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Abstract 4 

Nuclear magnetic resonance (NMR) exploits the interaction between atomic nuclei and an external 5 

magnetic field. Recent advancements in small-diameter probes have expanded NMR applications for 6 

shallow subsurface investigations (<100 m); however, existing efforts in tailings engineering remain 7 

scarce. This study evaluates NMR’s potential to characterize water content and saturation in mine tailings. 8 

Tailings with varying particle size distributions and mineralogies, along with Ottawa sand and kaolinite, 9 

were analyzed using two NMR systems with different signal-to-noise ratios and magnetic fields. The study 10 

examines the influence of magnetic susceptibility, mineralogy, gradation, echo time, signal-to-noise ratio, 11 

and tailings pond water on NMR measurements. NMR-derived water content and saturation estimates 12 

were compared against controlled target volumetric and gravimetric measurements. Results indicate that 13 

magnetic susceptibility is a key limiting factor: NMR performed well for paramagnetic tailings with low 14 

magnetic susceptibility (<1.0 E-3) but poorly for ferromagnetic tailings with high magnetic susceptibility 15 

(>1.9E-2). However, low magnetic susceptibility alone does not guarantee reliable performance, as 16 

mineralogy and the presence of elements such as iron (Fe) also play a role. Additionally, the results show 17 

that shorter echo times and higher signal-to-noise ratios are beneficial. While gradation and tailings pond 18 

water primarily influenced NMR decay curves, they had minimal impact on water content estimates for 19 

the examined paramagnetic tailings. Finally, the study conducts error propagation evaluations to assess 20 

the degree of confidence in estimating volumetric water content and degree of saturation for different 21 

scenarios in tailings engineering.  22 
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1 Introduction 25 

Nuclear Magnetic Resonance, NMR, relies on the interaction of atomic nuclei with nonzero spin -26 

naturally behaving like tiny magnets with an external magnetic field (Bloch, 1946; Purcell et al., 1946). 27 

During an NMR measurement, the magnetic moments of specific nuclei, such as hydrogen protons (H⁺), 28 

align with the imposed magnetic field. Once aligned, a transverse radiofrequency pulse forces the nuclei 29 

to rotate 90º, then relax back to their original orientation. The measured longitudinal and transverse fields 30 

facilitate the assessment of material characteristics such as volumetric water content (e.g., Behroozmand 31 

et al., 2015), pore size distribution (e.g., Falzone & Keating, 2016a; Jaeger et al., 2009; Keating & Falzone, 32 

2013), and saturation (e.g., Costabel & Yaramanci, 2011; Falzone & Keating, 2016).  33 

 NMR has been extensively applied in the petroleum industry (Behroozmand et al., 2015; Chen & 34 

Li, 2019; Coates et al., 1999; Dunn et al., 2002) with large diameter probes, i.e., > 5” used for in-situ 35 

measurements. More recent small-diameter probes are suitable for shallow subsurface explorations, i.e., 36 

first 100 m (e.g., Perlo et al., 2013; D. Walsh et al., 2013), promoting applications in hydrology (e.g., 37 

Behroozmand et al., 2017; Dlubac et al., 2013; Kendrick et al., 2021; Kirkland & Codd, 2018; Knight et al., 38 

2016; Pehme et al., 2022; Walsh et al., 2013, 2014),  environmental engineering (e.g., Conte et al., 2024; 39 

Kirkland et al., 2017; Spurlin et al., 2019), and water resources (e.g., Alves Filho et al., 2015; Anaraki et al., 40 

2021).  Most previous efforts that have evaluated the NMR potential to assess water content and 41 

saturation have been focused on natural sediments, rocks, and soils (e.g., Falzone & Keating, 2016b, 42 

2016a; Jaeger et al., 2009; Novotny et al., 2023; Sucre et al., 2011; Zhao & Santamarina, 2022). 43 

Applications focused on assessing water content and saturation of mine tailings are limited to a single 44 

technical breakthrough abstract by Reid et al. (2023) based on one tailings material only and with limited 45 

details. Other related applications include the use of NMR to monitor the hydration rate of cemented 46 

paste backfill (Nasharuddin, 2023), the settling behavior of oil sands (Motta et al., 2008),  the bitumen and 47 
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solid contents in oils sands  (Motta Cabrera et al., 2010), and the mobile water content for a tailings 48 

storage facility (TSF) in New Mexico (Spurlin et al., 2019). 49 

The main objective of this study is to assess the potential of NMR to characterize mine tailings, 50 

focusing on the assessment of water content and saturation, which are important inputs in the design and 51 

condition assessment of TSFs. The study involves mine tailings from several TSFs of varying particle size 52 

distribution and mineralogies. We used two NMR systems with different signal-to-noise ratios and 53 

magnetic fields to study the effects of magnetic susceptibility, gradation, mineralogy, echo time, signal-54 

to-noise ratio, and tailings pond water. Analyses explore error propagation and the degree of confidence 55 

for measuring volumetric water content and saturation. To our knowledge, this study constitutes the first 56 

effort to holistically assess the potential of NMR for estimating water content and saturation in mine 57 

tailings. The following section introduces fundamental principles of NMR relevant to discussions in later 58 

sections. Then, we describe the NMR devices utilized, the experimental procedures, the characteristics of 59 

the tested tailings, and the measurement results. The analyses and discussions focus on the performance 60 

of NMR in estimating volumetric water content and saturation and how measurement errors in volumetric 61 

water content influence saturation estimates. 62 

2 NMR Principles 63 

Hydrogen protons, H+, have an intrinsic magnetic moment associated with their spin angular 64 

momentum in a random state (Figure 1a). Protons H+ align with an applied static magnetic field 𝐵଴ and 65 

precess at the Lamor frequency 𝑓଴ =
𝛾|𝐵଴|

2𝜋
ൗ  , where  |𝐵଴| is the magnetic field strength, and 𝛾 is the 66 

gyromagnetic ratio for H+, 𝛾= 2.675x108 rad/(s.T) (Levitt, 2008). The alignment of the protons creates a net 67 

longitudinal magnetization 𝑀௭ in the direction of 𝐵଴ (Figure 1b). While maintaining the longitudinal 68 

magnetic field  𝐵଴, a transverse oscillating magnetic field 𝐵ଵ is applied using a radio frequency RF pulse 69 

with a tuned frequency 𝑓଴. This pulse rotates the proton spins into alignment with the transverse plane, 70 

