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Electrodeposition of calcareous cement
from seawater in marine silica sands
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The erosion ofmarine sediments is a pressing issue for coastal areasworldwide. Establishedmethods
to mitigate coastal erosion fail to provide lasting and sustainable solutions to protect marine
ecosystems. Here we demonstrate the application of mild electrical stimulations to precipitate
calcareous mineral binders from seawater in the pores of marine soils via electrodeposition, an
alternative approach tomitigating coastal erosion. Results of electrochemical laboratory experiments
unveil that the polymorphs, precipitation sites, intrusionmechanisms, and effects of electrodeposited
minerals in marine sands vary as a function of the magnitude and duration of applied voltage, soil
relative density, and electrolyte ionic concentration. Surprisingly, in addition to the precipitation of
calcium carbonate andmagnesium hydroxide, the formation of hydromagnesite is also observed due
to electrically driven fluctuations in the local pH. These electrodeposits lead to enhanced mechanical
and hydraulic properties of the marine sands, indicating that electrodeposition routes could be
developed to reinforce marine soils in coastal areas that more closely mimic natural systems.

Coastal areas support the world’s most heavily developed regions1 and
house approximately 40% of the global population2. Yet, coastal areas face
daunting challenges in the wake of extreme weather and rising sea-level,
particularly erosion1,3,4.

Conventional methods to mitigate coastal erosion include seawalls4,5

and beach replenishment6,7. However, these approaches are effective only
within timeframes of a few years, representing costly and temporary solu-
tions that require recursive retrofit8. In contrast, natural systems, such as
coral reefs7,9 and ecological barriers7,10,11, not only enhance coastal resilience,
but also provide more structural support and can even contribute to beach
accretion8.

Inspired by the way marine organisms utilize metabolic energy to grow
their skeletons and shells through mineral precipitations in seawater, capable
of resisting even the most extreme perturbations, this work explores an
emerging and potentially disruptive approach to mitigate the erosion of
marine soils. This approach consists of using electrical energy to precipitate
comparablemineral precipitations to those that build the skeletons and shells
of marine organisms in the pores of marine soils for cementation purposes
and the ultimate enhancement of the erosion resistance of such materials.

The possibility to precipitate solidmineral binders in seawater through
the application of mild electrical stimulations derives from the large buf-
fering capacity12,13 and wide availability of ions14,15 characterizing such an
electrolyte, and the process of electrodeposition16: the electrically mediated
precipitation of minerals dissolved in solutions. Specifically, when an

electrical current is applied to seawater, a variety of reduction and oxidation
(redox) reactions occur, along with solid precipitations17. These reactions
commence with the release of hydroxide ions (OH�) around cathodic
interfaces, leading to an increase in the local pH. Under these conditions, the
generated hydroxide ions react with naturally dissolved divalent cations in
seawater (Mg2þ and Ca2þ) and bicarbonate anions (HCO�

3 ), yielding the
otherwise non-spontaneous precipitation of two ubiquitous minerals:
magnesium hydroxide (Mg OHð Þ2) and calcium carbonate (CaCO3)

18,19.
Currently, the electrodeposition of minerals in seawater is largely

exploited to protect marine structures against corrosion20–22, contribute to
marine life16,23,24, and heal cracks in shoreside infrastructure25,26. Recent
experimental evidence shows that electrodeposition can also cementmarine
substrates in contact with metallic structures27 and the minerals formed in
this manner appear to be durable28. However, the understanding of the
influenceof electrodepositionon the structure andproperties ofmarine soils
remains limited. In this context, a knowledge gap exists due to the apparent
absence of studies examining the influence of the magnitude of the applied
voltage on mineral selectivity, composition, spatial distribution, intrusion
mechanisms, and effects on soil properties, despite voltage being the driver
of electrodeposition.Although amechanistic understanding of the reactions
and products of electrodeposition has been achieved for seawater17, this
knowledge is unavailable for soils, where the electrical and kinetic phe-
nomena ruling electrodeposition are inherently more complex due to the
influence of geometric, physical, and chemical constraints exerted by the
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pore network of such materials. Therefore, the implications of variable
reaction regimes andmineral formations that can be achievedwith different
electrochemical potentials on the structure and properties of marine soils
remain uncharted.

The fundamental hypothesis of this work is that the electrodeposition
in marine soils depends principally on the features of the (1) electrical
treatment, (2) soil fabric, and (3) electrolyte solution. To test this over-
arching hypothesis, we carried out two distinct types of experiments in
custom-designed electrochemical cells on silica sand under highly con-
trolled conditions (see Methods). The first involved short-term batch
experiments with no water recirculation to uncover the selectivity of elec-
trodeposits in soils. The second comprised long-term experiments with
periodic water recirculation to unveil the intrusion mechanisms and effects
of electrodeposits in soils under conditions comparable to open seawater
environments. Altogether, these experiments explored the influence of the
following central variables for the features of applied electrical treatments,
treated porous materials, and electrolyte solutions: (1) magnitude and
duration of the applied voltage, (2) soil relative density, and (3) electrolyte
ionic concentration, respectively. Multiple physical, chemical, and
mechanical characterization methods were used to investigate the mor-
phology, structure, composition, spatial distribution, and effects of elec-
trodeposited minerals in sand.

The results of this work uncover key mechanisms and effects of the
artificial precipitation of minerals in marine soils, advancing geochemical
knowledge and supporting engineering and technology in the development
of more effective mitigation strategies for coastal erosion.

Results
Physical characterization
Physical characterizationachievedvia scanning electronmicroscopy (SEM),
Raman spectroscopy, and imaging analyses of the electrodepositedminerals
highlights key microscopic features of their precipitation loci, morphology,
and polymorphism, along with apparent macroscopic effects on the silica
sand (Fig. 1, Methods). The first uncovered pattern is that the precipitation
loci and type of electrodeposits depend on the applied voltage, which gov-
erns the reaction regimes and hence the electrodeposition process (Fig. 1a).
At a relatively low voltage (2.0 V), sparse electrodeposits surround sand
particles without significantly bonding them together (Fig. 1a, row 1, col-
umn 1). At a medium voltage (3.0 V) and high voltage (4.0 V), denser
electrodeposits surround and bond sand particles via mineral bridges
(Fig. 1a, row 1, columns 2 and 3). The SEMresults consistently indicate two
dominant mineral formations: CaCO3 in the forms of calcite (rhombohe-
dral morphology) and aragonite (needle-like morphology)29, as well as
Mg OHð Þ2 in the formof brucite (fibrous compounds constitutedof lamellar
structures)18,19. CaCO3 formations appear especially at lower voltages
(Fig. 1a, rows 2 and 3, columns 1 and 2), whereasMg OHð Þ2 formations are
mainly electrodeposited at higher voltages (Fig. 1a, rows 2 and 3, column 3);
when both CaCO3 andMg OHð Þ2 are electrodeposited,Mg OHð Þ2 minerals
coat the silica soil particles and form a substrate for the precipitation of
CaCO3 minerals (Fig. 1a, rows 2 and 3).

