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1. Introduction
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Sedimentation and drying are important physicochemical processes that play critical roles in the
management of mining operations, directly impacting environmental safety and operational efficiency.
This study develops a methodology of utilizing portable single-sided nuclear magnetic resonance (NMR)
instruments to study free and induced sedimentation as well as drying processes of complex tailings
materials from gold mine tailings storage facilities (TSFs) via the detection of 'H NMR water signals of
the tailings. The results obtained are discussed considering the influence of the physical and
mineralogical properties of tailings, such as particle-size distribution, mineral composition, and solid-
content percentage. We observed various phases of sedimentation, including short-term and long-term
sedimentations, which are characterized by significantly different timescales required for reaching the
complete settling of the sludge layers. Moreover, we show that NMR allows the detection of an
interesting effect of mechanically induced sedimentation, which is reported only scarcely in the
literature. These findings demonstrate the complexity of the sedimentation process and support a clear
relationship among the settling rate, particle size, and density of the minerals. In addition, by using a
controlled aeration method on top of a single-sided NMR device, we could evaluate the dynamics of
the drying process. The utilized NMR methodology is sensitive to slight changes in the water content
and mobility via the measurements of both the *H NMR signal amplitudes and the T relaxation times. It
allows one to quantify the water content during the transition from slurry-like to sludge-like forms of
the studied tailings. The findings can provide valuable tools to characterize tailings sedimentation and
dewatering, highlighting the potential of portable NMR as an analytical tool for real-time monitoring and
optimization of TSF management strategies.

Within TSFs, the suspended particles present in the dis-
charged tailings undergo gravitational sedimentation naturally

Mining operations and mineral processing play critical roles in
technological development and the supply of raw materials for
various industries." However, mining activities intrinsically gen-
erate significant quantities of waste materials referred to as
tailings, which pose notable challenges in their management.
Tailings are complex slurry-like materials consisting of water,
fine mineral particles, and residual chemical reagents that are
remaining after mining beneficiation procedures. These waste
materials are mainly stored within dynamic structures known as
tailings storage facilities (TSFs).>™
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or through further treatments, leading to progressive water
separation.® This procedure decreases the volume of tailings,
improves the structural integrity of tailings storage dams, and
enhances the effectiveness of water recovery. Nevertheless, tail-
ings present highly heterogeneous characteristics, with wide
variability in particle-size distribution, mineralogical composition,
and water-retention ability.””® These inherent properties hinder
the accurate prediction of the settling and drying behaviors of
tailings, both of which critically influence the mechanical stability
and safety of TSFs.” ™! Therefore, the development and applica-
tion of innovative analytical approaches to better understand the
sedimentation and drying dynamics of these complex materials
are essential for improved TSF management and risk mitigation.

Various theoretical and experimental investigations have
been conducted to study the sedimentation behavior of tailings
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materials. Theoretical studies have provided mathematical
frameworks for analyzing consolidation and sedimentation
phenomena in fine-grained particulate systems, focusing on
particle-fluid interactions during settling.'>™® Experimental
approaches, commonly utilizing settling columns instrumen-
ted with diverse sensors, have provided valuable insights into
how factors such as the initial solid concentration, particle size,
and chemical additives (like flocculants) influence the sedi-
mentation process.'’>° However, these studies generally have
limitations, particularly regarding their inability to realize real-
time monitoring and to resolve changes within the sediment
layers.

Among applied methodologies, nuclear magnetic resonance
(NMR) has considerable potential for use in monitoring water
mobility within sedimentation systems. NMR is a powerful
analytical tool that provides unique insight into the structure
and dynamics of molecules in samples. In an NMR experiment,
atomic nuclei are subjected to an external magnetic field,
followed by perturbation via an orthogonal oscillating radio-
frequency field. This perturbation excites nuclear spins, and
subsequently, a free induction decay (FID) signal is detected.
Fourier transformation of the FID signal yields the NMR
spectrum in the frequency domain, where the resulting data
are sensitive to the local chemical environment of nuclei.”'*
Low-field NMR instruments have previously been applied by
Cabrera et al. to investigate the influence of flocculants and
coagulants on the sedimentation behavior of oil-sands tailings,
differentiating between free and bound water.”* However, certain
capabilities of NMR, such as achieving spatial resolution, captur-
ing depth-specific dynamics, and performing real-time analysis
within tailings sediment layers, remain unexplored.

Here, we employ a single-sided NMR instrument, namely the
NMR mobile universal surface explorer (NMR-MOUSE) (Fig. 1),>°>*
along with the Carr-Purcell-Meiboom-Gill** (CPMG) pulse
sequence (Fig. 2), to study the sedimentation and drying pro-
cesses in tailings derived from a gold mine. We focus on how these
processes evolve within the layered structure of the sediment sludge
using depth-resolved NMR measurements. This single-sided

A) e B)
N v
B,/..y o
/7 B
A+Zy =B
ATHTTATININ
T _"’: RN
| \
K II“-:|I s -
AR vioUsE
S N o bz o

* 0

Fig. 1 (A) Schematic of NMR-MOUSE PM25 used in this study. The device
features a permanent magnet in conjunction with a surface RF coil to
generate static By and oscillating B; magnetic fields, respectively, enabling
localized, non-invasive *H NMR measurements of water content in near-
surface regions.?>28 (B) NMR-MOUSE PM25 device mounted on a lift for
vertical sample profiling of a tailings sample.
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Fig. 2 CPMG NMR pulse sequence diagram, illustrating the signal acqui-
sition and measurement of T, relaxation times using NMR-MOUSE during
sedimentation and drying experiments. M(t) represents the total magne-
tization of the sample at the echo maxima at time t after the initial ©/2-
pulse. Mg is the initial magnetization, and T is the transverse relaxation
time.

portable NMR instrument enables surface and near-surface mea-
surements of transverse relaxation times (75) and echo amplitudes,
providing a non-destructive means for quantifying the water con-
tent and mobility within sediment layers. This versatile device,
which is capable of measuring the relaxation and diffusion of
samples, has been applied in a wide range of applications, includ-
ing cultural heritage protection,”*?%?° food processing,**> breast
tissue and mammographic density,*° articular cartilage,*® cellu-
lar exchange processes,””*® geopolymerization,® and drying.****
Complementary techniques, including particle-size distribution
analysis (PSD), mineralogical analysis by X-ray diffraction (XRD),
and energy dispersive spectroscopy (EDS) analysis, in conjunction
with scanning electron microscopy (SEM) to determine the ele-
mental composition of a sample, were integrated to relate our NMR
findings to the physical and mineralogical properties of the sam-
ples. In general, the proposed approach can provide a detailed
understanding of moisture dynamics, structural evolution, and the
influence of mechanical disturbances (such as shaking and drying).
Our findings demonstrate the strong potential of single-sided NMR
instruments for real-time monitoring of tailings behavior, empha-
sizing the role of the particle-size distribution and mineral compo-
sition in sedimentation and dewatering efficiency.