creating a transverse magnetization 𝑀௫௬ (Figure 1c). Once the RF is turned off (Figure 1d), the protons 71 
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relax, gradually return to their initial z-orientation, and the magnetic polarization 𝑀௭ recovers 72 

asymptotically following an exponential curve, as schematically shown in Figure 1b, for a maximum 𝑀௭଴ 73 

and a time constant 𝑇ଵ, known as the longitudinal relaxation time. On the other hand, the transverse 74 

magnetization decays exponentially from a maximum value of 𝑀଴௫௬ to zero with a time constant 𝑇ଶ௜, 75 

known as the transverse relaxation time (Figure 1d).  76 

Water relaxation in porous media is primarily caused by spinning protons colliding with the mineral 77 

surfaces. Then, the relaxation time depends on pore size, and multiple relaxation rates coexist in porous 78 

media, as schematically illustrated by Figure 1e. The recorded NMR signal combines the exponential 79 

decaying response from all pores (Figure 1e). Then, the recorded signal is a sum of decaying curves, each 80 

with its amplitude 𝐴௜  and relaxation time 𝑇ଶ௜. The plot of the 𝐴௜  factors versus the corresponding 𝑇ଶ௜times 81 

is known as the 𝑇ଶ distribution. The sum of amplitudes ∑ 𝐴௜  is proportional to water content, whereas the 82 

𝑇ଶ distribution is a proxy for the pore size distribution (e.g., Behroozmand et al., 2015; Coates et al., 1999; 83 

Dunn et al., 2002; Falzone & Keating, 2016a; Jaeger et al., 2009; Keating & Falzone, 2013). 84 

3 NMR Devices Considered in This Study  85 

This study used two NMR devices, Dart and Helios, from Vista Clara Inc. Table 1 lists relevant 86 

features, and Figure 2 shows their operational principles. The Helios uses a Halbach array of permanent 87 

magnets (Keating et al., 2020), and the transverse RF signal has a frequency of 454 kHz with a minimum 88 

echo spacing of 0.2 ms. The specimen to be tested is placed inside the static magnetic field 𝐵଴  (Figure 2– 89 

left column); the field is quite uniform across the measurement zone, and the gradient is very small 90 

(~0.004 T/m). The Dart probe involves a permanent magnet to create a static magnetic field 𝐵଴(௥) on the 91 

soil surrounding the probe; the gradient decreases with the radial distance, 𝑟 (Figure 2– right column). A 92 

coil generates the oscillating transverse magnetic field 𝐵ଵ at RF frequencies of 425 kHz and 475 kHz. Each 93 

RF frequency assesses water relaxation at two different measurement radial distances, 𝑟ଵ and 𝑟ଶ. In both 94 

cases, the measured region, or sensitive volume, is a relatively thin shell, as illustrated in Figure 2. The 95 
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𝐵଴(௥) gradient reaches a value of  0.1 T/m between 𝑟ଵ and 𝑟ଶ (significantly higher than that in the Helios 96 

device). Table 1 lists salient characteristics for the two devices, including the radial distances for the 97 

measured shells using the Dart device.  98 

 99 
Figure 1. NMR principles. (a) Random state of H+ protons. (b) Equilibrium state after applying a static 100 
magnetic field 𝐵଴ and longitudinal magnetization. (c) Application of an oscillating magnetic field 𝐵ଵ. (d) 101 
Response after turning off 𝐵ଵ and transverse magnetization decay. (e) Multi-exponential decaying curve 102 
illustrating the contribution from different pore sizes, the inversion process, and resulting 𝑇ଶ distributions. 103 
Variables defined in the text. Figures modified after Zhao &Santamarina (2022) and Fu et al. (2021). 104 

Table 1. Key features of the NMR devices used in this study 105 

NMR device Diameter/ 
Length 

 

Frequency 
(kHz) 

Sensitive shell 
diameters (cm) 

Minimum te 
(ms) 

Magnetic 
field gradient 

(T/m) 
Dart  3.8cm / 172 cm 475 / 425 12 / 15 0.5** 0.1 

Helios 10.2 cm / 60 cm* 454 - 0.2 0.004 

* Chamber dimensions where a specimen can be placed. 106 
** The Dart probe can be factory-calibrated to lower echo times (e.g., 0.4 ms) but at a lower signal-to-107 
noise ratio. 108 
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 109 

Figure 2. NMR devices used in this study. (A) Helios chamber for laboratory characterization – the specimen 110 
is housed inside the device (B). Dart insertion probe for laboratory characterization and field deployment 111 
– the sediment rests outside the probe. Modified from Coates et al. (1999) and Vista Clara Inc. 112 

  113 
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Both NMR devices use the Carr, Purcell, Meiboom, Gill (CPMG) pulse sequence to enhance the 114 

relaxation signal. (Carr & Purcell, 1954; Meiboom & Gill, 1958).  The CPMG pulse refocuses the H+ spins 115 

by applying 180° pulses tuned at the Lamour frequency after imposing an initial 90° radio frequency pulse. 116 

Refocusing is needed as the relaxation of H+ protons can be affected by magnetic field inhomogeneities, 117 

which cause the H+ spins to precess at slightly different Lamour frequencies. The echo time, 𝑡௘, separates 118 

the 180° pulses. The “spin echoes” between the 180° pulses created by the CPMG sequence are used to 119 

obtain the overall multi-exponential decay curve (Figure 3). The application of 𝑁 pulses, resulting in a total 120 

measurement time of 𝑁 ⋅ 𝑡௘, often known as the scan length. Dunn et al. (2002) provide additional details 121 

for interested readers on CPMG pulses and their use in NMR measurements. 122 

 123 
Figure 3. The CPMG pulse sequence for NMR measurements. The measurement begins with a 90° pulse, 124 
which generates a single free induction decay (FID) curve, followed by a train of 𝑁 180° refocusing pulses 125 
separated by the echo time, 𝑡௘. The spin echoes appear between refocusing pulses. The exponential decay 126 
curve is formed using the peaks of each spin echo. 127 

The devices utilize both main and burst CPMG pulse sequences for data acquisition, a configuration 128 

commonly employed in NMR logging applications (Coates et al., 1999). The main CPMG sequence utilizes 129 

a long recovery time and scan length to allow hydrogen nuclei to become fully polarized; hence, the main 130 

CPMG collects fully polarized echo trains. In contrast, the burst CPMG sequence employs a short recovery 131 

time, resulting in the collection of partially polarized echo trains. The main and burst CPMG sequences 132 
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can be repeated multiple times and averaged to enhance the signal-to-noise ratio (SNR). In particular, the 133 

short duration of the burst sequence allows for frequent repetition, which significantly enhances the 134 

signal-to-noise ratio for rapidly relaxing signals associated with small pores. 135 