An analysis of SEM images of selected samples of the tested silica sand
shows that Mg OHð Þ2 is formed as both lamellar and block brucite, and
CaCO3 is found in the increasingly stable forms of vaterite, aragonite, and
calcite (with aragonite dominating in quantity with respect to calcite and
vaterite) (Fig. 1b). Notably, a quantitative analysis of Raman spectra of
precipitated minerals on the silica sands consistently indicates CaCO3
precipitations in the forms of calcite and aragonite, as well asMg OHð Þ2 in
the formof brucite; additionally, Raman spectra also unveil the precipitation
of hydromagnesite,Mg5 CO3

� �
4 OHð Þ2 � 4H2O (Fig. 1c and Supplementary

Fig. 1). XRD analyses reported in the sequel (Fig. 2e) also quantitatively
confirm such evidence.

A second discernible pattern in the electrodeposition of minerals in
marine sands is that the size and precipitation loci of electrodeposits depend
on the relative density (Fig. 1d), which is a proxy of porosity. Loose sands
exhibit smaller minerals and more uniform and widespread precipitations

(Fig. 1d, columns 1 and 2). In contrast, dense sands exhibit larger minerals
and less uniform and widespread precipitations, as well as more aragonite
compared with calcite, with almost no brucite (Fig. 1d, columns 3 and 4).

An analysis of the volume and mass of “cemented” (or affected) sand
elucidates a thirddiscernible feature for the electrodeposition inmarine soils
(Fig. 1e); the volume of soils influenced by electrodeposits depends on the
duration andmagnitude of the applied electrical stimulation. After 7 days of
treatment, a limited volume of sand is cemented by electrodeposits. The
largest cemented volume is achieved for 3.0 V, whereas smaller volumes are
achieved (inorder) for 4.0 and2.0 V.After28days, a larger volumeof sand is
cemented by electrodeposits. The largest cemented volume is achieved for
4.0 V,whereas smaller volumes are achieved (in order) for 3.0 and 2.0 V. For
a given voltage, the affected volume of electrodeposits decreases with an
increase in the soil relative density, whereas it increases for a longer electrical
stimulation. Extending the duration of the electrical stimulation from 7 to
28 days does not significantly change the extent of the cemented volume of
sand for 2.0 and 3.0 V, whereas it tremendously enhances such extent for
4.0 V.After 7 days, the soil area affected by electrodeposition reaches a radial
distance of about 2–3 times the electrode diameter for 3.0 V. In contrast, this
area exceeds a radial distance of 20 times the electrodediameter after 28days
of treatment with 4.0 V.

Consideration of the macroscopic effects of electrodeposition for
varying magnitudes of voltage elucidates a final feature for the electro-
deposition of minerals in marine soils (Fig. 1f); there exist distinct intrusion
mechanisms and extents of volumes affected by electrodeposition,mainly as
a function of changes in the electrochemical reactions ruling electro-
deposition (seeDiscussionandSupplementaryDiscussion).The application
of a low voltage (2.0 V) over a prolonged time yields electrodeposits near the
cathode, which penetrate in the soil farther away from the electrode for a
mediumvoltage (3.0 V) and influence a significant portion of the bulk of the
soil for a high voltage (4.0 V). Comparable results are obtained within
shorter timeframes (Supplementary Fig. 2), with the difference that the
overall volume influenced by electrodeposits is consistently less significant.
As electrodeposits grow within sands, they form a cemented material.
Electrical current and resistance vary according to suchmineral formations,
with an overall decrease of the former and an increase of the latter due to the
constant applied potential over time (Supplementary Fig. 3).

Chemical characterization
Chemical characterization of the environmental conditions in the sand and
the electrodeposits (Fig. 2) achieved by pHmeasurements, energy dispersive
X-ray spectroscopy (EDS), X-ray diffraction (XRD), and thermogravimetric
analyses (TGA) (seeMethods) supports an enhanced analysis of themineral
properties and their formation in closed and open electrochemical systems.
The temporal variations of pH at the anode (Fig. 2a) and cathode (Fig. 2b)
measured in the short-term in a closed system show that the pH in the sand
can change significantly, leading to the creation of an acidic environment
near the anode and a more alkaline environment near the cathode due the
influence of oxidation and reduction reactions, respectively. For both loose
and dense sands, the low voltage level (i.e., 2.0 V) results in minimal to
negligible changes in pH. However, for the highest voltage level (i.e., 4.0 V)
the impact is considerable. In all cases, pH variations are delayed in dense
sands due to their smaller porosity and greater tortuosity compared to loose
sands. Upon the termination of the electrical conditioning, the pH starts to
return to its initial value. In contrast, the temporal variations of pH at the
anode and cathode (Fig. 2c) measured in the long-term tests in an open
system highlight minimal to negligible variations in pH due to the periodic
recirculation of seawater. By refilling the system with Ca2þ andMg2þ ions,
these conditions keep the bulk electrolyte ionic concentration approxi-
mately constant.

An analysis of the elemental mapping obtained via EDS for loose and
dense sands (Fig. 2d and Supplementary Fig. 4) reveals a decrease in the
Ca=Mg ratio with increasing voltage, consistently with all the qualitative
results obtained via SEM (Fig. 1a). The same trend for theCa=Mg ratio as a
function of the applied voltage is calculated from the Rietveld refinement of
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the XRD spectra (Fig. 2e and Supplementary Fig. 5) and the TGA results
(Fig. 2f and Supplementary Fig. 6). The quantitative differences between the
obtained trends for the Ca=Mg ratio are associated with the different
techniques employed to analyze this variable, remaining qualitatively con-
sistent.Notably, both theXRDandTGAresults confirmagain thedominant
precipitation of calcium-based minerals at limited voltages, as opposed to
the dominant precipitation of magnesium-based minerals at substantial
voltages, as previously shown by the SEM analyses (Fig. 1a). The XRD
analyses substantiate the presence of vaterite, calcite, aragonite, brucite, and
hydromagnesite, as previously highlighted by the Raman spectra (Fig. 1c
and Supplementary Fig. 1).