2. Experimental section

2.1. Samples and their preparation

All samples used in this study were collected from the carbon-
in-leach (CIL) tailings storage facility (TSF) associated with a
gold mining and beneficiation operation located in the Lapland
region of Finland. Tailings are deposited using the beach
deposition method in this TSF, which promotes a gradual
settling of solid particles as the material is discharged radially
across the storage area. Six sampling points were selected along
the TSF borders, each located approximately 22 meters apart
from the marginal zone of the TSF. Samples were collected
from settled tailings formed by tailings discharge across the
TSF surface. Additionally, a water sample was sourced from the
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reclaim pond within the same facility to serve as the liquid
phase in the preparation of slurry samples.

Using these raw materials, six distinct slurry samples desig-
nated S1 through S6 were prepared. Each sample consisted of a
certain mass of the sampled moist sediments combined with a
measured volume of the reclaim pond water. Sample S1 was
composed of 17.25 g of raw sediment mixed with 36 mL of
reclaimed water. Samples S2 through S6 were each prepared by
mixing 16.25 g of raw sediments with 25 mL of reclaim water.
Due to the natural variability in the moisture content of the
sediments from different locations, the resulting slurries had
different solid content values. The solid contents of the sam-
ples were S1: 26.4%, S2: 29.5%, S3: 25.2%, S4: 26.1%, S5: 27.9%,
and S6: 28.8%. The variation in the solid contents reflects the
heterogeneity of the tailings materials around the TSF and is
expected to influence the subsequent sedimentation and drying
behavior observed during NMR experiments.

We note that the solid content refers to the mass of solid as a
percentage of the total mass of the slurry. To determine the
initial water content of each sampled sediment, a known mass
of wet sediment was oven-dried at 250 °C for 4 hours, and the
moisture content was calculated based on the difference
between the wet and dry masses. This value was subsequently
used to compute the solid content of each slurry sample. The
detailed procedures regarding the solid-content percentage
calculations are provided in the SI (Section S1.2).

2.2. NMR measurements

NMR measurements were carried out using an NMR-MOUSE
PM25 device with the Kea2 console (Magritek, Aachen, Ger-
many) operated via the Prospa software. This device is a single-
sided, low-field mobile NMR device built using two permanent
magnets with opposite pole directions to generate the static B,
polarization field and a surface coil located between the mag-
nets to provide the B; RF field (Fig. 1A). The entire setup is
mounted on an adjustable lift, facilitating the vertical profiling
of the sample (Fig. 1B). The instrument operates at a 13 MHz
"H NMR resonance frequency and has a virtually constant
magnetic field gradient of 7.28 T m™ " in the sensitive region,
providing a spatial resolution of less than 100 pm, with a
maximum measurement depth of 25 mm in profiling experi-
ments. Depth measurements are possible by varying the dis-
tance between the B, magnet and the sample surface.

In our experiments, NMR-MOUSE was used to measure the
T, relaxation times and signal amplitudes within the sediment
layer as sedimentation and drying progressed. These para-
meters are indicative of the water content and mobility within
the sediment matrix. The CPMG pulse sequence (Fig. 2) was
applied for all NMR experiments. The echo time (z.) was set to
200 ps; 250 echoes were collected, and a repetition time (¢,) of
1000 ms was used. Both the 90° and 180° pulse lengths were 5.5
us, and 64 scans were averaged to improve the signal-to-noise
ratio. All measurements were performed using cylindrical plas-
tic containers with a diameter of 53 mm and a height of 28 mm.

For all sedimentation experiments, the sensitive region in
the samples was a layer of ca. 100 pm in thickness. The region
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Fig. 3 Sensitive layer positions in the NMR experiments. (A) In the sedi-
mentation experiments, the sensitive layer was fixed at 2.7 mm from the
bottom of the container. (B) In the drying experiments, the depth-resolved
measurements were taken at 0.7, 1.7, and 2.7 mm to capture vertical
moisture gradients.

was positioned at 2.7 mm above the bottom of the sample
container (see Fig. 3A) to perform measurements within the
sedimented sludge layer. For drying experiments, the measure-
ments were conducted at three distances (0.7, 1.7 and 2.7 mm)
from the bottom of the containers, corresponding to different
depths within the sediment layer. This approach enabled
depth-specific monitoring of moisture distribution during
desiccation (Fig. 3B).

2.3. Experimental protocols

2.3.1. Short-term sedimentation experiment. In the short-
term sedimentation study, each slurry sample was initially sub-
jected to thorough agitation to ensure homogeneous distribution
of solids in the liquid. Immediately following the mixing, samples
were positioned on the NMR device for continuous monitoring,
taking over a period of two hours. During this time, CPMG
measurements were performed repeatedly to track dynamic
changes in the water content and mobility associated with the
rapid formation of a sediment layer shortly after agitation.

2.3.2. Long-term sedimentation experiment. To further
evaluate the behavior of the sample over an extended period,
long-term sedimentation experiments were conducted. Follow-
ing the completion of the short-term study, the sample after the
short-term sedimentation experiment remained undisturbed
on top of the NMR magnet for an extended observation period
of three weeks. Regular CPMG measurements were conducted
throughout this period to capture the changes in water
dynamics and any progressive compaction occurring within
the sediment layer as a function of the prolonged settling time.

