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Abstract 18 

The anisotropy of magnetic susceptibility of ferrofluid-impregnated samples is an efficient and 19 

powerful proxy for pore space anisotropy and preferred flow directions. One of the main 20 

assumptions in pore fabric studies is that all pores > 10-20 nm are homogeneously filled with 21 

ferrofluid, and that the ferrofluid has constant properties throughout the pore space and over 22 

time. If only part of the pore space is filled, this can lead to artefacts. Additionally, because 23 

magnetic anisotropy of a given pore space depends on fluid susceptibility, quantitative 24 

interpretations may be affected by the interval between impregnation and measurement time, or 25 

by the age of the ferrofluid during impregnation, unless fluid properties remain constant. A 26 

careful investigation of the time variation of ferrofluid properties and magnetic pore fabrics in 27 

synthetic and natural samples shows time-dependence of susceptibility and hysteresis properties, 28 

related to dissolution of particle surfactants, and deterioration of colloidal stability. The latter 29 

leads to particle aggregation and sedimentation, which changes the anisotropy properties, and 30 

also affects impregnation behaviour. Natural samples impregnated by oil-based ferrofluid also 31 

experience a 2.5- to 3-fold increase in mean susceptibility, with important consequences for the 32 

susceptibility-based determination of impregnation efficiency. Based on our results, we 33 

recommend that ferrofluid properties are determined at the time of impregnation, and that 34 

samples are measured shortly after impregnation. 35 

Plain Language Summary 36 

One way to describe a rock’s pore space, i.e. properties relevant for the flow of groundwater or 37 

hydrocarbons, is to fill all pores with a strongly magnetic fluid and then measuring the magnetic 38 

properties and their directional dependence. This method is reliable if all pores are filled with the 39 

magnetic fluid, and the magnetic properties of the fluid are known. Challenges occur when the 40 

magnetic particles in the fluid cluster together and become too big to enter smaller pores, only 41 

part of the pores are filled with magnetic fluid, the magnetic fluid changes its properties over 42 

time, or the magnetic properties of the rock change upon contact with the fluid. These processes 43 

are investigated here, using both synthetic samples and rocks. We show that particles cluster and 44 

magnetic properties change over time, showing the need to re-evaluate some previous 45 

statements.    46 
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1 Introduction 47 

Directional properties of pore space, including the preferred shape, alignment and 48 

connectivity of pores, control preferred flow directions in porous media. This pore fabric is thus 49 

an important input parameter for aquifer and reservoir modelling, to understand sub-surface flow 50 

patterns, and to predict fluid paths (Ayan et al., 1994; Bear, 2013; Bear, Braester, & Menier, 51 

1987; Huang, Tao, Li, Lyu, & Guo, 2017; Ijeje, Gan, & Cai, 2019; Panja, McLennan, & Green, 52 

2021; Rasolofosaon & Zinszner, 2002; Sinan, Glover, & Lorinczi, 2020; Storesletten, 1998; 53 

Wang, Huang, Lu, Tang, & Li, 2019; Willems, Nick, Donselaar, Weltje, & Bruhn, 2017). 54 

Magnetic pore fabrics (MPFs) serve as a time-efficient and powerful proxy for pore 55 

fabrics and permeability anisotropy. They describe the 3D connected pore space without any a 56 

priori knowledge on pore fabric orientation. A wide range of pore sizes, potentially down to 57 

10nm (Almqvist, Mainprice, Madonna, Burlini, & Hirt, 2011; Benson, Meredith, & Platzman, 58 

2003; Louis et al., 2005; J. Parés, Miguens, & Saiz, 2016; Robion et al., 2014), is captured in a 59 

representative sample volume (~10 cm3). All directional measurements are done on a single core 60 

unlike e.g. seismic or permeability anisotropy measurements that may be affected by between-61 

sample heterogeneity. Magnetic anisotropy can be measured using a scheme of 15 directional 62 

(averaged) susceptibilities, or susceptibility differences in perpendicular planes (Biedermann, 63 

Lowrie, & Hirt, 2013; Jelinek, 1977, 1996), providing an extremely accurate measure of the 64 

anisotropy. Magnetic pore fabrics are determined by impregnating a rock with a high-65 

susceptibility ferrofluid, and then measuring the anisotropy of its magnetic susceptibility. 66 

Empirical relationships exist between (1) the fabric orientation of MPFs and the shape preferred 67 

pore alignment (Pfleiderer & Halls, 1990, 1993); (2) the degree of MPF anisotropy and ratio of 68 

maximum to minimum pore axial length (Jones, Benson, & Meredith, 2006; Pfleiderer & Halls, 69 