Hydromechanical characterization
The nucleation and growth of mineral electrodeposits change the
structure of marine sands. Consequently, these mineral precipitations

modify the properties of such materials. The results of this work quan-
titatively unveil changes in the hydraulic conductivity, k, and the
unconfined compressive strength, UCS, of marine sands subjected to
electrodeposition (Fig. 3).

A hydraulic characterization of the sands subjected to long-term
electrical conditioning (Fig. 3a) indicates a decreasing trend in hydraulic
conductivity formaterials subjected to increasing voltages. Interestingly, the
decrease in hydraulic conductivity of a cemented sand compared to a clean
(i.e., untreated) sand canbe as high asoneorderofmagnitude for thehighest
voltage (4.0 V). In all cases, the results show a higher hydraulic conductivity
of loose compared to dense sands because of themore porous packing of the
former compared to the latter.

An analysis of the correlation between the unconfined compressive
strength and the mass cement content of the tested sands (Fig. 3b) shows
that both loose and dense sands benefit from a marked increase in strength

Fig. 1 | Influence of selective electrodeposition on the structure of silica sand.
a SEM images at different scales (i.e., particle, interface, andmineral scale) of loose silica
sand subjected to short-term electrical conditioning (i.e., 7 days) at voltages of 2.0, 3.0,
and 4.0 V; b SEM images of all the visible solid minerals achieved by electrodeposition;
c Raman spectra for minerals precipitated in the tested sands, compared with reference

spectra; d SEM images on silica sand at different relative densities (i.e., loose and dense)
at a voltage of 2.0 V; e Summary of the affected volumes of cemented (or affected) sand
at voltages of 2.0, 3.0, and 4.0 V for short-term tests (7 days) and long-term tests
(28 days); f Photographs of the effects of the distinct intrusion mechanisms associated
with variable voltages for the long-term tests at 2.0, 3.0, and 4.0 V.
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with themass cement content.The electrodeposits can yield cemented sands
withUCS reaching several MPa. In other words, electrodeposition can turn
initially cohesionless sands into rocks.

Discussion
Mechanistic analysis of electrodeposition reactions and effects
The results unveil a selectivity of themineral type, polymorph, proportions,
precipitation loci, and intrusionmechanisms achieved by electrodeposition

in marine sands depending on the (1) applied voltage, (2) soil relative
density, and (3) electrolyte ionic concentration.

The applied voltage fundamentally influences the process and effects of
electrodeposition in sands by triggering different electrochemical reactions
that govern the kinetics of mineral precipitations and their penetration in
the bulk of the treated materials. An analysis of the applied voltages with
respect to a reference electrode (see Supplementary Discussion, Supple-
mentary Figs. 7 and 8, and Supplementary Table 1) indicates that two key

Fig. 2 | Chemical characterization on the environmental parameters and elec-
trodeposited minerals on silica sand. a Evolution of pH over time near the anode
for short-term experiments (7 days), measured via a pH meter; b Evolution of pH
over time near the cathode for short-term experiments (7 days), measured via a pH
meter; c Evolution of pH over time in the electrochemical cell and at the inlet and
outlet of the cell for long-term experiments (28 days), measured via a pH meter;
d Summary of the elemental ratio of calcium overmagnesium ðCa=MgÞ obtained for
loose and dense sands at different voltages (2.0, 3.0, and 4.0 V) for both short-term

and long-term tests through EDSmapping (error bars indicate standard deviations);
e Summary of the relative weight of mineral according to Rietveld refinement
deriving from XRD analyses of sands (mc is the mass cement content, withMc the
mass of the cementing calcareous deposits and Mi the mass of the cemented soil;
error bars indicate standard deviations); f Summary of the relativeweight ofminerals
according to TGA measurements for sands subjected to long-term electrical con-
ditioning (error bars indicate standard deviations).
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redox reactions govern the electrodeposition in sands: the oxygen reduction
reaction (ORR) and thewater reduction reaction (WRR). The identification
of the reaction regimes corresponding to the application of 2.0, 3.0, and
4.0 V specifically allows identifying the reaction pathways that result in the
electrodeposition ofMg OHð Þ2, CaCO3, andMg5 CO3

� �
4 OHð Þ2 � 4H2O in

the experiments.
At the lower voltage of 2.0 V, which is equivalent to−0.84VAg=AgCl or

−0.64 VSHE , ORR involves OH� production as follows:

O2 þ 2H2Oþ 2e�"H2O2 þ 2OH� Eo ¼ �0:146VSHEj � 0:343VAg=AgCl

ð1Þ
At the higher voltages of 3.0 and 4.0 V, which correspond to −1.32

VAg=AgCl or −1.13 VSHE as well as −1.58 VAg=AgCl or −1.38 VSHE , respec-
tively, WRR shifts selectivity of OH� production through hydrogen evo-
lution, thereby leading to the formation of hydrogen gas bubbles at the
cathode surface. Under neutral and alkaline conditions, hydrogen evolution
proceeds as follows:

2H2Oþ 2e�"H2 "ð Þ þ 2OH� Eo ¼ �0:8277VSHEj � 1:0247VAg=AgCl

ð2Þ
Under acidic solutions, hydrogen evolution proceeds instead as fol-

lows:

2Hþ þ 2e�"H2 "ð Þ Eo ¼ 0VSHEj � 0:197VAg=AgCl ð3Þ

Thedirect consequence of the generation ofOH� ions in the vicinity of
a cathode, whether in either the ORR orWRR regimes, is an increase in the
interfacial pH17. Due to this phenomenon, naturally occurringMg2þ ions in
seawater will react with the released OH� ions, leading to the precipitation
of insolubleMg OHð Þ2 as follows:

Mg2þ þ 2OH� ! Mg OHð Þ2ð#Þ ð4Þ

In other words, upon the application of electrical stimulations to sands
wetted by seawater under ambient conditions, Mg OHð Þ2 will precipitate
initially instead of CaCO3 due to the higher concentration of Mg2þ ions

compared to Ca2þ ions in seawater. Under these conditions, the mineral
formation process is specifically driven by kinetics instead of thermo-
dynamics. Following a decrease in the local pH and concentration ofMg2þ

ions in solution resulting from the precipitation ofMg OHð Þ2, two possible
outcomes will subsequently occur.