2.3.3. Induced sedimentation experiment. This experiment
aimed to explore the influence of mild mechanical agitation on
water redistribution within the formed layer of the sediment.
For this purpose, after short-term or long-term sedimentation
experiments, the samples were subjected to gentle mechanical
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shaking events designed to avoid significant disruption of the
sediment structure. The shaking procedure was performed
gently by hand, avoiding mixing the sediment layer settled after
the short-term sedimentation experiments with the supernatant
water on top of it. Each shaking event lasted for 1 minute,
followed by CPMG measurements over a total observation period
of two hours. The recorded variations in the T, relaxation and
signal amplitude were analyzed to assess the impact of induced
motion on the fluid migration within the sediment matrix. Once
both parameters stopped changing, indicating that no further
compaction and water-content alterations occurred within the
sediment layer, the shaking procedure was stopped.

2.3.4. Drying experiment. Upon completion of all
sedimentation-related experiments, the supernatant water
above the sediment was carefully removed. The remaining
sediment layer was subsequently placed on the NMR-MOUSE
and continuously exposed to a controlled flow of compressed
air at a rate of 1 cubic foot per hour (ca. 472 cm® min™?)
(Fig. 3B). Throughout the drying process, CPMG experiments
were performed at regular intervals to characterize changes in
the moisture content and water mobility. In addition, the
spatial profiling capability of the NMR-MOUSE was utilized to
perform depth-resolved measurements in three vertical positions
(Fig. 3B), thereby enabling real-time monitoring of the water
content at different sediment depths during the drying phase.

2.4. Complementary analyses

To assess the influence of mineralogical composition and
particle-size characteristics on the observed sedimentation

View Article Online
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and drying behaviors, additional analytical techniques were
applied.

2.4.1. Particle-size distribution (PSD). Particle-size analysis
was performed using a Beckman Coulter LS13320 laser diffrac-
tion particle-size analyzer to characterize the grain-size profile
of the sediment samples. The resulting data indicated a broad
distribution of mean particle sizes, with minimum and max-
imum values ranging from 8.95 pm in sample S1 to 30.98 um in
sample S6 (Fig. 4). Detailed information about the PSD results
is provided in SI (Section S2.2).

2.4.2. Mineralogical composition. The mineral content of
the samples was characterized using a Rigaku SmartLab 9 kW
X-ray diffraction (XRD) system. XRD analysis revealed variations
in the abundance of key minerals, including muscovite (mica),
gypsum, feldspars (albite and anorthite), quartz, hydronium
jarosite, and minor oxides (such as rutile). These results high-
light the diverse mineralogical profile with varying density
distributions across samples (Fig. 5), reflecting the heteroge-
neous nature of the tailings collected from six locations around
the TSF. This heterogeneity is likely to influence the sedimenta-
tion kinetics by affecting the settling velocity of individual
mineral particles. Complete diffractograms and peak assign-
ments are included in SI (Section S2.3).

2.4.3. Microstructural and elemental analysis. High-
resolution imaging and elemental analysis of the sediment
samples were conducted using a Zeiss Sigma field-emission
scanning electron microscope (FESEM), equipped with energy-
dispersive X-ray spectroscopy (EDS). This technique was
employed to complement the particle size and mineralogical
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Fig. 4 Particle-size distribution (PSD) graphs for samples S1to S6 (A)—(F), respectively, illustrating a broad range of particle diameters with specific mean,
median, and mode values for each sample. These distributions highlight the variability in particle size across different locations within the tailings storage

facility.
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Fig. 5 Distribution of minerals in CIL tailings samples S1-S6 according to XRD analysis. The chart highlights the mineralogical diversity and density
variations across different sediment samples, emphasizing the heterogeneous nature of the tailings.

data by providing direct visualization of individual particles
and their surface characteristics. The analysis revealed (Fig. 6)
that mica (muscovite) and gypsum tended to occur as rela-
tively large particles, while albite, rutile, and quartz were
typically of intermediate sizes. Notably, hydronium jarosite
consistently appeared as the finest-grained phase. Represen-
tative images and full elemental compositions are available in
SI (Section S2.4).

3. Theoretical background

3.1. Sedimentation dynamics and Stokes’ law

When a single spherical particle falls into a fluid under a
laminar condition, the settling rate of the particle is governed
by the forces exerted on it. Initially, the particle experiences

acceleration due to the gravitational force Fg, which acts down-

ward. However, this force is countered by buoyancy F, and drag

F4 forces exerted by the fluid to retard the particle®*™*° (Fig. 7).
The force balance leads to a constant terminal velocity if

ey

The gravitational force F, and the buoyancy force F;, in
eqn (1) can be formulated as

Fy = Fy + Fa.

3
nd
Fy=prsg (2)
and
3
nd-
o= P8 (3)
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FESEM image (left) and EDS spectrum (right) of sample S1, showing particles with elemental composition dominated by silicates, sulphates, and
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Fig. 7 Forces acting on a spherical particle, including fluid gravitational Fg,
buoyancy Fy,, and drag Fq4 forces. Together, they determine the particles’
settling velocity under laminar flow conditions.

where pg is the volumetric mass density of the settling particle,
pr is the volumetric mass density of the fluid, d is the diameter
of the particle, and g is the acceleration due to gravity.

The drag force can be described as

1
Fd = ECDAPI‘V27 (4)

where Cy, is the drag coefficient, 4 is the cross-sectional area of
a particle, and v is the speed of the particle relative to the fluid.

The Reynolds number (Re,,) for a particle with a diameter d
falling through a fluid medium with a dynamic viscosity u at a
speed of v is

prvd
Re, =——. 5
L )

This number is a dimensionless number that describes the
nature of the flow around a spherical object.
The drag coefficient Cp, in a laminar regime Re;, < 1 is defined as

24

Cp=—-.
b Re,

(6)
Assuming laminar conditions and combining eqn (4)-(6),

the drag force F4q based on the Navier-Stokes equations can be
described as

Fq = 3TC,udV. (7)

Combining eqn (1)—(3), and (7) gives the terminal velocity
(the Stokes settling velocity) of a spherical particle in a fluid

(ps — pf)dzg‘ ®)

Vi= 18u

We note that eqn (8) describes the terminal velocity of a single
spherical particle moving under laminar flow conditions. How-
ever, tailings samples are a mixture of different minerals with
diverse particle sizes and different shapes. Their motions are
affected by interparticle interactions, flocculation, hindered set-
tling, and variations in effective viscosities."” ' At the same time,
the Stokes’ law can provide valuable theoretical estimates of the
sedimentation times, highlighting the effects of particle sizes
and densities on the sedimentation rates of tailings samples.