1990, 1993); and (3) the shape of the MPF ellipsoid and the pore shape (Jones et al., 2006). Note 70 

that the relationships between MPF anisotropy degree and pore axial ratio, and between 71 

anisotropy shape and pore shape are strictly valid for simple synthetic samples with only one 72 

single pore. Natural samples contain numerous pores, and therefore, the pore shape, axial ratio, 73 

shape preferred orientation, and distribution of pores together define the MPF anisotropy 74 

parameters (Biedermann, 2019, 2020). The concept of total shape ellipsoid has been introduced 75 

recently to obtain an integrated measure of shape and axial ratio of individual pores and their 76 

alignment in a rock, that can be compared directly to second order tensor properties (Zhou et al., 77 

in review). Further relationships exist between the orientation and degree of permeability 78 

anisotropy and MPF orientation and anisotropy degree (Hailwood, Bowen, Ding, Corbett, & 79 

Whattler, 1999; Nabawy, Rochette, & Géraud, 2009; Pfleiderer & Halls, 1994). As both MPF 80 

and permeability anisotropy are second order tensor properties, these quantities are in principle 81 

easier to compare. However, permeability is often not measured as a full tensor but rather along 82 

two or three directions parallel to the macroscopic fabric, resulting in uncertainty, and can 83 

additionally be affected by heterogeneity, leading to larger variability in empirical results.  84 

Despite these promising empirical observations, some challenges arise when interpreting 85 

magnetic fabrics. First and most importantly, the empirical relationships are not always valid 86 

(Nabawy et al., 2009). This may be partly related to difficulties when comparing 2D and 3D 87 

data, resolution artefacts, measurements on single vs multiple cores, or changes to pore space 88 

during sample preparation. Another important aspect is that MPFs have been primarily related to 89 

the average pore shape (Hrouda, Hanak, & Terzijski, 2000; Pfleiderer & Halls, 1993), but the 90 

distribution of the pores and related interactions also lead to distribution anisotropy 91 
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(Biedermann, 2019, 2020; Jones et al., 2006). Further, cracks can largely affect the measured 92 

MPFs (Humbert et al., 2012; Pugnetti, Zhou, & Biedermann, 2022). Differences in magnetic 93 

susceptibilities of the used ferrofluids, and the frequency-dependence of ferrofluid susceptibility 94 

lead to further variability (Biedermann, 2019; Biedermann, Pugnetti, & Zhou, 2021; Jones et al., 95 

2006). An additional challenge specific to MPFs is that the pore space may not be fully 96 

impregnated, e.g. ferrofluid not reaching the center (Almqvist et al., 2011), or being blocked by 97 

narrow pore throats (Robion et al., 2014). Complex pore shapes with high tortuosity (Clennell., 98 

1997; Ghanbarian, Hunt, Ewing, & Sahimi, 2013) may further aggravate these issues. Potential 99 

solutions are smaller samples (J. Parés et al., 2016), or improved impregnation methods (Pugnetti 100 

et al., 2022). Finally, particle aggregation and sedimentation during or after impregnation may 101 

affect measured MPFs (Biedermann et al., 2021) by changing ferrofluid properties and creating 102 

particle distributions that no longer reflect the pore geometry.  103 

Magnetic properties of nanoparticles and ferrofluid that contains nanoparticles vary 104 

largely with grain size, surfactants, and with dilution which defines magnetic between-particle 105 

interactions. In theory, the smallest grains are superparamagnetic (SP), with zero remanence and 106 

coercivity, and high susceptibility. As their size increases, they become stable single domain 107 

(SSD), and the coercivity and remanence increase while susceptibility decreases. As size 108 

increases further, a single domain is energetically no longer favourable, and the grain becomes 109 

multidomain (MD), with an associated decrease of remanence stability (Figure 1a) (Caizer, 2016; 110 

Clark, 1997; Dearing et al., 1996; Dunlop, 1981, 2002a; Eyre, 1997; Hrouda, 2011; Huber, 2005; 111 

Lee, Cha, Yoon, Lee, & Kim, 2015; Stephenson, 1971; Worm, 1998). The SP-SSD and SSD-MD 112 

transition sizes for magnetite depend on grain shape, and have been estimated to 20-30 nm and 113 

50-130 nm, respectively (Clark, 1997; Day, Fuller, & Schmidt, 1977; Dunlop, 1981; Eyre, 1997; 114 