4 Materials and Experimental Procedures 136 

The experimental program involved eight mine tailings and two natural soils: Ottawa sand and 137 

kaolinite. Figure 4 shows the particle size distributions of the tested mine tailings and natural soils, andlists 138 

salient properties. The tailings range from silty sands to sandy silts, with fine contents FC=27 to 74% 139 

(particles <#200 mesh), plasticity index PI=0 to 4, and specific surface 5.5 to 19.6 m2/g. The specific surface 140 

was measured using the methylene blue adsorption method following the European standard (spot test, 141 

Santamarina et al. 2002). Consequently, these tailings are mostly non-plastic, and their specific surface 142 

values suggest the absence of active clay minerals. X-ray diffraction measurements point to the main 143 

mineral constituents (Table 2).  144 

The material response to an external magnetic field defines its magnetic susceptibility and may 145 

affect NMR measurements (Keating et al., 2020; Keating & Knight, 2007, 2008). The magnetic 146 

susceptibility, 𝜒, was measured for all materials using a vibrating sample magnetometer (Ling et al. 2022). 147 

The measurements consist of vibrating a sample at a known frequency (10 to 60 Hz) and amplitude (2 148 

mm) in an external uniform magnetic field, H, ranging from 0 to 40 mT. As the sample vibrates, the 149 

changing magnetic flux induces an electric signal in pick-up coils, which is proportional to the magnetic 150 

moment of the sample (𝑀). This signal is then used to determine 𝜒 by analyzing how the magnetic 151 

moment changes with the applied field. Specifically, 𝜒 is estimated as the slope of the M - H curve in the 152 

linear region, i.e., 𝜒 = 𝑀/𝐻. Table 2 shows the measured 𝜒 values for the tested materials.  153 

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES Fassel & Kniseley, 1974) was 154 

used to quantify the iron (Fe) concentrations in the tested tailings, as Fe influences magnetic properties. 155 
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This technique ionizes a sample using a high-temperature argon plasma, then separates and detects ions 156 

based on their mass-to-charge ratio. Table 2 shows the measured Fe concentrations. 157 

The specimens for Helios measurements were prepared at volumetric water contents between 158 

VWC=17 and 50% and a degree of saturation between Sr=37 and 100%. We used polyethylene 159 

terephthalate glycol containers (5.2 cm in diameter and 15.3 cm in height) to avoid interference with NMR 160 

signals, as confirmed by collecting signals from a sealed empty container. Specimens with low to moderate 161 

water saturation were prepared using moist tamping, while near-saturation samples were prepared using 162 

a vacuum chamber. The unsaturated specimens were prepared by mixing pre-defined amounts of dry soil 163 

and water to satisfy target gravimetric water contents; the mixture was then tamped in seven layers to 164 

achieve pre-defined volumetric water content ranges. For the saturated specimens, the recipient was first 165 

filled with dry soil between filter papers placed at the bottom and top. The recipient was then submerged 166 

in a larger container filled with water to allow bottom-up water invasion. The recipient and the water-167 

filled container were placed inside a vacuum chamber to facilitate specimen saturation. The mass of dry 168 

soil, water, and sample volume were recorded in all specimens, enabling the calculation of volumetric 169 

water content and saturation. Finally, the samples were introduced into the Helios chamber to gather 170 

NMR measurements.  171 

Dart measurements were conducted inside a Faraday cage (Figure 5a) to reduce external 172 

electromagnetic noise. The setup for Dart measurements (Figure 5b, 5c) consisted of two concentric 173 

polyvinyl chloride cylinders, where the Dart probe is situated inside the inner tube, and the material to be 174 

tested is placed between the inner and outer diameters. The specimen dimensions were selected to 175 

prevent longitudinal and radial boundary effects; in particular, the sensitive shell diameters of the Dart 176 

probe listed in Table 1 fall within the annular soil specimen. The external cylinder has a 200 mm diameter 177 

and a 350 mm height. Low- to moderate-saturation specimens were prepared by mixing pre-defined 178 

amounts of dry soil and water to achieve target gravimetric water contents. The mix was then compacted 179 
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in seven layers using an annular hammer dropped from a constant height of 45 cm. The number of blows 180 

per layer and the number of layers were based on the compaction energy from the standard Proctor test. 181 

After NMR measurements, the specimen was removed from the annular container, and three small 182 

samples were taken from the center zone to confirm the gravimetric water content. High saturation 183 

specimens were prepared by water sedimentation; the annular-shaped container was filled with 184 

alternating layers of water and dry soil, with the soil being poured uniformly. The total mass of dry tailings 185 

and water added was recorded, along with the final specimen height. Final gravimetric and volumetric 186 

measurements were used to determine volumetric water content and degree of saturation for each 187 

specimen. 188 

 189 
Figure 4. Particle size distribution of the tested tailings and natural soils 190 
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Table 2. Properties for the tested mine tailings and natural soils 192 

Material Ore source FC/PI SS 
(m2/g) 

𝝌 
(SI) Mineralogy Fe content 

(%) 

Tailings 1 
Copper and 

Silver 
27/0 9.2 

2.80 × 10⁻4 
(Paramagnetic) 

Quartz 44.2%, Pyrite 
3.9%, Microcline 33.7%, 

Muscovite 21.6%, 
Ankerite 7.2% 

4.2% 

Tailings 2 Polymetallic 39/0 15.9 
3.41 × 10⁻4 

(Paramagnetic) 

Quartz 44.2%, Sanidine 
(Fe+3 bearing) 31.3%, 

Muscovite 9.0% 
Bassanite 6.8%, 

Clinochlore 3.9% 
Hydrononium jarosite 

2.68%, Sodium mica 2.1% 

4.1% 

Tailings 3 Copper 70/0 7.3 
1.54 × 10⁻1 

(Ferromagnetic) 

Plagioclase 39.4%, 
Microcline 27.6%, 

Clinochlore 14.8%, Ferro-
actinolite 7.0%, 

Cronstedtite-1T 6.0%, 
Magnetite 2.0%, 

Magnesioferrite 1.8% 

48.9% 

Tailings 4 Molybdenum 29/0 5.5 
3.34 × 10⁻4 

(Paramagnetic) 