On the one hand, in the ORR regime, CaCO3 will precipitate atop the
initialMg OHð Þ2 formations due to a favorable local pH that is nonetheless
insufficient for continued Mg OHð Þ2 precipitations. In this context, Ca2þ

and HCO�
3 ions naturally present in seawater will react with the released

OH� ions, resulting in the precipitation of insoluble CaCO3 as follows:

Ca2þ þHCO�
3 þ OH� $ H2Oþ CaCO3 #ð Þ ð5Þ

Alternatively, CaCO3 precipitation will also possibly occur due to the
influence of the released OH� ions on the carbonate equilibrium:

CO2 þH2O $ H2CO3 $ Hþ þHCO�
3 $ Hþ þ CO2�

3 ð6Þ

which will lead to a higher concentration of carbonate ions (CO2�
3 )

OH� þ HCO�
3 ! H2Oþ CO2�

3 ð7Þ

and the consequent precipitation of insoluble CaCO3 as follows:

Ca2þ þ CO2�
3 ! CaCO3ð#Þ ð8Þ

On the other hand, in the WRR regime, Mg OHð Þ2 will continue to
precipitate instead of CaCO3 due to a sufficiently high local pH driven by
hydrogen evolution. Consistent with results presented here for soils wetted
by seawater and studies of electrodeposition in seawater21,27,30, the Ca=Mg
ratio will hence decrease with increasing values of the applied voltage.
However, as the pH of seawater is typically of 8.2-8.431 under standard
conditions but the pH of stability of brucite is of 9.4 under ambient
conditions32, brucite will turn into aragonite over time28. Notably, in the
WRR regime, the penetration of electrodeposits in the pore network of soils
will be facilitated by the formation a hydrogen gas front that pushes the
electrodeposits away from the cathode.

Fig. 3 | Influence of electrodeposition on the bulk hydro-mechanical properties of
silica sands. a Variation in hydraulic conductivity as a function of applied voltage
level for both loose and dense sands subjected to long-term electrical conditioning;
b Variation in unconfined compressive strength against mass cement content for
both loose and dense sand (the samples tested refer to long-term electrical

conditioning tests involving the application of 3.0 and 4.0 V; the trendline refers to
variations in unconfined compressive strength achieved by microbially induced
calcite precipitation in a myriad of coarse-grained soils, including sands38). Error
bars indicate standard deviations.
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In addition to Mg OHð Þ2 and CaCO3, the results of this work sur-
prisingly support the electrodeposition of Mg5 CO3

� �
4 OHð Þ2 � 4H2O in

soils wetted by seawater. To the best of our knowledge, the identification of
hydromagnesite appears unprecedented in the literature about electro-
deposition in seawater17,18, as only Mg OHð Þ2 and CaCO3 have been tradi-
tionally identified. Interestingly, the presence of dissolved silica in the soil-
water system considered here may play an important for this evidence, as
silica is renowned to play a catalytic role in the development of magnesium
bearing carbonates33.Mg5 CO3

� �
4 OHð Þ2 � 4H2O preferentially forms in the

ORR regime and in the early stages of WRR regime, characterized by
relatively slow kinetics. This evidence, quantitatively supported by the
results of Raman spectroscopy andXRD analyses, is attributed to successive
pH and salinity fluctuations associated with the alternating formation of
Mg OHð Þ2 and CaCO3 observed in this regime, as opposed to the sustained
pH leading to the preferential growth of only Mg OHð Þ2, which is char-
acteristic of the fully established WRR regime due to hydrogen evolution.
Under these conditions, Mg5 CO3

� �
4 OHð Þ2 � 4H2O can form due to the

local availability of Mg2þ, CO�
3 , and OH� ions in solution, which results

in the precipitation of such an hydrated form of magnesium carbonate,
MgCO3. The precipitation of Mg5 CO3

� �
4 OHð Þ2 � 4H2O, instead of

MgCO3, takes place at ambient temperature because it is kinetically favored
due to the high hydration character of Mg2þ ions in solution34.
However, hydromagnesite is a metastable mineral form that will
eventually transform (through dehydration and recrystallization) into
anhydrous magnesite, either at elevated temperatures or under high CO2
pressures35. This phenomenon is anticipated to further enhance the strength
of electrodeposited sands, as MgCO3 has better mechanical properties
thanMg5 CO3

� �
4 OHð Þ2 � 4H2O.

Complementary oxidation reactions proceed at the anode, which
balance the reduction reactions of water at the cathode. In the ORR, oxygen
evolution leads to:

H2O2"O2 "ð Þ þ 2Hþ þ 2e� Eo ¼ þ0:695VSHEj þ 0:498VAg=AgCl ð9Þ

In the WRR regime, oxygen evolution develops in alkaline media as
follows:

4OH�"O2ð"Þ þ 2H2Oþ 4e� Eo ¼ þ0:401VSHEj þ 0:204VAg=AgCl ð10Þ

whereas in acidic media as follows:

2H2O"O2 "ð Þ þ 4Hþ þ 4e� Eo ¼ þ1:229VSHEj þ 1:032VAg=AgCl ð11Þ

Higher applied voltage leads tohigherproduction rates ofH2 andOH
�

at the cathode andO2 andH
þ at the anode, increasing the driving force for

Hþ andOH� ions to diffuse further away from the electrodes at which they
are produced.This phenomenoncan result in a crosstalk of ions between the
electrodes and neutralization of theOH� intended to participate inmineral
precipitation as follows:

Hþ þ OH� ! H2O ð12Þ

In addition to the applied voltage, the soil relative density also influ-
ences polymorph selectivity because changes in the relative density of soils
affect the available surface area and number of nucleation sites, which are
renowned to govern mineral formations36,37. A looser packing provides a
constrainednumber of amplenucleation surfaces anda facilitated frequency
of ionic interactions, which lead to smaller and uniformly distributed
electrodeposits. In contrast, a denser packing provides more numerous and
smaller nucleation surfaces and a hampered frequency of ionic interactions,
which involve larger and less uniform electrodeposits. Increasingly tortuous
and denser soils, coupled with the influence of low voltages, specifically
appear to involve a slow reaction kinetics that results in alternating
Mg OHð Þ2 and CaCO3 formations (with a smaller amount of precipitated
Mg OHð Þ2 compared to looser soils subjected to the same voltages).