For example, Fig. 8 shows the expected ranges of settling
times calculated using eqn (8), taking into account the
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Fig. 8 Estimated settling times for samples S1-S6. Orange horizontal bars
represent the theoretical settling time ranges calculated using Stokes’ law
and dip—dyg particle sizes from the size distributions in Fig. 4. The lower
and upper settling time limits correspond to the settling times calculated
for the dgg particle sizes of the most dense mineral phase in each sample.
The upper settling time limits correspond to the settling times calculated
for the dio particle sizes of the least dense mineral phase in each sample.
Squared black points represent the experimentally observed settling times
in short-term sedimentation NMR experiments.

experimental geometry in Fig. 3, particle-size distributions in
Fig. 4, and mineralogical profiles in Fig. 5 (see SI for details,
Section S2.5). This graph indicates a very broad range of settling
times for two representative particle sizes, do and dy,, from the
size distributions for samples S1-S6. Notably, the experimentally
measured settling times during the short-term sedimentation
NMR experiments (black points in Fig. 8) fall closer to the middle
(i.e. dso) of the expectation ranges. This analysis supports a semi-
qualitative comparison of the sedimentation properties of our
samples in Section 4.4 using mean particle sizes. We note that if
the particle-size distributions of individual minerals in the
samples, i.e., mineral-by-mineral size distributions, were known,
the expectation ranges in Fig. 8 could be made narrower.

3.2. NMR measurement, signal intensity, and T, relaxation
time

The CPMG pulse sequence is a widely used tool in various
applications of single-sided NMR. It is an efficient tool for
measuring transverse relaxation times (7,), which can be
extracted from the CPMG multi-spin-echo train that decays
over the measurement time due to the transverse nuclear spin
relaxation (Fig. 2). The initial spin-echo signal amplitude in a
CPMG experiment reflects the proton density that is propor-
tional to the water content. The transverse magnetization

associated with a spin-echo signal detected at time ¢ is given
by21,28,52

M) = Myesp( ) ©)

where M, is the initial transverse magnetization.
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In practice, especially in single-sided NMR, magnetic field
inhomogeneities lead to additional dephasing; thus, the
observed decay reflects an effective relaxation time (Theg),”>>*>*
which is referred to as T, in this study for simplicity. Generally,
the observed T, relaxation times of a fluid in a porous environ-
ment, like the tailings slurries, are characterized by three fac-
tors:>>*® bulk fluid relaxation, surface relaxation, and signal
decay caused by the diffusion of molecules in the strong mag-
netic field gradient of the single-sided NMR instrument (7.28 T
m ™' for our NMR-MOUSE instrument) as well in the internal
magnetic field gradients intrinsically present in the heteroge-
neous samples:

R SR S
Ty Trvuk Toasuface 772 diffusion
1

S 1 )
+ ps; + ED(sze) . (10)

" Tavuk
Here, p; is the surface relaxivity reflecting the ability of pore walls
to induce relaxation, S/V is the surface-to-volume ratio of the
porous space, D is the molecular diffusion coefficient, G is the
magnetic field gradient strength, y is the gyromagnetic ratio, and
t. is the echo time.

In porous media, such as sedimented tailings materials
containing paramagnetic minerals studied in the presence of
a strong magnetic field gradient, the effective 7, relaxation time
is dominated by the contributions of T gyrface = PsS/V and
T, dittusion = D(yGt.)’/12, whereas the term including Ty can
be neglected. Our estimations based on variable echo-time
experiments for selected tailings samples indicate the domi-
nance of the internal magnetic field gradient T gitusion CODN-
tribution to the apparent T, decays (see SI, Section S2.6). The
comparison to bulk water diffusion at short diffusion times
shows that, on average, water molecules experience 3-3.5 times
stronger magnetic field gradients in the heterogeneous matrix
of tailings sediments than the constant gradient produced by
the NMR-MOUSE instrument. This observation implies a strong
influence of internal magnetic field gradients originating from
the pronounced magnetic susceptibility differences between
water and diverse solid mineral particles in the porous matrix.
According to our analysis, this effect on average generates
internal gradients of 14-18 T m™ ' in our magnetic field
(0.3 T). These values, for instance, roughly match the reported
estimations of internal gradients in Fe(m)-doped kaolin clays,
which were shown to be up to 10 T m ™" inside pores and exceed
1000 T m ™" at the pore surface for a 0.8 T magnetic field.>” Our
samples contain significant amounts of hydronium jarosite,
which is the Fe(m) mineral (Fig. 5). Naturally, the surface
relaxation contribution, T surface, 1S also present, but its influ-
ence seems to be less pronounced.

To extract the effective T, values from the decaying train of
echo amplitudes generated in the CPMG pulse sequence,
the measured signals were typically fitted using a mono-
exponential decay model (Fig. 9A). At the same time, we note
that in many cases, the bi-exponential decay model provided a
slightly better fit to the sedimentation data, reflecting the real
physical heterogeneity within the sample, which can be
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attributed to the formation of different pore cavities in the
samples. This observation was clearly evidenced in the relaxa-
tion time distributions obtained from the CPMG data using a
Laplace inversion procedure in the Prospa software of NMR-
MOUSE. It typically revealed a dominant fast-relaxing compo-
nent and a much smaller slow-relaxing component. For exam-
ple, the distribution for sample S1 showed two peaks (Fig. 9B)
at 5.2 and 11.4 ms, consistent with the presence of both fast
and slow-relaxing water environments. However, given that the
primary objective of this study is to track the overall progress in
the sedimentation process over time, the mono-exponential
model was selected for the final analysis. This simpler
approach showed high sensitivity to capture average relaxation
behavior for real-time continuous monitoring of the sedimen-
tation process with a good signal-to-noise ratio. In the case of
bi-exponential fitting, the analysis of the individual compo-
nents produced unwanted numerical noise. Moreover, com-
parative evaluation showed that the T, values obtained from
mono-exponential fitting closely matched the average weighted
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Fig. 9 (A) T, decay curve measured in a typical CPMG experiment with
sample S1, along with its mono-exponential fit. The close agreement
between the measured data (black dots) and the fitted curve (red line)
demonstrates the suitability of the mono-exponential model. (B) Relaxa-
tion time distribution obtained using the Laplace inversion procedure,
showing two distinct components at 5.2 ms (dominant) and 11.4 ms
(minor).