Quartz 70.6%, Muscovite 
14.3%, Orthoclase 13.6%, 

Wurtzite-2H 0.9%, 
Fluorite 0.64% 

1.8% 

Tailings 5 Copper 52/10 19.6 
9.92 × 10⁻4 

(Paramagnetic) 

Quartz 51.2%, Sanidine 
(Fe+3 bearing) 21.2%, 
Muscovite-2M1 6.7%, 

Wulfenite 1.34%, Albite 
1.6%, Dickite 0.82%, 

Rutile 17.1% 

0.4% 

Tailings 6 Polymetallic 56/4 10.4 
1.91 × 10⁻2 

(Ferromagnetic) 

Quartz 19.2%, Pyrite 
11.9%, Goethite 18.0%, 

Clinochlore 21.4%, 
Pigeonite 13.4%, Jarosite 
4.9%, Phlogopite 2.6%, 

Scapolite 7.8%, 
Alumosilicate 0.9% 

7.3% 

Tailings 7 Molybdenum 49/0 5.5 
3.72 × 10⁻4 

(Paramagnetic) 

Quartz 70.6%, Orthoclase 
13.6%, Muscovite-2M1 
14.3%, Wurtzite 0.9%, 

Fluorite 0.6% 

0.9% 

Tailings 8 Molybdenum 70/0 8.6 
9.77 × 10⁻4 

(Paramagnetic) 

Quartz 54.10 %, Fluorite 
0.7%, Orthoclase 20.4%, 

Muscovite 24.9% 
0.8% 

Ottawa 
Sand 

- - - 
-1.25 × 10⁻6 

(Diamagnetic) 
- - 

Kaolinite - - - 
7.50 × 10⁻6 

(Non -
paramagnetic) 

- - 

 193 
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(a) (b) (c)  194 

(d) (e)  195 

Figure 5. (a) Fadaray Cage enabled for NMR Dart measurements, (b) top view of the PVC container with 196 
mine tailings being placed, (c) example of the Dart probe inside de Faraday cage during an NMR 197 
measurement, (d) container used for Helios measurements, and (e) set up during NMR measurements in 198 
the Helios chamber. 199 

5 NMR Measurements and Typical Results 200 

The parameters selected for the CPMG pulse sequences used with the Helios and Dart NMR 201 

devices are shown in Tables 3 and 4, which also summarize the number of stacks (Navg) to increase the 202 

signal-to-noise ratio, the scan length, and the recovery time TR. Selected echo time values for the Helios 203 

system were 𝑡௘ =0.2, 0.5, 1.0, and 2.0 ms; the shortest echo time available with a standard calibration, 204 

𝑡௘ =0.5, was used for the Dart system. 205 

5.1 Data reduction 206 



  13
 

  
 

T2 distributions are obtained from an inversion process. However, the volumetric water content VWC is 207 

directly related to the amplitude of the measured NMR exponential decay curve, i.e., the intercept at the 208 

origin 𝑡 = 0 (Figure 1e). Recall that the measured NMR signal is the sum of multiple exponential decaying 209 

curves. 210 

𝐴(𝑡) = ෍ 𝐴௜𝑒
ି

௧

మ்೔

௡

௜ୀଵ

 (1) 

The Taylor expansion for 𝑡 → 0 shows that the summation can be approximated as a single exponential 211 

function for short 𝑡 values, i.e.,  𝑡 ≪ 𝑇ଶ௣௘௔௞, where  𝑇ଶ௣௘௔௞ corresponds to the exponential term with the 212 

largest 𝐴௜  (see Appendix A for details). Then, the measured signal becomes a straight line in log(amplitude) 213 

versus time, which facilitates evaluating the signal amplitude at 𝑡 = 0, i.e., its intercept with the y-axis, 214 

through a simple linear regression. We used this direct method to obtain the VWC; we then computed 215 

saturation using VWC from NMR and the gravimetric water content GWC measured during experiments: 216 

𝑆𝑟 =  
𝑉𝑊𝐶

1 −
𝑉𝑊𝐶

𝐺𝑊𝐶 ⋅ 𝐺𝑠

 
(2) 

where 𝐺௦ is the specific gravity.  217 

Figure 6 illustrates this data reduction procedure using a measurement with Ottawa sand. Figures 6a and 218 

6b show multi-exponential decaying curves from Helios and Dart measurements, while Figures 6c and 6d 219 

show the measured signals in a log-linear scale. In general, the time window for the linear fitting is 220 

material-specific, and it is selected using two criteria: (1) the upper limit is below 𝑇ଶ௣௘௔௞, which generally 221 

exceeds 10 ms for the tested tailings, and (2) at least 10 data points from the initial portion of the decay 222 

curves are included in the fitting. 223 

For the Ottawa sand example, the estimated VWCs are 28.9% (Helios) and 29.3% (Dart), closely matching 224 

the target values of 28.9 % (Helios) and 31.5 % (Dart). The estimated saturation values are 69.1% (Helios) 225 

and 71.9% (Dart), also closely aligned with the targets of 69.1% (Helios) and 72.7% (Dart). The described 226 
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procedure is consistently applied in evaluating the collected data. The following sections present typical 227 

results for the different tailings and discuss key factors that influence NMR measurements. 228 

 229 
Figure 6. Illustration of the procedure to estimate VWC considering Ottawa sand (a) Helios 230 
multiexponential decaying curve, (b) Dart multiexponential curve, (c) logarithmic transformation and 231 
linear fitting (first 50 ms) to estimate VWC (Helios), (d) logarithmic transformation and linear fitting (first 232 
50 ms) to estimate VWC (Dart). 233 

Table 3. Summary of NMR measurements gathered with the Helios chamber 234 

Material te 
(ms) 

Main sequence Burst sequence 

TR 
(s) 

Scan 
length 
(ms) 

Navg TR 
(s) 

Scan 
length 
(ms) 

Navg 

Tailings 1 0.2, 0.5, 1, 2 3 - 4 300 300 0.2 4 1800 
Tailings 2 0.2, 0.5, 1, 2 3 - 4 300 300 0.2 4 1800 
Tailings 3 0.2 3 - 4 300 300 0.2 4 1800 
Tailings 4 0.2, 0.5, 1, 2 3 - 4 300 300 0.2 4 1800 
Tailings 5 0.2, 0.5, 1, 2 3 - 4 300 300 0.2 4 1800 
Tailings 6 0.2 3 - 4 300 300 0.2 4 1800 
Tailings 7 0.2, 0.5, 1, 2 3 - 4 300 300 0.2 4 1800 
Tailings 8 0.2, 0.5, 1, 2 3 - 4 300 300 0.2 4 1800 

