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Stratified water columns:
homogenization and interface
evolution

Mengwei Liut, Junghee Park?* & J. Carlos Santamarina®

Stratified water columns are often found in lakes and oceans. Stratifications result from differences
in density due to salt concentration, temperature, solid content and oxygenation. The stability

of stratifications affects bioactivity, sedimentation, contaminant transport and environmental
remediation. This study investigates the evolution of 6 stratified water columns created by differences
in salinity, suspended minerals and the presence of a bottom heat source. We use acoustic wave
reflection, photography, and both electrical conductivity and temperature profiles to track changes
in stratification. Results show that multiple concurrent processes emerge across layers in otherwise
quiescent water bodies. Dissimilar chemo-thermo conditions give rise to chemical and thermal
diffusion, convection, and double-diffusion convection. When stratification involves suspended
particles, interlayer processes include diffusiophoresis, flocculation/aggregation, sedimentation,
osmosis, and chemo-consolidation; in this case, the specific surface and surface charge of suspended
particles, and the salt concentration in contiguous layers determine aggregation-sedimentation-
consolidation patterns. The interlayer transition zone acts as a high-pass filter that preferentially
reflects low-frequency long-wavelength P-waves; invasive thermal and electrical conductivity probes
provide complementary information and may identify stratification even when it is undetected by
acoustic signals.

Abbreviations

¢ [mol/L] Ionic concentration

C, [C/m?] Surface charge density

e Void ratio (e;: asymptotic void ratio at low effective stress)
f[Hz] Frequency

F[C/mol] Faraday’s constant

G, Specific gravity

L*[mm)] Characteristic diffusion length

LL [%] Liquid limit

m [gr] Mass (subscript: sl=slurry or suspension; s =solid; I =liquid)
M, [gr/mol]  Salt molar mass

n Salt concentration-dependent P-wave velocity factor

P [MPa] Pressure

Ryorm Normalized reflection coefficient

S, [m*/gr] Specific surface area

t[s] Time (subscript: str =stratified; hom =homogeneous)
T[C] Temperature

u [m?/(V-s)] Ion mobility (subscript: ci=counterions)

V [m/s] P-wave velocity (subscript: o =freshwater)

x [m] Length

w [%] Water content

z Ton valence

{ [kg/(m*s)]  Impedance

A [mm)] Wave length

a[1/°C] Thermal expansion coefficient; for water: a=4.1x10"*°C™!
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B [L/g] Haline contraction coefficient f=7.8x 107 L/g

p [kg/m’] Mass density (subscript: sl=slurry or suspension; 1 =liquid; o = freshwater)
s Solids mass fraction = mass solids/mass suspension

o [S/m] Electrical conductivity (subscript: sl=slurry or suspension; 1=1iquid)

Ac [mol/L] Change in salt concentration

AT [°C] Change in temperature

Ap [kg/m’] Change in mass density

Stratified water bodies often appear in lakes and oceans. Stratifications result from differences in density due
to salt concentration (halocline), temperature (thermocline), solid content (minerals and organic—pycno-
cline), and oxygenation (nutricline). Studies have reported stratification in estuaries (Baltic Sea'; Mossel Bay?),
fjords (Greenland®; Petermann*), oceanic hot brine pools (Red Sea’®; Gulf of Mexico® Lake Vanda, Antarctica’),
underwater hydrothermal flows (Yellowstone Lake?; East Pacific Rise®), lakes (Dead Sea!?), deltas (Southeastern
Iceland!’; South China Sea'?), rivers (Northern California'®; Krka River, Croatia'*) and following deep sea tail-
ings disposal (Papua New Guinea'?).

The stability of stratifications affects bioactivity, sedimentation, contaminant transport and environmen-
tal remediation. Non-invasive acoustic waves often enable the rapid detection of stratified water bodies'®%.
The analysis of wave propagation across interfaces provides the conditions for acoustic mapping in terms of
the wavelength, interface transition thickness and the impedance mismatch between layers?'~?%. Field studies
use high-frequency acoustic systems to characterize bioactivity?’, turbulent microstructure® and suspended
sediments®'. However, only a few studies have used acoustic imaging to study interface dynamics in stratified
water columns®>¥,

Furthermore, stratification may emerge due to differences in particle load, salt concentration and temperature;
then, the water column may experience phenomena such as double-diffusive convection®**, aggregation and
settling, settling-driven convection®®* and layer shearing induced by seafloor currents®®*. Extensive previous
studies explored particle-particle interaction in water columns**-**. However, detailed laboratory studies focused
on physio-chemical processes between contiguous layers and across interfaces, and the ensuing evolution of
stratification in otherwise quiescent water bodies, are lacking.

This study investigates the evolution of stratified water columns and underlying processes. All tested systems
represent quiescent water columns that are gravity-stable due to density differences; thus, they experience no
fingering and no shear currents. We use acoustic wave propagation, photography, electrical conductivity and
temperature measurements to track the evolution of the stratified systems.

Experimental study

Experiments include three sets of well-controlled laboratory-scale tests (details in Table 1): (1) thermo-saline
driven stratification, (2) saltwater on slurries and (3) light suspensions on saltwater. The experimental design
and test protocols are described next.