Phys. Chem. Chem. Phys.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03347k

Open Access Article. Published on 18 November 2025. Downloaded on 12/24/2025 9:20:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

T, values calculated from the bi-exponential model (see SI,
Section $1.3).

We note that since in this work we focus on the sedimenta-
tion and drying dynamics as studied by NMR, further detailed
investigation of individual T, components of tailings sludges
lies outside the scope of this manuscript and will be addressed
in a dedicated separate study in the future.

4. Results and discussion

4.1. Short-term sedimentation (sample S1)

The short-term sedimentation is characterized by initial rapid
free settlement of the tailings sludge layers after rigorous
shaking of tailings samples (Fig. 10). Both signal amplitude
and transverse relaxation time (7,) were continuously moni-
tored to track variations in the water content and mobility over
time in the bottom layer of the sample containers (Fig. 3A).

All investigated samples demonstrated significant changes
in both spin-echo signal amplitude and T, relaxation time
obtained from the CPMG experiments. Representative exam-
ples of the measured data are shown for sample S1 in Fig. 11A
(spin-echo amplitude) and Fig. 11D (7, time derived from a
mono-exponential fitting model). Over the two-hour experi-
mental timeframe, a progressive decrease in the signal ampli-
tude from approximately 8.4 to nearly 7.1 arbitrary units (a.u.)
was observed in the former case, while a substantial reduction
in T, relaxation time from approximately 5.5 to 2.3 ms was
observed in the latter case. Notably, the most significant
changes in these parameters were visible during the initial
50 min of the experiment, indicating a rapid phase of the
sediment layer compaction that occurs shortly after mixing.

These findings suggest that the early stages of sedimenta-
tion are dominated by initial rapid settling processes that
markedly influence the water distribution and mobility within
the system. The short-term sedimentation repeatability was
evaluated using multiple replicates of sample S1. For detailed
results and repeat analysis spectra, see SI (Section S2.1).

Additionally, visual observations confirmed the formation of
a distinct sediment layer and a clear supernatant water phase
on top within the first 50 minutes of the experiment, as
illustrated in Fig. 10. This visibly distinct phase separation
qualitatively confirms the sediment-layer formation detected by
the NMR measurements.

Post-Sedimentation
(After 50 min)

Mid-Sedimentation
(25 min)

Before sedimentation
(0 min)

Fig. 10 Sedimentation stages qualitatively illustrating the state of the
samples at 0, 25, and 50 min after a rigorous shake, highlighting the initial
formation of a sediment layer and the increasing clarity of the supernatant.
The timeline matches the observations for sample S1 during the short-
term sedimentation and was approximately similar for almost all samples.
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The monitoring of the short-term sedimentation using NMR
provided real-time information about both the settling and
structural changes of the slurry. The significant reduction in
the signal amplitude observed during the first 50 min reflects
the decrease in the water content within the forming sediment
layer, attributed to particle settling and progressive compac-
tion. As the sediment layer forms, part of the water is replaced
by the sedimented particles, leading to the observed decrease in
signal amplitudes. Simultaneously, the reduction in T, relaxa-
tion time reflects increasingly confined water environments
and reduced molecular mobility, corresponding to greater
sediment density and progressive structural compaction within
the layer.

4.2. Long-term sedimentation (sample S1)

Continuous monitoring of the signal amplitude and 7T, relaxa-
tion time in sample S1 over a 21-day period after the short-term
sedimentation revealed a high degree of stability in both
parameters, with only minor fluctuations observed throughout
the experiment (see Fig. 11B and E). During this extended
monitoring phase, the echo amplitude stayed around 7.0 and
the T, relaxation time around 2.2 ms (Fig. 11B and E). These
findings suggest that, following the initial short-term sedimen-
tation phase, the system approached a state of equilibrium, in
which further compaction and internal water redistribution
were minimal. The signal amplitude and T, relaxation time
plots support the conclusion that the most significant changes
in the water content and particle settling occurred within the
first hour of sedimentation, as captured in the short-term
experiment. The extended observation period thus confirmed
the absence of any notable long-term sediment densification or
water redistribution. This long-term stability in the NMR data is
further proved by monitoring the thickness of the sediment
layer, which showed no noticeable changes over the 3-week
monitoring period. Together, these results confirm stationary
conditions in tailings materials subjected to prolonged
sedimentation.

4.3. Induced sedimentation (sample S1)

After the long-term monitoring of the sample, additional
experiments were conducted to evaluate the impact of gentle
mechanical shaking on the NMR signal amplitude and T,
relaxation time. This phase of the study aimed to assess
whether slight mechanical disturbances could promote further
compaction of the sediment layer by inducing particle rearran-
gement and facilitating additional water expulsion from the
sedimented tailings porous matrix.

To assess this, sample S1 was subjected to repeated 1-min
events of gentle manual shaking over the total period of two
hours. NMR measurements were recorded between the shaking
events until the end of the induced sedimentation period where
no further changes in the NMR signal amplitude and T,
relaxation time were observed. As a result of this intervention,
a notable decrease in signal amplitude was observed from 7.0 to
5.5 (see Fig. 11C). Simultaneously, T, relaxation times
decreased significantly from 2.2 to 1.3 ms, indicating the
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Fig. 11 NMR data across different experiment phases for sample S1. The changes in the signal amplitudes and T, relaxation times during the initial
120 minutes of short-term sedimentation are displayed in (A) and (D), respectively, highlighting their rapid changes, followed by stabilization. The long-
term stability of these parameters over 21 days is illustrated in (B) and (E), respectively, suggesting insignificant changes and indicating the formation of a
metastable sediment layer. The effects of induced sedimentation through mechanical shaking are illustrated in (C) and (F). In this case, a continuous
decrease in the NMR signal amplitude and the T, relaxation time is observed over the period of 120 minutes, suggesting alterations in sediment

compactness and water dynamics.

formation of a more compact and structurally dense sediment
layer (Fig. 11F). Monitoring the sediment layer thickness con-
firmed a compaction of approximately 1.5 mm, aligning with
the trends observed in the NMR data. The concurrent reduc-
tions in both the echo amplitude and T, relaxation time high-
light the capability of NMR instrumentation to capture minor
yet significant variations in sediment compaction and internal
water mobility.