Ottawa Sand 0.5, 1, 2 3 - 13 3000 300 - - - 
 235 
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Table 4. Summary NMR measurements gathered with the Dart probe 237 

Material te 
(ms) 

Main sequence Burst sequence 

TR 
(s) 

Scan 
length 
(ms) 

Navg TR 
(s) 

Scan 
length 
(ms) 

Navg 

Tailings 1 0.5 3 500 650 0.2 20 5200 
Tailings 2 0.5 3 500 210 0.2 20 2100 
Tailings 3 0.5 3 500 210 0.2 20 2100 
Tailings 4 0.5 3 500 500 0.2 20 5000 
Tailings 5 0.5 3 500 210 0.2 20 2100 
Tailings 6 0.5 3 500 210 0.2 20 2100 
Tailings 7 0.5 3 500 500 0.2 20 5000 
Tailings 8 0.5 3 500 500 0.2 20 5000 

Ottawa Sand 0.5 3 500 600 0.2 20 1200 
Kaolinite  0.5 3 500 300 0.2 20 600 

 238 
5.2 Signal-to-Noise Ratio (SNR) 239 

Figure 7 shows the benefits of stacking (Navg is the number of stacks) on the signal-to-noise ratio 240 

SNR and ensuing the volumetric water VWC estimation. The reported SNR is computed as the ratio of the 241 

peak signal amplitude to the NMR signal’s noise standard deviation. This procedure is consistent with 242 

conventional NMR processing  (e.g., O’Haver, 1997). Results are presented for Tailings 4, with amplitudes 243 

in porosity units (p.u.), representing the percentage of water relative to a 100% water volume. 244 

Figures 7a and 7b show that increasing the number of averages from Navg= 100 to 300 in the 245 

Helios and Navg= 50 to 500 in the Dart improves the signal-to-noise ratio from SNR= 40 to 60 and SNR= 246 

10 to 30, respectively. The SNR increase is roughly proportional to the square root of the number of stacks, 247 

consistent with signal theory and statistical expectations  (e.g., Santamarina & Fratta, 2005). The Helios 248 

chamber facilitates a higher SNR than the Dart probe. For instance, even after 500 stackings, the Dart’s 249 

SNR remains lower than the Helios system at 100 stackings. The exponential decay curves also reflect this 250 

difference and the benefits of stacking. In the Helios, increasing Navg from 100 to 300 produces a minimal 251 

effect (Figure 7c), whereas in the Dart, noise decreases significantly between Navg=50 and Navg=500 252 
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(Figure 7d). This noise reduction comes at the expense of measurement time. For example, a Dart 253 

measurement with Navg=50 takes 7.5 minutes, whereas Navg=500 requires 1.25 hr. 254 

Increasing SNR can also affect VWC estimates, as Figures 7e and 7f illustrate. This is because noise 255 

affects the determination of the exponential decay amplitude at 𝑡 = 0. In the Helios (Figure 7e), the effect 256 

is minimal as SNR is already high at Navg=100. In contrast, Figure 7f  shows that low stacking produces 257 

VWC errors up to 4% for the Dart, which decreases significantly as  Navg increases to ~300. Thus, stacking 258 

is essential to increase SNR in NMR measurements conducted to infer the volumetric water content. 259 

Establishing target SNR is important to balance noise levels and time, particularly for field devices like the 260 

Dart, which require substantial stacking to increase SNR. The measurements reported here continued 261 

stacking until noise levels were acceptable or the measurement time was longer than 1.5 hours. Tables 3 262 

and 4 provide the stacking information for the tested materials. 263 

 264 
Figure 7. Influence of stacking (repeating measurements and averaging them Navg times) in SNR and 265 
NMR-based VWC estimates. (a, c, e) Helios chamber; (b, d, f) Dart probe (b, d, f). 266 
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5.3 Influence of gradation 267 

NMR signals capture pore size information, making them sensitive to gradation (Figure 1e). Figure 268 

8 illustrates this effect by comparing typical responses for the coarsest Tailings 4 and the finest Tailings 8 269 

(characteristics in Figure 4 and Table 2), as well as for the two bounding soils, Ottawa sand and kaolinite. 270 

The exponential decay curves are normalized by their initial value at 𝑡 = 0 to highlight their shape. Coarser 271 

materials are expected to exhibit a lower relaxation rate because the relaxation is inversely proportional 272 

to pore size.  Figure 8a shows this effect by comparing measurements for Ottawa sand and Tailings 8 with 273 

the Helios chamber; by 20 ms, the Tailings 8 response has fully relaxed, whereas the Ottawa sand response 274 

continues to relax even after 500 ms. Similarly, measurements with the Dart probe show that the 275 

kaolinite’s response fully decays by 150 ms, while Ottawa sand’s relaxation extends beyond 500 ms (Figure 276 

8c). Comparing Tailings 4 and 8 in the Helios chamber (Figure 8b) and Dart probe (Figure 8d) 277 

measurements shows similar effects, i.e., Tailings 8 (finer) relax faster. These observations are consistent 278 

with Peng & Keating (2021), who studied the effect of adding silt and clay to sand. In all mixtures, the 279 

decaying curves relaxed faster compared to pure sand.  Notably, the tested tailings exhibit faster-decaying 280 

curves than the tested soils used as reference. In tailings, relaxation times remain below 100 ms, whereas 281 

relaxation times range from 200 ms (Kaolinite) to 3000 ms (Ottawa Sand). This faster relaxation likely 282 

results from the paramagnetic nature of most tested tailings, which is consistent with observations by 283 

Keating & Knight (2008) for paramagnetic sediments. Furthermore, fast decay requires higher resolution 284 

at short times to adequately assess the volumetric water content VWC; this is discussed next. 285 

 286 
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 287 
Figure 8. Illustration of exponential decaying curves in the coarser (Tailings 4) and finer (Tailings 8) tailings 288 
tested in this study, along with responses of the coarser (Ottawa sand) and finer (Kaolinite) tested 289 
materials. (a) Helios response for Tailings 8 and Ottawa sand, (b) Helios response of Tailings 4 and 8, (c) 290 
Dart response for Ottawa sand and kaolinite, and (d) Dart response for Tailings 8 and 4.  291 