Devices

We use a large-diameter cylindrical water tank to minimize boundary effects (Fig. 1a; plexiglass tank: 500 mm
in diameter; 366 mm high; bottom plate: 40 mm thick—See photograph in Supplementary Information 1. The
sketch under Supplementary Information 2 shows that lateral wall reflections require significantly longer P-wave
travel times than the direct reflections from the liquid-liquid interface). A small hole and an overlain diffuser

P-wave velocity
Water column Thickness (mm) | Density (kg/m®) | (m/s)
Cases | Upper Lower Upper | Lower | Upper | Lower | Upper |Lower | Examples in nature
Estuaries (Andersson et al.;
) Roberts et al.?)
Fresh water 6 mol/L brine 236 130 1000 1280 1486 1749 Fjords (Boghosian et al.%; Tinto
etal.)
Fresh water over brine Red Sea brine pool (Swallow and
Crease®)
Fresh water 6 mol/L brine 206 160 1000 1280 1486 1749 Gulf of Mexico brine pool (Wan-
kel et al.®)
Lake Vanda, Antarctica (Hoare’)
3 2 mol/L saltwater Kaolinite slurry | 3 60 1083|1103 [1561 | 1733 | Deep-sea tailings disposal (Shim-
u=0.150 mield et al.'®)
Saltwater over dense slurry X .
Bentonite slurry Underwater plumes (Bouligand
4 0.25 mol/L saltwater 1=0.048 211 155 1010 1031 1509 1494 et al%; Palmer et al.%)
Kaolinite suspen Light sediment discharge
5 1=0.002 2 mol/L saltwater | 206 160 1002 1083 1604 1561 (Stefansdéttir and Gislason';
Light suspension over saltwater - Schroeder et al.'?). Organic
6 Bentonite suspen 2 mol/L saltwater | 201 165 1002|1083 |1548 |1561 | colloids in river (Sempéré and
1=0.002 Cauwet'?)

Table 1. Six tested cases: Description, layer properties, and corresponding examples in nature. *Includes
bottom heater to cause DDC. Slurries and suspensions prepared with fresh water.
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Figure 1. Tank and instrumentation. (a) Stratified water column in water tank and peripheral components. (b)
Needle probe for electrical conductivity profiling.

in the bottom plate allow for controlled fluid injection to create the stratified water column bottom-up (photo-
graph in Supplementary Information 1). The tank sits on a steel plate and heater (used for Case No. 2—Table 1).

We seek to study mm-scale interfaces. Therefore, we select a high damping, water-coupled P-wave transducer
pair (wavelength A =~ 3 mm; 19 mm diameter V318-SU, Olympus. Calibration and directivity in**%). The fre-
quency response of the source-receiver pair exhibits a main peak at 380-to-420 kHz, with lower peaks between
60-t0-120 kHz (Supplementary Information 3). The spacing between the source and receiver crystals is 40 mm
(Fig. 1a); a foam shield placed between the transducers prevents acoustic cross-talk.

At predetermined times, we measure the electrical conductivity and temperature profiles for the six strati-
fied systems using a 2.1 mm diameter coaxial termination probe operated at f=20 kHz to prevent electrode
polarization (Fig. 1b—probe details in*’). The thermocouple attached next to the resistivity probe tip records
the temperature profile (relevant to the double-diffusive convection experiment; Case 2—Table 1). The probe
is mounted on a motorized linear positioner to enable precise depth control (+ 1 mm). The probe advances at
1 mm/s, and remains static at the target depth during the measurement (once the signal displayed on the oscil-
loscope is stable).

Sample preparation

We mix NaCl with deionized water to prepare solutions at different concentrations, c=0.25, 2 and 6 mol/L.
Slurries and suspensions are prepared with fresh water and either bentonite (Western sodium bentonite from
Euclid’s Pottery Store, USA; liquid limit LL = 360; specific surface S;=550 m?/g) or kaolinite (RP2, Gordon,
USA; LL=78; S,=21.9 m*/g). Suspensions involve a low solids fraction where particles remain in suspension by
Brownian motion (water content w ~ 100 LL); on the other hand, slurries are stable clay-water mixtures with a
water content LL < w< 10 LL. The clay slurries make the lower layer in cases No. 3 and No. 4, while the light clay
suspensions make the upper layer in cases No. 5 and No. 6 (Table 1).

Test procedure

We first place the light liquid into the tank, and wait for at least 6 h before injecting the heavy liquid at the bot-
tom; in all cases, there is no “perceptible” movement before the injection of the heavy fluid at the bottom. We
monitor the evolution of stratification using P-wave reflections, electrical conductivity and temperature profiles,
and time-lapsed photography as applicable. Photographs in the Supplementary Information 4-8 show images
for the various cases.

Results and analyses
This section reports experimental results and analyses for the six stratified water columns described in Table 1.
We include additional protocol details that are specific to each case.

Case 1: fresh water over brine at constant temperature

This first case explores the evolution of liquid interfaces during chemical diffusion when a fresh water layer sits
on top of a brine layer (Case No. 1—Table 1; duration =96 h). Figure 2a presents the reflected P-wave signatures
gathered at different times. The freshwater-brine interface provides clear reflections at around 300 ps during
the first ~ 48 h. The time to the first arrival and the amplitudes of reflected signals decrease over time. The two
reflections at t = 463 s and 490 ps correspond to the bottom plate (thickness =40 mm; Fig. 1). The phase of
reflected signals is the same for water-brine and brine-plexiglass, but opposite for the plexiglass-air (Fig. 2b), in
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Figure 2. Fresh water over brine at constant temperature: diffusion (Case No. 1—Table 2). (a) Reflected P-wave
signatures at different test-times (Note: bottom reflector amplitude/10). (b) Phase inversion corresponds to the
impedance Z=p-V mismatch at each interface. (c) Conductivity profiles normalized by the brine conductivity.
agreement with the corresponding impedance mismatch. Water-brine reflections have low-frequency contents
compared to signals reflected from the plexiglass.

