wetlands. Previous studies have identified the accumulation of
nutrients in deep wetland sediments (Brodersen et al., 2019; Davidsson et al., 1997; Senga et al., 2011; Visscher
et al., 1991). Senga et al. (2011) found an accumulation of nitrate (NOB‘) and dissolved organic carbon in deep
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sediments of wetlands in northeastern Japan, attributed to an increase in nutrient loading from changes in land
use. Brodersen et al. (2019) measured a high total sulfide (Slzo‘ml) concentration at deep locations of salt marshes.
In this paper, we delineate, for the first time, evaporation could induce groundwater upwelling that drives the
solute to transport from deep sediments to the surface; once the solute plume approaches the surface, evaporation
will further enhance the accumulation of the solute near the surface and increase the solute concentration even
higher than that in deep sediments. Note that we neglect the evaporation process during the night as its rate is typi-
cally much lower than during the day. However, in scenarios where overnight evaporation cannot be considered
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negligible and is substantial, the evaporation-inducing upwelling flow and the consequent accumulation of solute
near the surface will become even more prominent. Such transport mechanisms would strongly affect biogeo-
chemical conditions in near-surface sediments of shallow wetlands. For instance, the accumulation of nutrients
would cause acidification and eutrophication in surface sediments (Senga et al., 2011). The resulting change in
nutrient concentrations and pore-water pH might cause the alternation of near-surface microbial communities
as well as their activities associated with organic matter decomposition and nutrient remobilization and cycling
(D’Angelo & Reddy, 1994; McLatchey & Reddy, 1998). Local heterogeneity creates preferential flow pathways
through high-permeability regions which greatly shortens the travel time of the solute from deep sediments to
the surface, which facilitates the accumulation of the solute near the sediment surface. Heterogeneity also causes
spatial variability of solute upwelling from deep sediments and associated accumulation in surface sediments.
This indicates the significant impacts of local heterogeneity on large-scale patterns of nutrient distributions in
wetland sediments.

Our results reveal the flow topology and associated complex mixing dynamics in heterogeneous shallow wetland
sediments induced by evaporation. We use the Okubo-Weiss parameter to show that local heterogeneity creates
both strain-dominated and vorticity-dominated flow regions in wetland sediments. Their coexistence provides
a critical control on the centimeter-scale mixing of water and solute within sediment pores. Solutes undergo
stretching and deformation as they transport through strain-dominated flow regions, which leads to relatively
high mixing within sediment pores (de Barros et al., 2012; Dentz et al., 2018; Weeks & Sposito, 1998). By
contrast, the solutes experience rotation with less mixing as they travel through hotspots of vorticity-dominated
flow regions. Such local-scale mixing patterns show a dynamic response to evaporation. The subsurface mapping
of the dilution index suggests that evaporation-induced groundwater upwelling through the heterogeneous porous
medium creates distinct mixing hotspots that spatially differed from those generated by lateral preferential flows
driven by the large-scale hydraulic gradients. Such alternating spatial patterns of the dilution distribution enhance
the mixing of groundwater and solute in the subsurface. Biogeochemical hotspots in wetland environments have
been observed in numerous field studies (Larkin et al., 2016; McClain et al., 2003; Opdekamp et al., 2012; Palta
et al., 2014). Our results indicate that the combined effects of evaporation and heterogeneity create dynamic
mixing hotspots, which likely intensify complex mixing-dependent geochemical reactivity in shallow wetland
sediments. It might provide plausible interpretations for these field observations, which have strong implications
for biogeochemical processing in wetland environments. In this paper, our investigation focused on a groundwater
system primarily influenced by lateral terrestrial groundwater discharge and evaporation, which is expected to
exhibit mainly 2D behavior. While geologic heterogeneity may introduce some 3D perturbation to groundwater
flow, the impacts of such effects are anticipated to be minimal when compared to the dominant hydraulic gradi-
ents. However, in certain highly heterogeneous aquifers, groundwater flow can exhibit significant 3D behavior
(Geng & Michael, 2020; Kreyns et al., 2020; Perriquet et al., 2014), which needs to be considered in future
studies. Nevertheless, it is important to note that significant upwelling of contaminants from deep sediments to
the surface has not been fully recognized. Our simulation unveils a vital mechanism by which deep contaminants
upwell in wetlands, underscoring the importance of considering this factor in future field monitoring efforts.

5. Conclusion

Groundwater flow simulations were conducted to show the combined effects of evaporation and local hetero-
geneity on the emergence of complex mixing mechanisms in shallow wetland sediments. Evaporation causes
the upwelling of groundwater and solutes from deep sediments to the surface. As the solute plume approaches
the surface, evaporation will further enhance the accumulation of the solute near the surface and increase the
solute concentration even higher than that in deep sediments. The mapping of the flow topology, including the
Okubo-Weiss parameter and dilution index, reveals that evaporation-induced groundwater upwelling through
the heterogeneous porous medium likely creates distinct mixing hotspots that spatially differed from those gener-
ated by lateral preferential flows driven by the large-scale hydraulic gradients. Our findings highlight the neces-
sity of taking into account evaporation and local heterogeneity in terms of evaluating wetland ecosystems.

Data Availability Statement

Data supporting this study are available in CUAHSI HydroShare (http://www.hydroshare.org/resource/135b355
a2aec44c49308b463eeeSdecc).
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Erratum

In the originally published version of this article, the contribution number from the author’s institution (SOEST
#11707) was omitted from the Acknowledgments. The error has been corrected, and this may be considered the
authoritative version of record.
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