5.4 Influence of the echo time 292 

Figure 9 illustrates how different echo times, 𝑡௘= 0.2, 0.5, 1.0, and 2.0 ms, affect VWC estimates 293 

in Tailings 4 (Figures 9a and 9b) and Tailings 5 (Figures 9c and 9d) using the Helios system. Both tailings 294 

have comparable magnetic susceptibility (Table 2), but Tailings 5 is finer (FC=52 %) than Tailings 4 295 

(FC=29%), leading to faster exponential decay: the decay time in Tailings 5 is ~20 ms (Figure 9a), while it 296 

is ~50 ms in Tailings 4 (Figure 9c). 297 

Increasing echo times 𝑡௘ reduces the number of collected data points. For example, when 𝑡௘= 0.2 298 
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resolution degrades the performance of all inversion methods for fast-decaying relaxations with short 𝑇ଶ 300 
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pronounced in media with faster relaxation, such as Tailings 5 in Figure 9. The decreasing amplitude of 304 

the decay curves as the echo time increases points to diffusion relaxation caused by magnetic field 305 

gradients. In general, the measurements conducted as part of this study highlight the need for short echo 306 

times to properly resolve relaxations with short decay times. These observations align with Keating et al. 307 

(2020), who emphasized the benefits of short 𝑡௘ values for VWC estimation in paramagnetic natural 308 

sediments. 309 

 310 
Figure 9. Influence of te in exponential decaying curves measured with the Helios system and NMR-based 311 
estimates of VWC. (a) Tailings 5 decaying curves for 𝑡௘=0.2, 0.5, 1.0, and 2.0 ms; (b) influence of 𝑡௘ in 312 
Tailings 5 VWC estimates; (c) Tailings 4 decaying curves for 𝑡௘=0.2, 0.5, 1.0, and 2.0 ms; (b) influence of 𝑡௘ 313 
in Tailings 4 VWC estimates. 314 
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measurements in paramagnetic tailings (Tailings 1) and ferromagnetic tailings (Tailings 3 and 6), 319 

considering both the Helios chamber and the Dart probe. Figures 10a and 10b show that Tailings 1 320 

generates well-defined exponential decay curves in both systems, albeit with higher noise in Dart 321 

measurements consistent with previous discussions. The target VWC values, shown in the figure, closely 322 

match the y-axis intercept at time zero, indicating that NMR estimates align well with the target VWC.  323 

The Helios system detects only noise for Tailings 6 and 3 (Figures 10c and 10e), as evident from 324 

the low y-axis intercepts (~ 0.4 %). On the other hand, Figure 10d shows some observable relaxation for 325 

Tailings 6 in the Dart probe, with better resolution at low times because the burst allowed for Navg=2100. 326 

Keating et al. (2020) anticipated this apparent improvement in systems with a magnetic field gradient, 327 

such as the Dart probe, as they help mitigate the effect of the internal magnetic gradients associated with 328 

paramagnetic minerals. However, this effect does not apply to the Helios system, which has an almost 329 

uniform magnetic field. Although the Dart appears to improve the decay curve shape, its NMR-based VWC 330 

estimates significantly underestimate the target values. For instance, in Figure 10d, the target VWC is 331 

51.8%, but the Dart system estimates only 30.2%.  332 

The apparent improvement is not observed in Tailings 3, with no measurable relaxation (Figure 333 

10f). We attribute this to Tailings 3’s exceptional high magnetic susceptibility. Magnetic mineral surfaces 334 

cause faster relaxation of H+ protons, leading to faster decay of NMR signals (Foley et al., 1996; Jaeger et 335 

al., 2008; Keating & Knight, 2007). Additional internal magnetic fields around magnetic minerals are also 336 

induced, causing protons to relax at different frequencies, a phenomenon known as “line broadening” 337 

(Drain, 1962; Song, 2003). Furthermore, the random diffusion paths of water molecules (i.e., diffusion 338 

relaxation) prevent spin refocusing by the CPMG pulse sequence, leading to dephasing (Keating et al., 339 

2020). The extent of dephasing depends on 𝑡௘: longer 𝑡௘ results in greater dephasing, making shorter 𝑡௘ 340 

values preferable to alleviate these effects, as experimentally observed in Figure 9. 341 

  342 
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5.6 Influence of tailings pond water  343 

We obtained water from the ponds where the tailings 7 and 8 were deposited to assess the role 344 

of the collected water in NMR responses. The initial experiments involved containers filled with either tap 345 

water or pond water. Figure 11 presents the typical decay curves obtained using the Helios chamber 346 

(Figure 11a) and the Dart probe (Figure 11b) systems. Results show that the pond water exhibits a 347 

significantly faster relaxation than tap water. This faster relaxation aligns with the previously discussed 348 

relaxation effects of paramagnetic ions in solid minerals, except in this case, paramagnetic ions are 349 

dissolved in water (Jaeger et al., 2008). 350 

 351 
Figure 10. Influence of magnetic susceptibility in NMR measurements with the Helios (left column) and 352 
Dart (right column) systems. (a, b) typical decaying curves for Tailings 1 (𝜒=2.8 × 10⁻4); (c,d) typical 353 
decaying curves for Tailings 6 (𝜒=1.91 × 10⁻2); (e,f) typical decaying curves for Tailings 3 (𝜒=1.54 × 10⁻1)  354 
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This finding motivated us to evaluate the NMR response of tailings mixed with the two water 355 

types. These experiments were conducted with the Helios system, following the previously described 356 

procedures, except that the tap water was replaced by the pond water in the dry soil-fluid mix.  Figures 357 

12a and 12b compare normalized exponential decay curves for specimens with similar volumetric water 358 

contents and high saturation but with different water fluids. Once again, relaxation occurs faster in 359 

samples prepared with pond water, with the effect being more pronounced in the coarser tailings (Tailings 360 

7). Furthermore, the water type effect differs in unsaturated samples. Figures 12c and 12d show 361 

normalized exponential decay curves for Tailings 7 unsaturated specimens with saturations of 60% and 362 

80%. For these unsaturated specimens the relaxation rates remain similar regardless of whether tap or 363 

pond water is used, and the curves decay faster (~ 20 ms) compared to saturated samples (~40-60 ms), 364 

which is consistent with faster relaxations observed in unsaturated samples (e.g., Falzone & Keating, 365 

2016a). Despite the relaxation differences, the NMR performance on estimating VWC was similar for pond 366 

or tap water. For instance, in Tailings 7 (Figure 12a), where target VWCs were 33.8% (tap water) and 33.0% 367 

(pond water), the NMR estimates were 34.6% (tap water) and 32.0% (pond water). Similarly, in Tailings 8 368 