Figure 2c shows normalized electrical conductivity depth profiles. The electrical conductivity exhibits an ini-
tially sharp interface which gradually evolves into a diffusion front as salt migrates into the freshwater body above.
Case 2: fresh water over brine with bottom heat source
The presence of a bottom heat source promotes convection in the lower stratum while there is concurrent heat
and ionic diffusion across the liquid-liquid interface; then, a convection cell emerges in the upper layer as well.
“Double-diffusive convective” systems have been identified in stratified water columns over heat sources (as
early as the 1960’ in the Red Sea®).

We explore the evolution of a stratified column during double-diffusive convection (Case No. 2—Table 1;
duration =64 h). The P-wave reflections at ~ 300 ps correspond to the freshwater-brine interface; they initially
vanish during early diffusion, but resurge once convection starts after turning on the bottom heat source (Fig. 3a;
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Figure 3. Fresh water over brine with bottom heatsource: Double-diffusive convection (Case No. 2—Table 2).
(a) Reflected P-wave signals at different test-times (Note: bottom reflector amplitude/67). (b) Conductivity
profiles normalized by the brine conductivity. (c) Temperature profiles. The experimental time starts at brine
injection (before turning the heater on).
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Note: brine injection takes ~ 1.5 h; the heater is turned on right after brine injection—There is no peripheral
thermal insulation around the tank).

The lower saltwater layer has some methylene blue to allow for optical observations. The colored layer exhibits
a clearly homogeneous intensity in depth and across the interface, in agreement with previous studies that have
shown the homogenizing effect of convective circulation within each stratum?®>*. The normalized conductivity
profile readily captures the evolution of the interface (Fig. 3b). Convection homogenizes the ionic concentration
and temperature within the convection cell and “shaves” the interface which remains sharp even as diffusion
takes place. Consequently, convection preserves short diffusion lengths and increases heat and ionic transport
across the interface. Temperature increases homogeneously in the upper layer as well suggesting an upper con-
vective cell (Fig. 3¢). The light blue zone in the inset in Fig. 3b captures the transition zone that forms between
the freshwater and brine strata.

Double-diftusive convection results from the interplay between temperature T [°C] and salt concentration ¢
[mol/L] on the solution density. The ratio between the stabilizer effect of salt concentration Ap = p-M,-Ac and the
convection-promoter effect of temperature Ap=a-AT determines the emergence of double-diffusive convection
(where Ac and AT are the salt concentration and temperature differences across the transition zone, the thermal
expansion coefficient for water is a=4.1 x 10~* °C"! and the haline contraction coefficient is p=7.8 x 10~* g/L)*:
thermal convection prevails if the ratio R, = (B-M,-Ac)/(a-AT) <1 while double-diffusive convection is dominant
if R,> 1. The evolution of the R, ratio is reported in Fig. 4, starting with pure chemical diffusion, followed by
double-diffusive convection and ending with pure thermal convection. In agreement with experimental evidence,
conditions for double-diffusive convection start after ~ 8 h when P-wave reflections reappear (Fig. 3a).

Case 3: saltwater over dense kaolinite slurry
Consider a freshwater kaolinite slurry suddenly being overtopped by 2 M saltwater (Case No. 3—Table 1; dura-
tion=300 h). The sequence of P-wave signals in Fig. 5a shows a persistent reflection at ~400 ps which corresponds
to the saltwater-slurry interface. The coinciding empty red circles show the coinciding interface elevation recov-
ered from time-lapse images. The phase of reflections corresponds to the impedance mismatch at each interface.
The kaolinite layer settles as ions diffuse into the slurry causing double layer contraction. The slurry experiences
overall densification (the depth-average porosity calculated from the initial water content is 0.938; the change
in height implies a porosity reduction to 0.882 after 300 h). Yet, aggregation lowers the stiffness at low effective
stress, the impedance mismatch decreases near the interface and reflections decline. The contraction of the
kaolinite layer leaves behind low concentration water that mixes with the saltwater above.

The initial electrical conductivity jump across the saltwater-kaolinite interface becomes smoother as salt
diffuses into the slurry (Fig. 5b). In this case, the electrical conductivity detects the evolving salt diffusion front
into the clay slurry, while P-wave signatures capture the interface migration by layer contraction.

Case 4: saltwater over dense bentonite slurry

This case resembles the previous one, but involves high specific surface bentonite slurry sliding beneath a salt-
water layer (Case No. 4—Table 1; duration =4320 h). Figure 6a shows successive P-wave signals. The saltwater-
slurry reflection at ~ 380 ps migrates upwards for the first ~ 600 h before it begins to show layer contraction. This
response suggests overall initial swelling by osmotic suction followed by double layer contraction as ions diffuse
into the bentonite slurry!. Overall, the interface retains its impedance mismatch and produces high frequency
reflected signals, i.e., sharp interface.
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Figure 4. Diffusion, convection and the double-diffusive convection regimes. The plot shows the evolving

regimes within the experimental cell. The interpretation is based on the density ratio R, as summarized in the
inset.
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Figure 5. Saltwater over dense kaolin slurry (Case No. 3—Table 2). (a) Reflected P-wave signals and kaolinite
suspension height obtained from time-lapse images (Note: bottom reflector amplitude: same scale). (b)
Conductivity profiles normalized by the saltwater conductivity.
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Figure 6. Saltwater over dense bentonite slurry (Case No. 4—Table 2). (a) Reflected P-wave signals at different
test-times. Reflections from within the slurry layer confirm the emergence of horizontal discontinuities shown
on the inset picture (Note: bottom reflector amplitude/50). (b) Conductivity profiles normalized by the saltwater

conductivity.