4.4. Sedimentation pattern analysis: influence of physical and
mineralogical properties (samples $S1-S6)

To investigate the sedimentation behavior of different slurry
samples, the NMR-MOUSE instrument was employed to moni-
tor changes in the signal amplitudes and transverse relaxation
times (7,) during a short-term sedimentation experiment last-
ing 120 min for six distinct samples, S1-S6, collected in various
locations of the same TSF.

The analysis revealed distinct variations in both the NMR
signal amplitude decrease and T), relaxation patterns across the
different samples, reflecting differences in settling dynamics
(Fig. 12 and 13). The settling behavior of the samples was
ranked based on the rate of the NMR signal and 7, decays, with
the following sedimentation order determined: S5 > S2 >
S6 > S3 > S4 > S1. Specifically, sample S5 showed the fastest
signal amplitude drop with the smallest T, decrease (ca.
2.6 ms), indicating a rapid transition from suspended to settled
state. In contrast, sample S1 exhibited a slow and gradual

This journal is © the Owner Societies 2025

signal decay, suggesting prolonged particle suspension and a
relatively slow compaction.

To evaluate these observations in further detail, we exam-
ined the particle-size distribution data (Fig. 4). These data
indicate that samples S5, S2, and S6, which settled more
rapidly, shared a key feature of relatively large mean particle
diameters (29 to 31 pm). Notably, they also exhibited a bimodal
particle size distribution. In particular, S5 had a prominent
coarse fraction centered around 55 pum. Apparently, these
particles significantly contributed to the observed higher par-
ticle settling velocity, as the simple theory described in Section
3.1 implies. A similar trend associated with the presence of big
particles was observed in the NMR experiments for the other
two samples (S2 and S6). Likewise, a rapid signal drop was
detected in the initial moments of the short-term sedimenta-
tion, with the signal amplitudes reaching the final plateau
between 5 and 15 minutes. In contrast, sample S1 displayed
the finest mean particle size (8.95 pm), which facilitated
particles being suspended longer due to the reduced settling
velocity. This sample exhibited the slowest sedimentation rate
among the samples tested, as indicated by the reduction of the
echo amplitude from 8.4 to 7.1 arbitrary units over the 50-min
period. Clearly, these observations are in qualitative alignment
with the classical sedimentation theory, where the settling rate
is directly influenced by the particle size, particularly under
low-Reynolds-number conditions governed by Stokes’ law
(Section 3.1).
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Fig. 13 T, relaxation times measured during short-term sedimentation experiments (A)—(F) for samples S1 to S6, respectively. The displayed curves
illustrate decreasing T, relaxation times, which indicate a transition from free to more confined water states within the sediment.

A comparison between the predictions of Stokes’ law,
eqn (8), and the experimentally determined values from NMR
experiments shows that the measured settling times fall within

Phys. Chem. Chem. Phys.

the theoretical range predicted using available particle size and
mineral distribution data for our samples (see Fig. 8 and
Section S2.5 in SI). At the same time, the predicted settling
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time ranges are broad, illustrating the importance of experi-
mental validations, wherein NMR can serve as a valuable tool.
Furthermore, the final 7, relaxation times measured at the end
of the experiments showed that samples S1, S3, and S4, with
smaller particle sizes, consistently exhibited lower final T,
values, indicating more restricted water mobility due to a
higher surface-to-volume ratio. In contrast, samples S2, S5,
and S6 with larger particle sizes exhibited higher final T,
relaxation times. Notably, sample S1, which has the slowest
sedimentation and finest mean particle size, recorded the lowest
final T, (ca. 2.3 ms), while S5, the fastest-settling sample with a
prominent coarse fraction, exhibited the highest final 7, relaxa-
tion time (ca. 6.7 ms). These findings demonstrate a strong
correlation between the sedimentation rate, particle size, S/V
ratio, and water mobility, as captured by low-field NMR.

We also believe that another important factor that may
influence the sedimentation process is the solid content per-
centage. According to the NMR measurements, samples S5, S2,
and S6 demonstrated the fastest sedimentation rate and had
relatively high solid contents (27.9-29.5%). In contrast, sam-
ples S1, S3, and S4, settling more slowly, were characterized by
lower solid contents (25.2-26.4%).

In addition, XRD analysis was conducted to assess the
influence of mineralogical composition on the settling proper-
ties of the tailings samples (Fig. 5). This analysis identified the
dominant mineral phases across the samples, including mus-
covite (mica), gypsum, feldspars (albite and anorthite), quartz,
hydronium jarosite, and rutile (see SI Section S2.3 for further
details). These phases exhibit a range of densities, from gyp-
sum (2.30-2.37 g cm*)*® to rutile (4.23-5.50 g cm™*).”® Impor-
tantly, the physical characteristics and morphology of these
minerals may also influence the sedimentation behavior beyond
density alone. The platy structure of mica,*® for instance, may
reduce the sedimentation efficiency unless counteracted by
aggregation or coarse particle formation. In contrast, dense but
finely divided phases, such as hydronium jarosite (3.01 g
em?),%® are expected to retard the sedimentation.

To evaluate particle sizes associated with specific minerals, a
composition elemental analysis was conducted via EDS for S1
and S5 (Fig. 6), the samples with the slowest and fastest settling
rates, respectively. EDS showed that in S1 and S5, coarser
particles were consistently associated with gypsum and musco-
vite, while albite, quartz, and rutile were typically medium-
sized. Hydronium jarosite appeared as the finest-grained com-
ponent, and its presence was correlated with a delayed settling
according to the NMR data.

In sample S1, the high proportion of fine-grained minerals,
particularly hydronium jarosite (18%), can contribute to
delayed sedimentation. Despite its relatively high density
(3.01 g cm?),°® EDS analysis revealed that hydronium jarosite
was the finest-grained component in sample S1, which may
reduce its settling rate, as also supported by the fine PSD and
indicated by the gradual decrease in NMR signal.