The electrolyte ionic concentration also contributes to polymorph
selectivity. The pH variations observed in the closed batch experiments are
significant and involve a progressive ionic deprivation of seawater that
affects the mineral precipitations. In contrast, minimal pH variations and
substantial mineral precipitations are observed in the long-term experi-
ments where seawater is periodically recirculated, and the ionic con-
centrations of calcium and magnesium ions remain approximately
constant. This evidence is considered representative of open seawater
conditions due to the continuous replenishment of ions through marine
currents and biogenic activity.

Implications for coastal erosion mitigation
The results show that electrodeposition changes the structure of marine
sands.As the porous structure of sands progressivelyfills with newly formed
electrodeposits, the porosity is reduced while particle contacts increase and
are cohesively bonded.As a result, the hydraulic conductivity ofmarine soils
decreases whereas their shearing strength increases.

The variations in hydraulic conductivity and strength achieved with
electrodeposition are consistent in magnitude with those of other emerging
methods of soil cementation38,39. Compared to such methods, treatments
using electrodeposition benefit nonetheless from their avoidance of external
fluid injections and their ability to trigger mineral precipitations in porous
networks of highly variable sizes. These advantages result from the pervasive
action of the electrically mediated charge transport and mineral precipita-
tion pathways leveraged by electrodeposition. Additionally, treatments
targeting the electrodeposition of minerals via electricity deriving from
renewable energy sources offer the benefit of producing green hydrogen in
theWRRregime,whichmaybe collected for valuable purposes. Inprinciple,
a downside of electrodeposition in seawater is that it will lead to chlorine
production at significant potentials in theWRRregime17,40, whichmayaffect
some fish and marine mammals, especially in closed environments24. In
practice, the chemistry of seawater favors dominant oxygenproductionover
chlorine, and any chlorine gas will rapidly neutralize with dissolved organic
matter in any open environment24. Therefore, treatments using electro-
deposition have significant potential to engineer marine soils sustainably.

In summary, the ability to tailor the hydraulic conductivity and
strength ofmarine sandswith electrodeposition appears to bear tremendous
relevance for coastal erosion mitigation, as these material properties sig-
nificantly influence erosion patterns, sediment transports and seepage, and
the structural stability of coastal and offshore structures.

Conclusions
Motivated by the lack of sustainable and lasting approaches to mitigate
coastal erosion worldwide, this study presented an experimental laboratory
study on the electricallymediatedprecipitation ofmineral binders inmarine
sands via the process of electrodeposition. Specifically, by harnessing
custom-designed electrochemical cells, this study systematically and
mechanistically explored the electrodepositionof calcium- andmagnesium-
based minerals in silica sand saturated by seawater. For the first time, this
work analyzed the influence of the (1) magnitude and duration of the
applied voltage, (2) soil relative density, and (3) electrolyte ionic con-
centration, which are central variables for any applied electrical treatment,
treated porous material, and electrolyte solution, respectively.

The results of this work shed light on distinct reaction mechanisms
governing the electrodeposition of CaCO3, Mg OHð Þ2, and Mg5 CO3

� �
4

OHð Þ2 � 4H2O in sands saturated by seawater. A transition from oxygen
reduction to water reduction particularly occurs between 2.0 and 3.0 V,
with marked hydrogen evolution at 4.0 V. During oxygen reduction,
hydroxide formation is mass transport limited and results in predominant
CaCO3 depositions, mostly in the form of calcite, with companion
Mg5 CO3

� �
4 OHð Þ2 � 4H2O formations. During water reduction, hydroxide

formation is reaction rate limited and favorsMg OHð Þ2 productions,mostly
in the form of brucite. By identifying these two distinct potential regimes,
this work highlights that control of the applied electrode potential, with
consideration of the soil relative density and electrolyte features, enables
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selectivity of the type of precipitated mineral and polymorph, mineral
precipitation location, and mineral intrusion mechanism. Therefore, elec-
trodeposition allows achieving variable effects on the structure and prop-
erties of electrodeposited sands. These effects are limited in the oxygen
reduction reaction regime. In contrast, they are remarkable in the water
reduction reaction regime, where hydrogen evolution enables higher
mineral production rates by preventing surface film buildup and electrode
passivation, as well as the creation of a gas front that pushes electrodeposits
in the soil bulk, affecting significant volumes of soils around cathodic
interfaces.

Thiswork advances the knowledgeofmineral electrodeposition in soils
saturated by seawater, underscoring the feasibility of harnessing such a
process to protect coastal areas against erosion processes. Additionally, the
results of this work enhance the analysis of problems related to sedi-
mentation, biomineralization, and geological carbon sequestration, which
are governed by the nucleation and growth of minerals in porous materials.

Methods
Experimental laboratory tests
This study performed an integrated experimental investigation across dif-
ferent spatial scales (e.g., from the macroscale of sand specimens to the
microscale of sand particles) and temporal scales (i.e., from 7 to 28 days of
electrical conditioning). Specifically, this work performed two classes of
electrochemical laboratory experiments in custom-designed electro-
chemical cells, followed by several qualitative and quantitative character-
ization methods to address the physical and chemical properties of the
electrodeposits, their spatial distributionand features in theporous structure
of the treated soils, and their resulting effects on the hydraulic conductivity
and shearing strength of such materials.

Short-term batch experiments (lasting 7 days) with no water recircu-
lation were performed to assess the fundamental mechanisms of electro-
deposition in soils. Long-term recirculation experiments (lasting 28 days)
with periodic water recirculation were performed to simulate electro-
deposition under field conditions and explore the interconnected influence
of structural changes on the bulk properties of soils. Each short-term and
long-term experiment was repeated three times to ensure repeatability.
Among the various features that characterize any (1) applied electrical
treatment, (2) treated porous material, and (3) electrolyte solution, these
experiments allowed to address the following variables that were hypothe-
sized to play a central role for the electrodeposition of minerals in mar-
ine sands:
• Magnitude of applied voltage. This variable was chosen due to its

prominent influenceon the electrodepositionofminerals in seawater18,
which was unchartered for soils saturated by seawater at the time this
work was performed. Voltage levels of E ¼ 2.0, 3.0, and 4.0 V were
selected to address the efficacy and mineral precipitation mechanisms
at relatively low, moderate, and high potentials, respectively. These
voltage values also correspond to E ¼ �0:839;�1:323; and �1:579
VAg=AgCl , which correspond to development of the sole oxygen
reduction reaction, the onset of the water reduction reaction, and the
dominant development of the water reduction reaction, respectively
(see Supplementary Discussion).