Reflected P-wave signals and time-lapse images provide evidence of evolving horizontal discontinuities within
the bentonite layer and their intermittent downward migration (see insets in Fig. 6a). Vertical discontinuities
also form as the diffusion front advances and cause contraction under zero lateral strain conditions.

The electrical conductivity is constant in the upper saltwater layer and decreases with depth below the saltwa-
ter-slurry interface (Fig. 6b). Note that the electrical conductivity is quite high in the bentonite slurry prepared
with fresh water due to the hydrated counterions and excess salts in the bentonite. Salt diffusion into the bentonite

slurry causes a conductivity overshoot at 192 h.
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Case 5: light kaolinite suspension over saltwater

Low solids content freshwater suspensions often reach heavier seawaters in deltaic environments. We explore
this situation in the next two cases, starting with low-specific surface kaolinite suspended in fresh water (Fig. 7a;
Case No. 5—Table 1; duration=96 h).

Low frequency reflected P-wave signals from the kaolinite suspension-saltwater interface appear at ~ 260 ps
during the first few hours. The amplitude gradually weakens as: (1) ions diffuse upwards and prompt kaolinite
flocculation and settlement and (2) diffusiophoresis drives particles in the direction of the concentration gradient
and enhances sedimentation®>**. The high-frequency reflection at~ 470 ps shows the sediment layer forming on
the bottom plate; the other two reflections correspond to the upper and lower surface of the bottom plexiglass.
The phase of reflected signals agrees with the impedance mismatch in each case.

The normalized conductivity shows an initially sharp transition in the stratified column (Fig. 7b), but it
smoothens rapidly (compare to Fig. 2b). Apparently, aggregation and sedimentation cause internal currents
that promote ion transport.

Case 6: light bentonite suspension over saltwater

Finally, let us consider a similar situation to Case 5 but for a suspension made of high specific surface bentonite
particles (Case No. 6—Table 1; duration =528 h). Figure 8a shows low frequency P-wave reflections at~270 us
corresponding to the suspension-saltwater interface. Similar to the kaolinite suspension, upwards ion diffusion
and diffusiophoresis cause flocculation and settlement. The settled bentonite is very soft and there is no detect-
able reflection from the sediment that accumulates at the bottom of the tank.

The initially sharp transition in conductivity across the suspension-saltwater interface rapidly smoothens
and conductivity homogenizes in the upper and lower layers (Fig. 8b).

Pictures in Fig. 9 show three stages in the evolution of the upper bentonite suspension: (1—Fig. 9a) upward
salt diffusion drives flocculation near the interface, (2—Fig. 9b) flocs fall and saltwater flows up to fill the void
left by flocs, and (3—Fig. 9¢) localized transport and associated currents result in remnant bentonite clouds
with long permanency.

Discussion
Stratification and interface dynamics—underlying processes
Multiple concurrent processes govern the evolution of stratified water columns and interfaces in quiescent water
bodies. The six cases studied above involved chemical and thermal diffusion, convection, diffusiophoresis, floc-
culation, sedimentation, osmosis and chemo-consolidation (see Table 2).

Stable stratifications depend on density. The density of aqueous solution p; [gr/cm?] is a function of salt
concentration ¢ [mol/L], pressure P [MPa] and temperature T [°C]**:

P1 = Po + ¢-Mgai {0.668 + 0.44¢ - Mg + 107°[300P — 2400P - ¢ - Mgy

1
+T(80 + 3T — 3300c - My — 13 + 47P - ¢ - Myuyy)]} )
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Figure 7. Light kaolin suspension over saltwater system monitoring (Case No. 5—Table 2). (a) Reflected
P-wave signals at different test-times. There is a reflection from the kaolin sediment above the bottom plate
(Note: bottom reflector amplitude/30). (b) Conductivity profiles normalized by the saltwater conductivity.
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Figure 9. Light bentonite suspension over saltwater—Evolution in time (Case 6—Table 2). Photographs and
physical sketches. (a) Upward salt diffusion drives flocculation near the interface. (b) Flocs fall and saltwater
flows up to fill the void. (c) Long-permanency remnant bentonite clouds.

On the other hand, the density of a suspension p, is a function of the liquid density p; and the solids mass
fraction y=m /my
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Cases | Stratified layer

Concurrent physical processes

1 Fresh water over brine (without heat) | Salt molecules diffuse into the upper fresh water column gradually smoothing the interface

2 Fresh water over brine (with heat)

Initially, salt molecules diffuse into the upper fresh water column gradually smoothing the interface. Once the heat source starts,
convective cells emerge, initially in the lower brine pool; circulation shears and sharpens the interface and homogenizes both tem-
perature and concentration. Convective flow enhances heat and ionic transport across the sharp interface until the whole column
homogenizes

3 Saltwater over dense kaolinite slurry | low-salinity water left behind mixes with the upper saltwater layer. The saltwater-slurry interface migrates downwards and remains

Salt molecules diffuse into the lower clay slurry causing densification by double layer contraction and settlement. The lighter

sharp

4 Saltwater over dense bentonite slurry

There are two concurrent processes: (1) the bentonite layer rapidly takes water from above and expands towards its equilibrium
condition, while (2) salt diffusion eventually causes settlement by double layer contraction. The interface remains sharp at all times

5 Kaolinite suspension over saltwater

Salt molecules diffuse into the upper kaolin suspension, kaolinite particles aggregate and fall through the interface eventually form-
ing a sedimentary later above the plexiglass plate. Salt diffusion continues and the interface fades away

6 Bentonite suspension over saltwater interface. The voids left behind facilitate ion transport; eventually, isolated colloidal clouds remain in suspension. Optically, the

Salt molecules diffuse into the upper bentonite suspension, and bentonite particles aggregate into large flocs that fall through the

interface looks blocky; however, the acoustic impedance smoothens and reflections vanish

Table 2. Six tested cases: concurrent physical processes inferred from all measurements.