(Figure 12b), where the target VWCs were 41.6% (tap water) and 40.9% (pond water), the NMR estimates 369 

were 41.5% and 41.0%, respectively. 370 

These results support the following conclusions: (1) Both water type and saturation influence 371 

relaxation behavior, (2) the water chemistry has a marked effect on the 𝑇ଶ spectrum as it affects relaxation 372 

mechanisms. (3) The effect of water chemistry diminishes as pore size or saturation decreases because 373 

surface relaxivity prevails. (4) The amplitude of the curve at time 0 is mostly controlled by the presence 374 

of H+; therefore, NMR remains a good predictor of VWC regardless of water chemistry. This assumes there 375 

are no other sources of H+ besides the original water, like alcohols, hydrocarbons, acids, amines, and 376 

amides.  377 
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 378 
Figure 11. Influence of the fluid type (tap water versus tailings pond water) on NMR measurements (a) Tap 379 
vs. tailings pond water – Helios chamber, (b) Tap vs. tailings pond  water – Dart probe  380 

 381 
Figure 12. Influence of the fluid type (tap water versus tailings pond water) on NMR measurements with 382 
the Helios in saturated and unsaturated samples (a) Tailings 7 responses – Sr ~100%, (b) Tailings 8 383 
responses – Sr ~100%, (c) Tailings 7 responses – Sr ~80%, and (d) Tailings 7 responses - Sr ~60%. 384 

6 Performance Estimating Volumetric Water Content and Saturation. 385 

Figure Error! Reference source not found. compares target volumetric water content values 386 

VWCLAB with NMR-based estimates VWCNMR using the Helios chamber. The NMR estimates closely match 387 

the target values, with an average difference of 0.44%  when the magnetic susceptibility is 𝜒<10⁻3 and 𝑡௘ 388 

=0.2, except for Tailings 2, which has a particular behavior to be discussed later. The data collected for the 389 
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ferromagnetic Tailings 3 and 6 is dominated by noise, preventing any extraction of VWC information from 390 

the NMR signal. In general, lower echo times 𝑡௘ values (e.g., 0.2 ms) improve accuracy. For instance, 391 

increasing 𝑡௘ to 0.5 ms increases the average prediction error to 2.8%, particularly when finer tailings are 392 

involved (Tailings 5, 7, and 8), in agreement with earlier discussions (Section 5.5). 393 

 394 
Figure 13. Comparison between VWCLAB and VWCNMR on testing with the NMR Helios chamber.  395 
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For Dart measurements, most tailings with  𝜒<10⁻3 show similar trends (except for Tailings 5 and 2), with 396 

an average difference of 1.7% between target values and NMR estimates (Figure Error! Reference source 397 

not found.). The trend for Tailings 5 is as expected (i.e., NMR estimates increase as target values increase); 398 

however, there is a higher discrepancy with target water contents than Helios-based measurements, 399 

averaging 0.4% in Helios and 1.7% in Dart (see Figures Error! Reference source not found. and 14). This 400 

discrepancy likely results from the Dart’s minimum echo time 𝑡௘ = 0.5 ms, the faster relaxation due to 401 

the more plastic fines of Tailings 5 (fast relaxation ~35 ms), and the Dart probe’s lower SNR. The Helios 402 

system captures these curves with better resolution and higher SNR than the Dart (see Sections 5.1 and 403 

5.3). Additionally, specimen preparation is more complex for the Dart tests, particularly when more plastic 404 

fines are involved. 405 

 406 
Figure 14. Comparison between VWCLAB and VWCNMR on testing with the NMR Dart probe. 407 
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 408 
Figure 15. Comparison between SrLab and 𝑆𝑟ேெோ. 𝑆𝑟ேெோ is estimated from NMR testing (Helios and Dart) 409 
using Equation 2 – refer to the text for additional details.  410 

Figure 15 compares target and NMR-based saturation estimates using both Helios and Dart 411 

measurements. The target saturation is calculated using volumetric/gravimetric relationships, while the 412 

NMR-based estimate follows Equation 2, where VWC comes from NMR measurements, and GWC is 413 

controlled during the experiments (Helios results include 𝑡௘=0.2 ms only). NMR-based saturation 414 

estimates follow target values trend. As target saturation increases, NMR estimates also increase, with 415 
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most data aligning close to the 1:1 lines. The average saturation difference between target and NMR 416 

estimates for the Helios is 3% (excluding Tailings 2). For the Dart, the average difference is 10% (excluding 417 

Tailings 2 and 5, which show higher discrepancies). These differences stem from errors in the NMR-based 418 

VWC estimates and also depend on the saturation level, as discussed next.  419 

7 Discussion 420 

7.1 Influence of NMR-based volumetric water content errors in saturation estimates 421 

The error in the prediction of saturation 𝑑𝑆𝑟 due to an error in the measured volumetric water 422 

content 𝑑𝑉𝑊𝐶 can be predicted from the partial derivative 𝑑(𝑆𝑟)/𝑑(𝑉𝑊𝐶) of Equation 2 (e.g., Bevington 423 

& Robinson (1969); see details in Appendix B). 424 

𝑑𝑆𝑟 = ൬
𝑆𝑟

𝐺𝑊𝐶
൰

ଶ

 𝑑𝑉𝑊𝐶 
(3) 

Where gravimetric water content GWC is directly measured as in our laboratory tests, or 425 

determined from recovered samples following standard practice in field applications. Figure 16 illustrates 426 

the application of Equations 2 and 3, showing how 𝑑𝑆𝑟 varies with saturation and gravimetric water 427 

content GWC for errors 𝑑𝑉𝑊𝐶=0.5, 1.0, 2.0, 3.0, and 4.0%. The GWC values 20% and 30% are selected as 428 

representative of coarse and fine tailings at saturation levels above 85% (Macedo & Vergaray, 2022). 429 

Figure 16 enables key observations: (1) Considering that fine tailings generally have higher GWC than 430 

coarse tailings, the estimation of saturation is less sensitive to error in 𝑉𝑊𝐶 for fine tailings. For example 431 

at 𝑑𝑉𝑊𝐶=0.5% and 𝑆𝑟=90%, 𝑑𝑆𝑟 is 4% when GWC=20% and 1.5% when GWC=30%; (2) at a given 432 

saturation, errors in saturation scale linearly with errors in volumetric water content. For instance, when 433 