Conversely, sample S5 showed the fastest sedimentation
rate, reaching the NMR signal amplitude plateau within
5 minutes. This can be rationalized through the presence of
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large particles in the PSD for this sample and the low percen-
tage of fine minerals, which was also proved by the EDS and
PSD results. Mineralogically, S5 contained the lowest mica
content (10%), minimizing the presence of platy, slow-settling
particles. In contrast, it contained 6% of rutile, a dense mineral
(4.23-5.50 g cm*),°® which has the highest concentration
among all samples. Additionally, this sample was dominated
by moderately dense minerals, including 30% feldspar (albite
and anorthite, 2.62-2.76 g cm *)>® and 20% quartz (2.65 g
ecm?). This combination of large, dense particles and a low
amount of flat minerals can contribute to the S5 rapid
sedimentation rate.

Moreover, sample S2, which also settled rapidly, contained
16% mica, which would be expected to hinder settling, but this
effect was likely mitigated by the large particle sizes, moderate
(12%) feldspar (2.62-2.76 g cm>)*® content and 25% of quartz
(2.65 g cm™?).>® The sample also contained 5% of high-density
mineral known as luogufengite (4.905 g cm °)*° that was
defined as others in Fig. 5. Additionally, the presence of 4%
rutile (4.23-5.50 g cm °)*® and 5% hydronium jarosite (3.01 g
em*)*® may further enhance the sedimentation. This miner-
alogical composition, combined with large mean particle sizes,
the highest solid content, and an abundance of moderate to
high-density minerals, contributed to the rapid decay in the
signal amplitude from 7.9 to 7.1 units in 9 minutes. This was
also visible as a pronounced decrease in the T, relaxation time.

Sample S6, despite containing a high proportion of mica
(40%), a platy mineral,®® exhibited relatively rapid settling. This
behavior can be attributed to its large mean particle size
(30.98 pm), as well as the presence of a moderate amount of
feldspar (23%) and 12% of quartz. The observed T, relaxation
time reduction (from 11.5 to 3.9 ms) and rapid signal stabilization
within 15 minutes indicate structural reorganization and progres-
sive dewatering during the sedimentation. These findings suggest
that, while platy minerals like mica may hinder settling, their
effect can be mitigated when the overall particle size distribution
and mineral density are conducive to sedimentation.

Sample S3 showed moderate sedimentation behavior, which
was aligned with both its intermediate mica content (26%) and
relatively fine mean particle size (10.31 um). It also included 7%
jarosite and 3% rutile, which could improve the settling if these
minerals had been coarser. However, this sample was domi-
nated by platy and low-density minerals, while the high-density
components were likely too fine to significantly influence
settling. Accordingly, a moderate sedimentation rate was
observed, reflecting the balance between opposing sedimenta-
tion influences.

Sample S4, with a mean particle size of 16.72 pm and a solid
content of 26.1%, reached a stable signal amplitude over about
50 minutes, indicating a gradual sediment compaction process.
This sample contained 30% mica, a significant proportion of
platy minerals that may inherently resist settling. Although S4
contained 3% rutile and 6% jarosite, these dense minerals were
likely to be too fine to improve settling.

Samples S3 and S4 exhibited the highest initial and final signal
amplitudes. S3 also showed the highest initial T, relaxation time
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(10.67 ms) in the short-term sedimentation experiment. This
behavior can be attributed to their low solid contents (S3 =
25.2%, S4 = 26.1%) and the highest combined content of mica
and gypsum among all samples, as these minerals have shown the
ability to retain water in their structures.>®*>®'

These findings underscore that while particle size is the
primary driver of sedimentation dynamics, mineral composi-
tion and density further modulate the settling behavior. Coarse
high-density minerals tend to promote rapid sedimentation
when present in sufficient amounts. In contrast, even high-
density phases, such as hydronium jarosite, can impede set-
tling when finely dispersed, due to their high surface area and
tendency to remain suspended.

4.5. Induced sedimentation experiment for S3-S6

Following the observation of notable compaction and changes
in NMR signal behavior in sample S1 under induced sedimen-
tation, a subsequent set of measurements was carried out for
samples S3-S6 to determine whether similar processes would
occur in samples with varying mineralogical and physical
characteristics. In these experiments, all samples were sub-
jected to gentle shaking over a 2-hour period (see Section 2.3.3
for details), with real-time monitoring conducted using the
NMR-MOUSE system. Under the gentle shaking conditions,
all tested samples exhibited a consistent response profile,
characterized by a measurable decrease in the echo amplitude
and transverse relaxation time (Fig. 14), in agreement with the
behavior described for S1 in Section 4.3.

This trend indicates enhanced sediment compaction and
decreased water mobility within the sediment layer. The drop
in echo amplitude reflects the increased particle packing, while
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Fig. 14 Comparative analysis of echo amplitudes (A) and T relaxation
times (B) for samples S1 and S3-S6 during the short-term sedimentation
and subsequent gentle shaking. The left panels show the initial sedimenta-
tion phase, highlighting rapid changes in both parameters, while the right
panels illustrate the impact of mechanical shaking, marked by further
reductions in amplitude and T, relaxation, indicating enhanced sediment
compaction and water confinement.
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the T, reduction signifies a transition from free to more
confined water states. Reaching the final plateau points, where
the gentle shaking events do not result in any further changes
in the signal amplitude and T, relaxation time, indicates that
induced sedimentation drives the sediment structure toward a
genuinely stable state, in contrast to the metastable one estab-
lished after the short-term sedimentation experiment.

The uniformity of the responses across samples suggests
that the low-intensity mechanical input can promote additional
compaction of the tailings sediments regardless of their miner-
alogical differences.

4.6. Drying experiment (sample S1)

Following the completion of sedimentation experiments, sam-
ple S1 was subjected to a controlled drying protocol. After the
removal of the supernatant water, the remaining sediment was
exposed to a continuous flow of compressed air at a rate of 1
cubic foot per hour (cfh) (ca. 472 em® min~'). During this
phase, NMR was employed to monitor changes in signal
amplitudes and transverse relaxation times (75) at three dis-
crete sludge depths: 0.7 (bottom), 1.7 (middle), and 2.7 mm
(top), Fig. 3. This depth-resolved approach enabled spatial
tracking of drying kinetics and moisture redistribution within
the sediment layer.