Equations (1) and (2) highlight the role of temperature T, salt concentration ¢ and solids mass fraction y on
layer sequencing and stability. In fact, the “stable” colloidal clouds observed in Case 6 float at an equilibrium
position determined by their density p, and the evolving density of the surrounding liquid p;.

The sediment layer that forms immediately above the bottom plate experiences a virtually nil effective stress
(Cases 5 and 6). The corresponding asymptotic void ratio e; varies with soil type and fluid chemistry. The asymp-
totic void ratio is e; = 5-to-8 for kaolinite and e; = 5-to-12 for bentonite sedimented in 2 mol/L saltwater®>*, In
fact, the specific surface and the asymptotic void ratio are good predictors of suspension stability in stratified
water columns.

Electrical conductivity: solutions and suspensions

The electrical conductivity reflects the volumetric charge concentration and mobility. When the liquid is an ionic
solution, the electrical conductivity o; [S/m] relies on the motion of hydrated anions and cations®’; the linear
approximation for fully dissociated “strong” electrolytes at low ionic concentration ¢ [mol/m’] is:

o =F_alalu 3)
1

where other parameters are Faraday’s constant F=96,485.3 C/mol, and the ion valence z [ ] and mobility u [m?/
(V-s)] for each ionic species (Note: the ionic mobility is the terminal velocity of an ion in an electric field). Col-
loids in suspension contribute hydrated counterions. Let us assume that hydrated counterions are as mobile as
hydrated ions in the bulk fluid (they are not forming inner sphere complexes or within the Stern layer), that
particles are sufficiently close to each other or the excitation frequency is sufficiently high so that double layer
polarization does not hinder conduction, and that particles do not move at high frequencies. Then, the electri-
cal conductivity of suspensions and slurries o; combines the motion of hydrated ions in the bulk fluid and in
the counterion cloud (derivation in Supplementary Information 9—see>® for a more comprehensive analysis):

Pl
og=(1- Ms)p*sl(fl + 1spsSsCotl 4)

in terms of the solids mass fraction y, = my/my, mass density p=m/V [g/m?], specific surface S, [m*/g], sur-
face charge density C, [C/m?], and hydrated ion mobility u [m?/(V-s)]; subscripts relate parameters to phases:
sl=slurry or suspension, s =solid, I=1iquid. Excess salts in dry clays contribute to the host liquid conductivity.

The mobility of hydrated ions increases with temperature and is hindered by tortuosity in porous media®*.
The high conductivity in the lower bentonite slurry and the conductivity overshoot measured at 192 h in Fig. 6b
show the combined contributions of ions in solution and the counterion cloud around clay surfaces.

Wave propagation velocity—bottom ‘lift-up’ effect

The arrival time for reflections returning from the bottom plexiglass plate decreases during diffusion (Cases 1 &
2); this “lift-up” effect indicates a higher overall velocity as diffusion-driven homogenization takes place. Let us
consider a layer of thickness x; and salt concentration c; on top of a layer of thickness x, and salt concentration
¢,. The P-wave velocity is a linear function of salt concentration V=V, +n-Ac for small changes in salt concentra-
tion Ac®'. Then, the travel time ¢, across the two strata is:

X1 X2

far = — + ——————
VT Vit n(e — ) 5)

After diffusive homogenization, the travel time t,,,,, becomes:

Scientific Reports |

(2024) 14:11453 | https://doi.org/10.1038/s41598-024-62035-w nature portfolio



www.nature.com/scientificreports/

X1+ x2
Vi + n(chrszz _ C1> (6)

X1+x2

thom =

It can be shown that t, ., <t for all field conditions; therefore, “lift-up” should be expected in haline strati-
fication, even in the absence of interface reflections.

Wave propagation across interfaces in stratified water columns

Reflections from the tested liquid interfaces exhibit time varying frequency content and/or amplitude. We con-
duct 1-D numerical simulations to gain an understanding of wave propagation across layers with a gradual transi-
tion zone. Figure 10a shows a schematic of the impedance profile versus depth {(Z). We normalize the reflection
coefficient (determined as a ratio between the reflected and incident energy) dividing it by the maximum reflec-
tion coefficient defined by the impedance mismatch for L*/A =0 where L* is the characteristic transition length
and A is the wavelength of the input signal. There are two distinct asymptotic trends in Fig. 10b: R,,,,,— 1 as
L*A— 0, and R,,,,,,— 0 when L*/\ — eo. These results indicate that reflections decrease for more gradual changes
in impedance in thicker interface transitions L* (for a given frequency and wavelength) and that the transition
zone acts as a high-pass filter that preferentially reflects low-frequency long-wavelength signals.

These results explain the relatively low frequency component f = 60 kHz in reflections returned from thick L*
interlayer transition zones (Case 1 and 2 in Figs. 2a and 3a; Case 3 in Fig. 5; Case 5 in Fig. 7; Case 6 in Fig. 8—
see the power spectrum of the piezo crystal pair in Supplementary Information 3). Furthermore, note that the
amplitude of the reflected signal from the fresh water-brine interface decreases with time as the diffusion length
increases L* (Fig. 2a).

The three bands superimposed on Fig. 10b represent reflection amplitudes referenced to bottom reflections for
measurements gathered in this study (Cases 1, 2, and 5). Clearly, both impedance mismatch among contiguous
layers and the thickness of the interlayer transition zone—captured in the dimensionless ratio L*/A—determine
our ability to detect stratified water layers using marine seismic.