GWC=30% and 𝑆𝑟=90%, 𝑑𝑆𝑟 changes from about 2% to 16% as 𝑑𝑉𝑊𝐶 increases from 0.5% to 4%; (3) the 434 

effect of saturation on 𝑑𝑆𝑟 is complex; for a given 𝑑𝑉𝑊𝐶 𝑑𝑆𝑟 increases at a faster rate as saturation 435 

increases. However, a saturation increase can also increase GWC, causing counteracting effects (see 436 

Equation 2 and Figure 16).  437 
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For the average errors observed in this study,  𝑑𝑉𝑊𝐶 =0.4% for Helios and 𝑑𝑉𝑊𝐶 =1.7% for 438 

Dart, Figure 16 provides estimates of 𝑑𝑆𝑟 at 𝑆𝑟 values near 90%. The estimated error in saturation is 𝑑𝑆𝑟= 439 

1.5 to 3% with the Helios-based  𝑑𝑉𝑊𝐶 and 𝑑𝑆𝑟= 7 to 10% with the Dart-based. The Dart system can be 440 

deployed in the field, making the associated errors particularly relevant for subsurface investigations 441 

estimating saturation.  Reducing the estimated errors further would require improvements in field NMR 442 

devices to implement shorter echo times and a higher signal-to-noise ratio SNR. There are efforts in this 443 

direction. For example, we are aware of recent variations of the Dart device used in this study, including 444 

enhanced sensor electronics that increase SNR by a factor of 2.0. Increasing stacking in targeted layers 445 

can also help reduce errors by improving SNR.  446 

 447 
Figure 16. 𝑑𝑆𝑟 variation in terms of 𝑑𝑉𝑊𝐶, 𝑆𝑟, and GWC  (a) GWC=20%, (b) GWC=30%. Gs is 2.7; the 448 
continuous lines correspond to 𝑑𝑆𝑟 estimates based on average VWC errors with the Helios system, the 449 
dotted lines show the same information for the VWC Dart-based error. 450 

7.2 Influence of magnetic susceptibility and iron form 451 

NMR performed poorly in estimating VWC for ferromagnetic tailings with 𝜒> 1.9 × 10⁻2, 452 

specifically Tailings 3 and 6. These tailings contain high Fe concentrations (7.3% in Tailings 6 and 48.9% in 453 

Tailings 3 (see Table 2). In contrast, NMR-based VWC estimates matched well target values for most 454 

paramagnetic tailings with 𝜒< 10⁻3, except for Tailings 2, even though its magnetic susceptibility is low (𝜒= 455 

3.4 × 10⁻4). This suggests that magnetic susceptibility alone is insufficient to predict the expected 456 

performance of NMR measurements.  457 
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Tailings 2 contains 4.1% Fe by mass, a concentration comparable to that of Tailings 1 (4.2%). 458 

However, X-ray diffraction analysis reveals a key difference: Tailings 2 contains Sanidine and Hydronium 459 

Jarosite, where iron is in ferric Fe³⁺ state, while Tailings 1 contain Pyrite and Ankerite, where iron is in 460 

ferrous Fe²⁺ state. Jaeger et al. (2008) demonstrated that proton relaxation accelerates in the presence of 461 

Fe³⁺ relative to Fe²⁺. Similarly, Keating and Knight (2007) highlighted that both the presence and 462 

mineralogical form of Fe influence NMR relaxation. Therefore, the poor NMR performance in Tailings 2 is 463 

likely due to Fe³⁺, which increases surface relaxivity. For comparison, Tailings 4, 7, and 8 contain only Fe²⁺, 464 

while Tailings 5 contains both Fe²⁺ and Fe³⁺, but at a significantly lower Fe concentration (0.4%) than 465 

Tailings 2.  466 

8 Conclusions 467 

This study evaluates the potential of NMR for estimating volumetric water content and saturation 468 

in mine tailings. We characterized eight mine tailings by measuring magnetic susceptibility 𝜒, iron content, 469 

and mineralogy to infer Fe-state. These tailings were then analyzed using two benchtop NMR systems 470 

with different signal-to-noise ratios and magnetic fields. A linear fitting procedure proposed in this study 471 

was applied to estimate water content and saturation from NMR, and the results were compared against 472 

controlled volumetric and gravimetric measurements.  473 

The findings highlight the key role of magnetic susceptibility, mineralogy, and strongly 474 

paramagnetic elements (e.g., Fe³⁺) in NMR performance. NMR performed well for most paramagnetic 475 

tailings with 𝜒 < 1.0 × 10⁻³ but performed poorly for ferromagnetic tailings with 𝜒> 1.9 × 10⁻². However, 476 

magnetic susceptibility alone is not sufficient to predict performance. For instance, NMR underestimated 477 

water content due to the presence of iron in ferric Fe³⁺ state, such as Fe-bearing sanidine and hydronium 478 

jarosite, which results in fast NMR relaxation. 479 

NMR differentiated the response of coarse and fine tailings, with fine tailings exhibiting faster 480 

decay curves (<20 ms). These results, consistent with previous studies on natural soils, highlight the 481 
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advantages of using short echo times and maintaining a high signal-to-noise ratio SNR. Short echo times 482 

help mitigate the effects of diffusion-induced relaxation in fast-decaying signals, while a high SNR reduces 483 

measurement error. Tailings pond water primarily affected the NMR decay curves in highly saturated 484 

tailings, though it had minimal impact on water content estimates, particularly when short echo time data 485 

are available. 486 

The results show significant potential of NMR for applications in tailings engineering; NMR 487 

performed well in estimating water content in five of the eight tailings. However, caution is necessary. 488 

Before large-scale field investigations, we recommend assessing the material’s magnetic susceptibility, 489 

mineralogy, and Fe content. Conducting benchtop NMR tests, such as those conducted with the Helios 490 

system, can help anticipate NMR behavior before field deployment. 491 

The uncertainty in saturation estimates is directly influenced by errors in NMR-based water 492 

content estimates and the saturation level. NMR accuracy in estimating water content depends on signal 493 

quality, emphasizing the need for improvements in signal-to-noise ratio and field NMR resolution. 494 

Ongoing efforts in these areas are promising. Future work should also focus on reducing echo time in field 495 

devices, as tailings exhibit rapid signal decay.  For saturation characterization, a multi-method approach 496 

is recommended. NMR fast-logging,  CPTu, P-wave measurements, and continuum borehole GWC can 497 

provide broad saturation patterns and identify key layers before conducting high-stacking NMR 498 

measurements. While time-intensive, this approach can enhance saturation estimate accuracy. 499 
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