As shown in Fig. 15, the echo amplitude decreased progres-
sively over time at all monitored depths. The surface layer
(2.7 mm) exhibited the highest initial signal, attributed to the
residual water retained after supernatant removal, and it
showed the most rapid decline in amplitude, consistent with
enhanced evaporation near the air-exposed interface. In con-
trast, the deep layers displayed a relatively slow rate of signal
loss. Nevertheless, the signal amplitude at all depths eventually

Drying experiment

6
2.7mm
5. —1.7mm
—0.7mm

Amplitude (a.u.)
¢
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1
0
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Fig. 15 Drying kinetics for sample S1 exposed to a continuous flow of
compressed air at a rate of 1 cubic foot per hour. The monitoring was done
through signal amplitude measurements at three depths (0.7, 1.7 and
2.7 mm; see Fig. 3). The plot tracks the amplitude reduction to zero across
all depths, indicating moisture expulsion from the sediment during the
drying experiment.

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03347k

Open Access Article. Published on 18 November 2025. Downloaded on 12/24/2025 9:20:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

100

81 Short-term sedimentation

Amplitude (a.u.)
&
o
o (=]

H
o
Water volume %

N
T

N
o

1000 1500

Time (min)

0 500

Fig. 16 Sequential changes in the NMR signal amplitude and water-
volume percentage for sample S1 across different treatment stages:
short-term sedimentation, induced sedimentation, and drying. This plot
shows the reduction in the signal amplitude, which corresponds to the
changes in the water content from the beginning of sedimentation to the
end of the drying process. Key phases are indicated to highlight significant
transitions in the sediment’s characteristics.

decreased to zero, confirming full moisture removal through-
out the vertical profile of the sediment.

Similarly, the evolution of the T, relaxation times of water
during the drying experiment showed a systematic decrease
from 1.2 to 0.6 ms, consistent with the reduction of water
mobility (Fig. S52 and S53 of SI). At the final stages of this
experiment, however, due to the significant water loss, the
signal-to-noise ratio became too low to perform quantitative
T, analysis. The corresponding 7, data and detailed descrip-
tions are provided in Section S2.7 of SI.

To provide a comprehensive view of the moisture behavior
during the experimental sequence, Fig. 16 illustrates changes
in the signal amplitudes for sample S1 from initial sedimenta-
tion through to the final drying stage. The first 50 minutes were
marked by a sharp amplitude reduction, corresponding to the
rapid formation of a sediment layer and the depletion of free
water from the NMR-sensitive region. This behavior aligns with
visual observations of particle settling and stratification within
the container.

Following the short-term sedimentation phase, long-term
sedimentation for three weeks was conducted. However, due to
the negligible changes in the signal amplitude, the data were
excluded from the plot to emphasize the dynamic transitions.
Subsequent induced sedimentation, achieved via gentle shaking,
resulted in a further decrease in the NMR signal amplitude. This
was observed after the initial short-term sedimentation plateau,
indicating further water redistribution and the compaction of
the sediment layer during the induced sedimentation.

In the final phase, the drying procedure was initiated. After
the mechanical removal of residual supernatant water, the
sample was subjected to airflow drying. The signal amplitude
steadily decreased to zero, indicating full dehydration of the
sediment, as detected by the NMR.
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In addition, Fig. 16 shows the water volume percentage as a
function of time during the experiment (right vertical scale),
giving an overall picture of moisture dynamics from the start of
sedimentation to drying. To determine this parameter, the
signal amplitude was compared to our standard 100% water
sample (0.1 M CuCl,-2H,O0 solution in the same size container).
At the beginning of the short-term sedimentation, when the
sediment layer had not yet been formed within the sensitive
measuring volume (Fig. 3A), the signal amplitude was 94%
relative to that of the standard sample, indicating a high initial
water content that gradually decreased to zero at the end of the
drying process. This offers a thorough quantitative analysis of
the water dynamics throughout the experiment, highlighting
the transition from loosely bound water to increasingly con-
fined states within the tailings matrix. The reliability of the
measured water content obtained based on the NMR signal
amplitudes at the final stage of the drying experiment was
checked using gravimetrical analysis. For this purpose, after the
completion of the NMR air-drying experiment, the remaining
sediment sample was weighed and placed in an oven for 4 h at
105 °C. The weight difference before and after oven-drying was
found to be 3.4% of the total water initially present in the
sediment before the air-drying (see Section S2.6 in SI). Compar-
ison of these results confirms that more than 96% of the total
mobile water content was detected by NMR with the given NMR
signal-to-noise ratio and experimental parameters.

5. Conclusion

This study demonstrated the capability of low-field, single-
sided NMR to effectively monitor sedimentation and drying
processes in complex tailings materials from a gold mining
facility. Through a real-time measurement of the 'H NMR
signal amplitude and T, relaxation times, it was possible to
capture detailed moisture dynamics, track sediment-layer for-
mation, and assess the progression of dewatering across dis-
tinct experimental conditions.

The short-term sedimentation experiments revealed signifi-
cant variability in settling behavior across six tailings samples
(S1-S6), which was primarily governed by the particle-size
distribution and further modulated by mineralogical composi-
tion and solid content. Samples characterized by larger mean
particle sizes and higher proportions of dense minerals (e.g.,
quartz, anorthite, and illite) exhibited more rapid settling, as
evidenced by faster signal decrease and longer final T, relaxa-
tion times. In contrast, samples with finer particle sizes,
particularly those enriched in hydronium jarosite, showed
delayed settling and slower compaction kinetics.

Long-term sedimentation experiments confirmed that most
structural changes within the sediment layer occurred within
the first hour, with minimal compaction or water redistribution
observed thereafter. Induced sedimentation achieved through
gentle mechanical shaking led to further signal decay and T,
reduction, indicating enhanced sediment compaction and
water expulsion not achievable under static conditions. These
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findings underscore the importance of the external energy
input in accelerating sedimentation in tailings materials.

The controlled drying experiment further highlighted the
efficiency of single-sided NMR in capturing depth-resolved
moisture dynamics. The progressive decrease in signal ampli-
tude across multiple sludge depths, culminating in a complete
signal loss, demonstrated the sensitivity of this method in
tracking drying fronts and total moisture loss. Quantitative
calibration against a standard water sample enabled the esti-
mation of water-volume changes throughout the sedimentation
and drying sequence.

Overall, this work establishes low-field single-sided NMR as
an analytical tool for evaluating sedimentation, induced com-
paction, and drying behavior in heterogeneous mining tailings.
By integrating NMR measurements with particle size and
mineralogical data, the study provides a comprehensive frame-
work for assessing how physical and compositional properties
influence dewatering efficiency.
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