Conclusions

Stratified water columns appear in lacustrine, deltaic and marine environments. The underlying differences in
density result from ionic concentration (halocline), temperature (thermocline), mineral suspensions (pycnocline)
and bioactivity (nutricline). Results from this study show that multiple concurrent, coupled processes emerge
across layers in otherwise quiescent water bodies, and determine the evolution of stratification.

e Dissimilar chemo-thermo conditions give rise to chemical and thermal diffusion and convection. The pres-
ence of a bottom heat source may trigger double-diffusive convection. Convection cells sustain a sharp
thermal and chemical interface, but quicken the overall homogenization of the water column.

® Seasonal sediment loads may produce light freshwater suspensions that sit on top of saltwater layers, or
high-solids content slurries that sink beneath the seawater column. In this case, the specific surface and

(a) Impedance { = pV (b)
Cabove C’I Cmiddle CZ Cbelow 1.0 1o O - = =
| c ] e S (@)
H S T S -
| < g1 ¢ >
| 2 & =
i © T
| 2 %
; ) 0.6 + [
X4 8§ i o)
il * T)’ ‘
: } L L 0471 o
X, ! e ®
3 - %
N
. £ "
>< G idaie € 2 1
£ Crin—=C 1 0.0 : : : DS
=% _Dbelow 22 _
8 I —C - e 0.001 0.01 0.1 1 10 100
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Dimensionless ratio L*/A

Figure 10. Wave propagation across a smoothly varying interface. (a) Assumed impedance profile { versus
depth x. Adopted characteristic length L* of the transition zone (shaded blue area). (b) Numerically computed
normalized reflection coefficient R, as a function of the transition length L* normalized by the signal wave
length A—Multiple realizations for various field conditions. The three bands superimposed on the plot represent
experimental results (amplitudes referenced to bottom reflections).
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surface charge of suspended particles, and the salt concentration in contiguous layers determine aggregation-
sedimentation-consolidation patterns.

When low-solid suspensions sit on saltwater, upward ion diffusion into the suspension promotes diffu-
siophoresis and increases the sedimentation rate. When high specific surface clay particles are involved,
physio-chemical interaction-induced aggregation, floc sedimentation and contraction-driven discontinuities
further enhance settling rates; yet, isolated high specific surface colloidal clouds may remain buoyant within
the water column with long permanency.

On the other hand, when high solid content slurries sink beneath the saltwater, downward ion diffusion into
the slurry produces chemo-mechanically coupled osmotic and double-layer contraction effects. Chemo-
consolidation releases freshwater and may cause horizontal opening-mode discontinuities in high specific
surface area clayey sediments (e.g., bentonite); these horizontal discontinuities migrate downwards together
with the diffusion front. There is chemo-consolidation in low specific surface area clays as well (e.g., kaolinite);
however higher permeability allows for excess pressure dissipation and ionic diffusion does not cause open
mode discontinuities.

The remote detection and monitoring of stratified water columns with acoustic waves are limited by imped-
ance mismatch, and the ratio between the interlayer transition thickness and the wavelength, L*/A: the
interface becomes invisible when the transition zone is thick and L*/A>> 0.1, i.e., the interface acts as a
high-pass filter. Invasive thermal and electrical conductivity probes provide complementary information
and may identify stratification even when it is undetected by acoustic signals.
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Data sets for this research are available at Figshare: https://doi.org/10.6084/m9.figshare.23928945.v1.

Received: 15 October 2023; Accepted: 13 May 2024
Published online: 20 May 2024

References

1.

Andersson, P. S., Wasserburg, G. J., Chen, J. H., Papanastassiou, D. A. & Ingri, J. 238U234U and232Th230Th in the baltic sea and
in river water. Earth Planet. Sci. Lett. 130, 217-234 (1995).

2. Roberts, D. L., Karkanas, P, Jacobs, Z., Marean, C. W. & Roberts, R. G. Melting ice sheets 400,000 year ago raised sea level by 13
m: Past analogue for future trends. Earth Planet. Sci. Lett. 357, 226-237 (2012).

3. Boghosian, A. et al. Resolving bathymetry from airborne gravity along Greenland fjords. J. Geophys. Res. Solid Earth 120, 8516-8533
(2015).

4. Tinto, K. ], Bell, R. E,, Cochran, J. R. & Miinchow, A. Bathymetry in Petermann fjord from Operation IceBridge aerogravity. Earth
Planet. Sci. Lett. 422, 58-66 (2015).

5. Swallow, J. C. & Crease, J. Hot salty water at the bottom of the Red Sea. Nature 205, 165-166 (1965).

6. Wankel, S. D. et al. New constraints on methane fluxes and rates of anaerobic methane oxidation in a Gulf of Mexico brine pool
via in situ mass spectrometry. Deep Sea Res. II 57, 2022-2029 (2010).

7. Hoare, R. A. Thermohaline convection in Lake Vanda, Antarctica. J. Geophys. Res. 73, 607-612 (1968).

8. Bouligand, C. et al. Geological and thermal control of the hydrothermal system in Northern Yellowstone Lake: Inferences from
high-resolution magnetic surveys. . Geophys. Res. Solid Earth 125, e019743 (2020).

9. Palmer, D. R, Rona, P. A. & Mottl, M. ]. Acoustic imaging of high-temperature hydrothermal plumes at seafloor spreading centers.
J. Acoust. Soc. Am. 80, 888-898 (1986).