• Duration of applied voltage. This variable was chosen to explore the
spatial growth of electrodeposits over time and assess the presence of a
“curing time” for such deposits, which is renowned to characterize
other methods for soil cementation resorting to carbonate
precipitations39. Test durations of t ¼ 7 and 28 days were chosen for
this purpose.

• Soil relative density. This variable was chosen due to its prominent
influence on soil mechanics41 and the efficacy of other treatments for
soil cementation39 through its impact on the contact topology and
packing of granular materials, although this evidence was unchartered
for soils subjected to electrodeposition at the time this work was per-
formed. Relative densities associated with loose states (Dr ¼ 25± 5%)
and dense states (Dr ¼ 80 ± 5 %) were selected for this purpose.

Analyzing the soil relative density also allowed to indirectly assess the
influence of surface density, which is a critical parameter for the for-
mation of minerals36. Surface density refers to the concentration or
availability of sites that are suitable for nucleation, where mineral
depositions can prosper41. Higher surface densities generally translate
to a greater number of active sites available for deposition, while lower
surface densities indicate a fewer number of available active sites for
deposition37.

• Electrolyte ionic concentration. This variable was again chosen based
on its prominent influence on the electrodeposition of minerals in
seawater18, although this evidence was unchartered for soils subjected
to electrodeposition at the time this workwas performed. This variable
was indirectly assessed by developing short- and long-term electrical
conditioning experiments without or with a periodic replenishment of
seawater, respectively. This approach ensured a variable (i.e.,
decreasing) and quasi-constant (i.e., stable) ionic concentration of
seawater during electrodeposition, given that its underlying reactions
consume key ions over time if no mass transfer with a source of fresh
seawater takes place.

The experimental protocol underpinning the developed electro-
chemical experiments was as follows. Initially, the sand was compacted in
the relevant electrochemical cell to achieve the desired relative density
through the pluviation method42. Next, the compacted sand was slowly
saturated with seawater, by injecting such a fluid at minimal velocity from
hose connector located at the bottom of the electrochemical cells to prevent
the formation of air bubbles and prevent any noteworthy soil disturbance,
whichwouldhaveotherwise affected the relative density. Then, the sandwas
allowed to rest for 1 h while ensuring that it achieved full saturation.
Afterward, voltage was applied to the electrochemical cell while keeping
drainage lines (i.e., thehoses) closed.After the electrochemical conditioning,
the lid atop the systemwas removed and the bottomhosewas open to allow
for desaturation for 72 h to facilitate the subsequent sample extraction
process. Once extracted, the samples were thoroughly washed with deio-
nized water to eliminate any excess sodium chloride (NaCl) and eventually
dried for characterization or testing. The same experimental procedure
characterized the short- and long-term experiments, at the exception that
seawater was recirculated (i.e., flushed out from the top hose) using
the peristaltic pump over a period of 8 h to ensure approximately
constant pH conditions during each long-term experiment. In the long-
term experiments, pH measurements were continuously taken not only
inside the cell as in the short-term experiments, but also at the inlet and
outlet of seawater flow.

Tested materials
The tested material in this study was F35 sand—a coarse, rounded silica
sand composed of over 99% SiO2 quarried at Ottawa, Illinois purchased
from U.S. Silica. Supplementary Fig. 9 shows the particle size distribution
obtained via a sieve analysis as well as optical microscopy and scanning
electron microscopy (SEM) images to illustrate qualitative features of the
tested material. Supplementary Table 2 summarizes further details of the
properties of the tested material. Silica sand was chosen due to its chemical
inertness with respect to acid, bases, oxidation, and reduction owing to the
strong silicon-oxygen bond present in its crystal structure43.

The tested sand was saturated with artificial seawater to create an
electrolyte solution as comparable as possible to actual seawater14. Artificial
seawater was prepared by mixing distilled Type 1 ultrapure water (18:2
Mω� cm of resistivity at 25 °C from Millipore Sigma) with a “sea salt”
preparation mixture (from Lake Products Company LLC) according to the
ASTM D1141-9844. This process consisted in the dissolution of 41.953 g of
sea salt mixture with enough water to make 1 L of total solution. The salts,
once mixed and dissolved, yielded a fluid with a chemical composition of
over 99% similaritywithnatural seawater44. ThepH of the prepared solution
was measured and adjusted as necessary with weak bases or acids to ensure
similarity with natural conditions (i.e.; pH ¼ 8.2–8.431).
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Experimental apparatuses
For this study, two classes of custom-designed tempered glass electro-
chemical cells of different volume capacities were employed (Supplemen-
tary Fig. 10): (1) 2-L capacity cells and (2) 500-mL capacity cells. The 2-L
liter cell (Supplementary Fig. 10a) is cylindrical with an inner diameter
D ¼ 160 mm, an inner height of H ¼ 120 mm, a thickness t ¼ 5 mm, a
flanged top of 15 mm, and two hose connectors with an opening of 9 mm
located at heights ofH1 ¼ 20mm andH2 ¼ 70mm. Similarly, the 500mL
cell (Supplementary Fig. 10b) is cylindrical with an inner diameter D ¼ 85
mm, an inner height ofH ¼ 100 mm, a thickness t ¼ 5 mm, a flanged top
of 15 mm, and two serrated hose connectors with an opening of 9 mm
located at heights of H1 ¼ 20 mm and H2 ¼ 70 mm. Depending on the
experiments, the hose connectors in the cells were used to saturate the tested
material with the chosen electrolyte solution and/or to run hydraulic con-
ductivity measurements with an Intlab peristaltic pump. This pump pro-
vided a precise liquid dosing of 30ml/minwithin the equipment admissible
flowrates of 5–50mL/min, with an accuracy of ± 1 mL/min.