10. Arnon, A,, Selker, J. S. & Lensky, N. G. Thermohaline stratification and double diffusion diapycnal fluxes in the hypersaline Dead
Sea. Limnol. Oceanogr. 61, 1214-1231 (2016).

11. Stefansdottir, M. B. & Gislason, S. R. The erosion and suspended matter/seawater interaction during and after the 1996 outburst
flood from the Vatnajokull Glacier, Iceland. Earth Planet. Sci. Lett. 237, 433-452 (2005).

12. Schroeder, A., Wiesner, M. G. & Liu, Z. Fluxes of clay minerals in the South China Sea. Earth Planet. Sci. Lett. 430, 30-42 (2015).

13. Merritts, D. J., Vincent, K. R. & Wohl, E. E. Long river profiles, tectonism, and eustasy: A guide to interpreting fluvial terraces. J.
Geophys. Res. Solid Earth 99, 14031-14050 (1994).

14. Sempéré, R. & Cauwet, G. Occurrence of organic colloids in the stratified estuary of the Krka River (Croatia). Estuarine Coast.
Shelf Sci. 40, 105-114 (1995).

15. Shimmield, T., Black, K. D., Fox, C., Hughes, D. & Howe, J. Independent evaluation of deep-sea mine tailings placement (DSTP)
in PNG8. ACP. PNG. 18-B. A review and evaluation of marine environmental information on deep sea tailings placement with
particular reference to Lihir and Misima mines, Papua New Guinea. (2011).

16. Holbrook, W. S., Pdramo, P., Pearse, S. & Schmitt, R. W. Thermohaline fine structure in an oceanographic front from seismic
reflection profiling. Science 301, 821-824 (2003).

17. Little, S. A., Stolzenbach, K. D. & Purdy, G. M. The sound field near hydrothermal vents on Axial Seamount, Juan de Fuca Ridge.
J. Geophys. Res. Solid Earth 95, 12927-12945 (1990).

18. Stranne, C. et al. Acoustic mapping of thermohaline staircases in the Arctic Ocean. Sci. Rep. 7, 15192 (2017).

19. Barraclough, W, LeBrasseur, R. & Kennedy, O. Shallow scattering layer in the subarctic Pacific Ocean: Detection by high-frequency
echo sounder. Science 166, 611-613 (1969).

20. Penrose, J. & Beer, T. Acoustic reflection from estuarine pycnoclines. Estuar. Coast. Shelf Sci. 12, 237-249 (1981).

21. Thomson, W. T. Transmission of elastic waves through a stratified solid medium. J. Appl. Phys. 21, 89-93 (1950).

22. Lowe, M. ]. Matrix techniques for modeling ultrasonic waves in multilayered media. IEEE Trans. Ultrason. Ferroelectr. Freq. Control
42, 525-542 (1995).

23. Dunkin, J. W. Computation of modal solutions in layered, elastic media at high frequencies. Bull. Seismol. Soc. Am. 55, 335-358
(1965).

24. Kennett, B. Seismic Wave Propagation in Stratified Media (ANU Press, 2009).

25. Nayfeh, A. H. The general problem of elastic wave propagation in multilayered anisotropic media. J. Acoust. Soc. Am. 89, 1521-1531
(1991).

26. Weidner, E. & Weber, T. C. Broadband acoustic characterization of backscattering from a rough stratification interface. J. Acoust.
Soc. Am. 155, 114-127 (2024).

27. Weidner, E. & Weber, T. C. An acoustic scattering model for stratification interfaces. J. Acoust. Soc. Am. 150, 4353-4361 (2021).

Scientific Reports |  (2024) 14:11453 | https://doi.org/10.1038/s41598-024-62035-w nature portfolio


https://doi.org/10.6084/m9.figshare.23928945.v1

www.nature.com/scientificreports/

28. Mellberg, L. E. & Johannessen, O. M. Layered oceanic microstructure: Its effect on sound propagation. J. Acoust. Soc. Am. 53,
571-580. https://doi.org/10.1121/1.1913360 (2005).

29. Holliday, D. & Pieper, R. Bioacoustical oceanography at high frequencies. ICES J. Mar. Sci. 52, 279-296 (1995).

30. Seim, H. E., Gregg, M. C. & Miyamoto, R. Acoustic backscatter from turbulent microstructure. J. Atmos. Ocean. Technol. 12,
367-380 (1995).

31. Thorne, P. D. & Hanes, D. M. A review of acoustic measurement of small-scale sediment processes. Contin. Shelf Res. 22, 603-632
(2002).

32. Lavery, A. C. & Ross, T. Acoustic scattering from double-diffusive microstructure. J. Acoust. Soc. Am. 122, 1449-1462 (2007).

33. Ross, T. & Lavery, A. Laboratory observations of double-diffusive convection using high-frequency broadband acoustics. Exp.
Fluids 46, 355-364 (2009).

34. Parsons, J. D. & Garcia, M. H. Enhanced sediment scavenging due to double-diffusive convection. J. Sediment. Res. 70, 47-52
(2000).

35. DavarpanahJazi, S. & Wells, M. G. Enhanced sedimentation beneath particle-laden flows in lakes and the ocean due to double-
diffusive convection. Geophys. Res. Lett. 43, 10883-10890 (2016).

36. Hoyal, D. C,, Bursik, M. I. & Atkinson, J. F. Settling-driven convection: A mechanism of sedimentation from stratified fluids. J.
Geophys. Res. Oceans 104, 7953-7966 (1999).