Alongside the developed glass cells, Teflon lids withO-rings were used
to seal the cells and ensure a closed environment limiting evaporation and
chemical reactions with the atmosphere. The lids of both cells incorporated
holes to host the anode, the cathode, two pH meters, and one gas outlet,
ensuring optimal monitoring of the environmental conditions in the cells.
The cell and lidmaterials were chosen given their low electrical conductivity
and low chemical reactivity to prevent any external contamination into the
testing chamber.

The electrode materials were selected to ensure ideal conditions for
studying electrodeposition. For the anode material, a platinum rod (with a
diameterDa ¼ 0:78mm, a total length of La ¼ 100mm, and an embedded
length of L�a ¼ 70 and 45mm in the batch and recirculation experiments,
respectively)was chosen toprevent oxidation and ensure a highly controlled
flow of electricity. For the cathode material, a steel 316 rod (Dc ¼ 2:0 mm,
Lc ¼ 100mm, and L�c ¼ 70mm for the batch tests; Dc ¼ 3:0 mm,
Lc ¼ 100mm, andL�c ¼ 45mmfor the recirculation tests)was chosen for its
widespread use in practice. Different electrode embedment lengths were
used in thebatch and recirculation tests to ensure equivalent currentdensity.
All electrochemical measurements gathered in the core electrochemical
experiments of this work used a Tektronix Keithley Series 2280 S High
Precision Bech Power supply that allowed the measurement of voltage and
current. Companion electrochemical measurements gathered in com-
plementary electrochemical experiments employed a Biologic SP 150e
potentiostat equipped with electrochemical impedance spectroscopy and
the setup detailed elsewhere17.

Two pH meters (Hanna Instruments soils pH meter HI2002) with an
accuracy of pH ¼ ± 0:01 were utilized to measure pH at 1.5 cm from each
electrode. A calibration of these instruments was performed with buffer
solutions of pH ¼ 4.01, 7.01, and 10.01 from Hanna Instruments.

Supplementary Figs. 10c and 10d shows the experimental set-up for
the short-term and long-term electrical conditioning experiments,
respectively.

Physical, chemical, hydraulic, and mechanical characterization
Each physical, chemical, hydraulic, and mechanical characterization of the
results was repeated at least three times to ensure representativeness and
reliability of the data. Errors bars are presented wherever relevant and
applicable to show the variability in the obtained results.

Scanning electron microscopy (SEM) was employed to qualitatively
study the microscopic features of the minerals and their spatial dis-
tribution in the porous network of the sand (Fig. 1a, b, d). SEM analyses
employed a Quanta 650 F microscope at an accelerating voltage of 20 kV.
Before subjecting to a scanning electron microscope, the electrodeposits
were coated with gold (Au) in a 20 nm thickness using a Denton’s Desk
IV deposition system. The results encompass different scales: the particle
scale, showcasing whole sand particles; the interface scale, revealing the
contacts between sand and mineral particles; and the mineral scale,
focusing on the electrodeposits.

Energy dispersive X-ray spectroscopy (EDS) was employed to quali-
tatively assess the elemental composition of the materials and create ele-
mental maps (Supplementary Fig. 4). This technique facilitated the
identification of electrodeposited minerals and the detection of possible
impurities caused by oxidation reactions of the electrodes. Yet, EDS eluci-
dated the analysis of the spatial distribution of elements, thereby providing
valuable insights into the microscopic behavior of the material and the
mineral intrusion mechanisms. Although it is acknowledged that EDS
cannot provide data representative of the three-dimensionality of the pre-
cipitation patterns in the tested sands, repeatability analyses confirmed the
high consistency in the obtained data, which were also qualitatively in
agreement with X-ray diffraction (XRD) and thermogravimetric analyses
data (TGA). As XRD and TGA analyses were performed on randomly
selected mineral samples from the tested soils and inherently provide
representative data of the three-dimensionality of the precipitations, the
consistency between all these results provides strong evidence of the
soundness of the developed analyses and interpretations.

Raman spectroscopy was carried out using a custom-built, confocal
micro-Raman spectrometer with a 300mW, 458-nm excitation laser
(Melles Griot 85-BLS-601). The system was built around an Olympus-BX
optical microscope, 0.3-meter spectrograph (Andor Shamrock 303i), and
NewtonDU970 EMCCD camera fromAndor Technology. Neutral density
filters were added to reduce the laser power to ~10mW at the sample. The
excitation laser was focused to ~1–2 μm spot size through a 100x objective
(MitutoyoM Plan Apo SL100x) with 13.0mmworking distance and a 0.55
numerical aperture. Spectra were collected from 0–4000 cm−1 Raman shift
with an acquisition time of 3 seconds, averaged over 10 acquisitions. The
Raman spectra are shown alongside reference spectra at low and high
wavenumber regions, enabling a precise identification of calcium- and
magnesium-based minerals (Fig. 1c). Supplementary Fig. 1 identifies the
characteristic peaks of the studied substances for detailed reference, repre-
senting a quantitative and complementary piece of evidence in support of
the analysis of the obtained results.

Image processing analyses were used to examine the macroscopic
features of the electrodeposited sand, with a focus on the volume affected by
electrodeposits (Fig. 1e, f, and Supplementary Fig. 2). The volume calcula-
tions were performed analytically through the open-source code Fiji
ImageJ45. The volume calculations were addressed in three key steps. First,
any original imagewas digitalized. Second, such an imagewas binarized into
two colors (i.e., black and white) to better classify the area of the analyzed
view. Such area (As) was calculated by the software, and subsequently it was
converted into an equivalent cylindrical shape. For this process, theheight of
the equivalent cylinder was assumed to be the length of the electrode (i.e.,
Lc ¼ 100 mm), and the equivalent diameter,Deq, was calculated as follows:

Deq ¼
As

Lc
½mm�

Finally, based on the geometrization of the irregular volume of elec-
trodeposited sand into an equivalent cylinder, the cemented soil volume
(Ve) was calculated without taking in account the volume of the used
electrode.