37. Maggi, E Flocculation Dynamics of Cohesive Sediment (Delft University of Technology, 2005).

38. Fernando, H. J. Turbulent mixing in stratified fluids. Annu. Rev. Fluid Mech. 23, 455-493 (1991).

39. McCool, W. W. & Parsons, J. D. Sedimentation from buoyant fine-grained suspensions. Contin. Shelf Res. 24, 1129-1142 (2004).

40. Fox, ], Hill, P, Milligan, T. & Boldrin, A. Flocculation and sedimentation on the Po River Delta. Mar. Geol. 203, 95-107 (2004).

41. Winterwerp, J. Stratification effects by cohesive and noncohesive sediment. J. Geophys. Res. Oceans 106, 22559-22574 (2001).

42. Guo, L. & He, Q. Freshwater flocculation of suspended sediments in the Yangtze River, China. Ocean Dyn. 61, 371-386 (2011).

43. Wang, Y. P. et al. Sediment resuspension, flocculation, and settling in a macrotidal estuary. J. Geophys. Res. Oceans 118, 5591-5608
(2013).

44. Von Wachenfeldt, E. & Tranvik, L. J. Sedimentation in boreal lakes: The role of flocculation of allochthonous dissolved organic
matter in the water column. Ecosystems 11, 803-814 (2008).

45. Li, D, Li, Y. & Xu, Y. Observations of distribution and flocculation of suspended particulate matter in the Minjiang River Estuary,
China. Mar. Geol. 387, 31-44 (2017).

46. Manning, A., Langston, W. & Jonas, P. A review of sediment dynamics in the Severn Estuary: Influence of flocculation. Mar. Pollut.
Bull. 61, 37-51 (2010).

47. Lee, J.-S. & Santamarina, J. C. P-wave reflection imaging. Geotech. Test. J. 28, 197-206 (2005).

48. Lyu, C,, Park, J. & Carlos Santamarina, J. Depth-dependent seabed properties: Geoacoustic assessment. J. Geotech. Geoenviron.
Eng. 147, 04020151 (2021).

49. Cho, G. C,, Lee, J.-S. & Santamarina, J. C. Spatial variability in soils: High resolution assessment with electrical needle probe. J.
Geotech. Geoenviron. Eng. 130, 843-850 (2004).

50. Turner, J. S. The coupled turbulent transports of salt and and heat across a sharp density interface. Int. J. Heat Mass Transf. 8,
759-767 (1965).

51. Barbour, S. L. Osmotic flow and volume change in clay soils. (1986).

52. Anderson, J. L. & Prieve, D. C. Diffusiophoresis: Migration of colloidal particles in gradients of solute concentration. Sep. Purif.
Methods 13, 67-103 (1984).

53. Ebel, J. P, Anderson, J. L. & Prieve, D. C. Diffusiophoresis of latex particles in electrolyte gradients. Langmuir 4, 396-406 (1988).

54. Mavko, G., Mukerji, T. & Dvorkin, J. The Rock Physics Handbook (Cambridge University Press, 2020).

55. Palomino, A. M. & Santamarina, J. C. Fabric map for kaolinite: Effects of pH and ionic concentration on behavior. Clays Clay
Miner. 53,211-223 (2005).

56. Salva Ramirez, M., Park, J., Terzariol, M., Jiang, J. & Santamarina, J. C. Shallow seafloor sediments: Density and shear wave velocity.
J. Geotech. Geoenviron. Eng. 149, 04023022 (2023).

57. Lyklema, ]. Fundamentals of Interface and Colloid Science Volume I: Fundamentals (Academic Press, 1991).

58. Klein, K. A. & Santamarina, J. C. Electrical conductivity in soils: Underlying phenomena. J. Environ. Eng. Geophys. 8, 263-273
(2003).

59. Keller, G. V. & Frank, C. Electrical methods in geophysical prospecting. (1966).

60. Abu-Hassanein, Z. S., Benson, C. H., Wang, X. & Blotz, L. R. Determining bentonite content in soil-bentonite mixtures using
electrical conductivity. Geotech. Test. J. 19, 51-57 (1996).

61. Kleis, S.J. & Sanchez, L. A. Dependence of speed of sound on salinity and temperature in concentrated NaCl solutions. Sol. Energy
45,201-206 (1990).

Acknowledgements

Support for this research was provided by the KAUST Endowment at King Abdullah University of Science and
Technology, the GW Clough Endowed Chair at Georgia Tech and National Research Foundation of Korea (No.
RS-2023-00221719). Gabrielle. E. Abelskamp edited earlier versions of this manuscript.

Author contributions
All authors have contributed substantially to the manuscript and approved the final submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-62035-w.

Correspondence and requests for materials should be addressed to J.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |  (2024) 14:11453 | https://doi.org/10.1038/s41598-024-62035-w nature portfolio


https://doi.org/10.1121/1.1913360
https://doi.org/10.1038/s41598-024-62035-w
https://doi.org/10.1038/s41598-024-62035-w
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:11453 | https://doi.org/10.1038/s41598-024-62035-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Stratified water columns: homogenization and interface evolution
	Experimental study
	Devices
	Sample preparation
	Test procedure

	Results and analyses
	Case 1: fresh water over brine at constant temperature
	Case 2: fresh water over brine with bottom heat source
	Case 3: saltwater over dense kaolinite slurry
	Case 4: saltwater over dense bentonite slurry
	Case 5: light kaolinite suspension over saltwater
	Case 6: light bentonite suspension over saltwater

	Discussion
	Stratification and interface dynamics—underlying processes
	Electrical conductivity: solutions and suspensions
	Wave propagation velocity—bottom ‘lift-up’ effect
	Wave propagation across interfaces in stratified water columns

	Conclusions
	References
	Acknowledgements