Ve ¼
1
4

Deq � Dc

� �2

Lc½mm3�

XRD analyses were employed to quantitatively assess the composition
of the crystal structure and phase composition of electrodepositedminerals,
allowing for an accurate detection of polymorphs (Fig. 2e and Supple-
mentary Fig. 5). XRD was performed on samples of electrodeposited sand
collected near the cathode for all combinations of voltage levels, relative
densities, and test durations. XRD analyses on samples indicated a mineral
content ranging from 8.6% up to 96.5%. Powder XRD patterns were col-
lected at room temperature on a STOE-STADI-P powder diffractometer
equipped with an asymmetrically curved Germanium monochromator
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(CuKα1 radiation, λ = 1.54056 Å) and one-dimensional silicon strip
detector (MYTHEN2 1K fromDECTRIS) to identify the crystalline phases
of the deposits. The line-focused Cu X-ray tube was operated at 40 kV and
40mA. The fine powder deposits were packed in an 8mm metallic mask
and sandwiched between two polyimide layers of tape. Intensity data from
diffraction angles of 15° to 75° (2θ) were collected for 1 h per sample. The
instrumentwas calibrated against aNIST Silicon standard (640d) before the
measurement. Phase identification wasmade by Rietveld refinements using
the Profex analysis software46. All the reference spectra were used from the
Crystallography Open Database (COD). Specifically, COD 9016706,
COD9000229, COD 9015898, COD 9002348, and COD 9007620 spectra
were used, corresponding to calcite, aragonite, vaterite, brucite, and
hydromagnesite, respectively. The spectrum for quartz was also gathered
fromTheAmericanMineralogistCrystal StructureDatabase (AMCSD)and
plotted for reference with the label AMCSD 0012866.

TGAwas performed to quantitatively assess themass and composition
of electrodepositedminerals (Supplementary Fig. 6). For these experiments,
the sampleswerefirst grinded into afinepowder (i.e., <4 μm)using amortar
and pestle and eventually subjected to the analyses. These analyses used a
Netzsch STA 449 F3 Jupiter Simultaneous Thermal Analysis instrument
purging nitrogen at 50mL/min. 50mg of the electrodeposits were placed in
a 0.35ml cruciblemade ofAl2O3 with aweight of 200mg. TGA results were
calculatedbasedon themass loss at different stages of heating.Aheating rate
of 10 °C/min was used over a temperature range of 40–1000 °C. The weight
loss between200–500 °Cwas associatedwith thedestructionofOH� bonds,
which are associated with magnesium hydroxide. The weight loss between
500–900 °Cwas associated with the release ofCO2, which is associated with
calcium carbonate. The weights at 200 °C (M200) and 500 °C (M500) were
determined from theTGAcurves. The difference between theweights in the
200–500 °C range (ΔM200�500 °C ¼ M500 �M200) gave the weight of the
generated water gas. A conversion factor between the atomic weight of
magnesium hydroxide (58.32 g/mol) and that of water (18.02 g/mol) needs
tobe applied and leads to the calculationofmassofmagnesiumhydroxide as
follows:

Mg OHð Þ2 ¼ ΔM200�500 °C �MWMg OHð Þ2
MWH2O

� 100½%�

Similarly, the weights at 500 °C (M500) and 900 °C (M900) were
determined from theTGAcurves. The difference between theweights in the
500–900 °C range (ΔM500�900 °C ¼ M900 �M500) gave the weight of the
generated carbon dioxide gas. A conversion factor between the atomic
weight of carbon dioxide (44.01 g/mol) and that of calcium carbonate
(100.09 g/mol) needs to be applied and leads to the calculation of mass of
calcium carbonate as follows:

CaCO3½%� ¼ ΔM500�900 °C �MWCaCO3

MWCO2

� 100½%�

The evaluation of mineral mass content was performed through acid
washing tests47. These tests involved a 5 ± 0:1 g of samplemixedwith 20mL
of a 1M solution of hydrochloric acid (HCl) to dissolve electrodeposits. The
remaining solution and insoluble solid was washed with Type 1 ultrapure
distilled water on a Fisherbrand P4 grade filter paper for 10min. The mass
cement content was calculated as follows:

mc ¼ 100�Mw

Mi
� 100 ¼ Mc

Mi
½%�

whereMw is themassof the sample post acidwash,Mi is the originalmass of
the electrodeposited sand sample, and Mc is the mass of the cementing
calcareous electrodeposits. The TGA curves allow for the development of
derivative thermogravimetric (DTG) curves, which represent the first
derivative of the TGA curve. The DTG curves are particularly valuable to

determine inflection points and key variations in weight for deeper inter-
pretations during analyses.

Constant head permeability tests were performed to measure the
hydraulic conductivity of the tested sand before and after electrical con-
ditioning (Fig. 3a). The experiments devoted to assessing the hydraulic
conductivity of the tested loose and dense sands not subjected to any elec-
trical conditioning were performed right after the preparation of such
materials in the cell, without using suchmaterials for any other purpose due
to the possible structural disturbance of the sands subjected to a hydraulic
gradient for these tests. The experiments devoted to assessing the hydraulic
conductivity of the tested loose and dense sands were performed after the
application of the electrical conditioning. In this case, referencewasmade to
the long-termexperiments because they yieldedmaterials benefitting froma
more substantial cementation, which facilitated the quantification of the
considered parameter. These tests followed the procedure prescribed by
ASTM D3424-1948.

Unconfined compressive strength tests were performed to quantify the
strength of electrodeposited sands (Fig. 3b).While other tests, such as flume
tests, could be considered more relevant to characterize the erosion resis-
tance ofmaterials, the unconfined compressive strength provides direct and
first-order information about the erosion resistance of marine sediments,
especially when samples of limited size are available49–51. These tests were
performedon cubic sand samples extracted from the cell after the long-term
tests (again to cope at best with the available volume of cementedmaterials).
The tested samples were carefully cut after extraction from the testing cell
(i.e., clearly, these sand samples did not include the electrodes inside them
but were collected around the electrodes) and had dimensions of 10mm
inside to comply the requirements of a Representative Elementary
Volume52. In alignment with the requirements provided by ASTMD7012-
0453, the dimension of these samples was determined in a way to be suffi-
ciently larger than the average particle size of the cemented soils, thereby
providing reliable results. Prior to testing, the electrodeposited sand samples
were laid on a gypsum capping to avoid stress concentrations and inter-
connected ill-conditioning of the results. Unconfined compressive strength
tests followed the procedure prescribed by ASTM D7012-0453 and were
performed with a MTS model C43.104 mechanical testing apparatus.

Data availability
The quantitative data shown in the figures are publicly available at Zenodo:
https://doi.org/10.5281/zenodo.12741685.
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