Li et al., 2017). The SP-SSD threshold depends on measurement time, and the 20-30 nm apply to 115 

coercivity and remanence measurements. Susceptibility can be measured in either DC or AC 116 

fields, and for AC measurements, the SP-SSD transition occurs at lower grain sizes at higher 117 

measurement frequencies (Figure 1b) (Dearing et al., 1996; Hrouda, 2011). 118 

Nanoparticles are often described to have a core-shell structure, with an inner 119 

ferrimagnetically ordered magnetite core, and a shell in which spins are disordered due to surface 120 

effects, e.g., lower coordination numbers for surface spins. Therefore, the magnetic size of 121 

nanoparticles is generally smaller than their physical size. Furthermore, surfactants may 122 

influence the surface spins due to their bonds, resulting in large changes of magnetization when 123 

the same type of particle is coated with different surfactants; strongly interacting surfactants have 124 

larger effects on the nanoparticle magnetic properties, decreasing saturation magnetization, and 125 

increasing coercivity due to directional bonding that prevents spin reorientation (Berkowitz et al., 126 

1999; Caizer, 2016; Caruntu, Caruntu, & O'Connor, 2007; Hiemstra, 2018; Huber, 2005; Muscas 127 

et al., 2013; Papaefthymiou, 2009; Smolensky et al., 2013; Söffge & Schmidbauer, 1981). Step-128 

like magnetization changes in hysteresis curves were observed in some studies, and attributed to 129 

frustration and disorder of surface spins (Rani & Varma, 2015), or interactions (Trukhan, 130 

Martyanov, & Yudanov, 2011). While there is agreement that interactions between particles 131 

affect magnetic properties including magnetization and coercivity (Balaev et al., 2017; Caruntu 132 

et al., 2007; Dunlop, 2002a; Joseph & Mathew, 2014), both increases (Caruntu et al., 2007; 133 

Knobel et al., 2007; Nadeem et al., 2011) and decreases in coercivity (Trukhan et al., 2011) have 134 

been postulated as a result of increased interactions, potentially depending on bonding angles 135 

(Lu, Lin, Kuo, & Huang, 1999). Caruntu et al. (2007) observed that the relationships between 136 

concentration and magnetic properties are non-linear. Some particles form clusters, and act as a 137 
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single larger particle (Lee et al., 2015). Together, all these complexities result in a wide range of 138 

magnetic properties observed for particles of the same size (Figure 2) (Caizer, 2016; Caruntu et 139 

al., 2007; Day et al., 1977; Goya, Berquó, Fonseca, & Morales, 2003; Heider, Zitzelsberger, & 140 

Fabian, 1996; Iida, Takayanagi, Nakanishi, & Osaka, 2007; Johnson, Lowrie, & Kent, 1975; Lee 141 

et al., 2015; Li et al., 2017; Ma et al., 2004; Parry, 1965; Rani & Varma, 2015; Salazar et al., 142 

2011; Smolensky et al., 2013; Upadhyay, Parekh, & Pandey, 2016; Xie et al., 2006).   143 

Because of the many factors influencing nanoparticle magnetic properties and the 144 

importance of ferrofluid properties for the quantitative interpretation of MPFs, this study 145 

investigates how magnetic properties of nanoparticles in ferrofluids and related MPFs vary over 146 

time, and the sources of these variations. Both synthetic samples and natural silty sandstones are 147 

studied. Based on these results, we discuss how to best measure and interpret MPFs in terms of 148 

pore fabric and permeability anisotropy.  149 

2 Materials and Methods 150 

2.1 Time-dependent properties of synthetic samples 151 

2.1.1 Sample preparation 152 

Synthetic samples were prepared to investigate MPFs and potential variation over time on 153 

a simple and controlled system, with a single void of known geometry. Voids of 1 mm diameter 154 

and 2 mm depth were drilled into transparent polycarbonate cubes of a few mm side length, with 155 

an HSS/CNC drill (high speed steel, computerized numerical control) at the Institute of 156 

Geological Sciences, University of Bern. The sample z-axis was chosen along the cylinder axis, 157 

and x and y in the symmetry plane. The small size of the samples is essential, as we intended to 158 

measure hysteresis properties, and the vibrating sample magnetometer (VSM) is prone to 159 

artefacts related to a spatial variation in the instrument response function (Kelso, Tikoff, Jackson, 160 

& Sun, 2002). These geometrical effects are minimized when using small samples. Initially, one 161 

sample each was filled with water-based EMG304, EMG705, and with oil-based EMG901, 162 

EMG909, at a 1:10 concentration of ferrofluid to carrier liquid. The specified intrinsic initial 163 

susceptibilities of these fluids are 5.03, 4.04, 6.79, and 1.38 (SI), respectively 164 

(ferrofluid.ferrotec.com/products/ferrofluid-emg). After filling, the voids were sealed with 165 

diamagnetic hot glue, as this was the most stable seal over time according to Biedermann et al. 166 

(2021). At a later stage, eight additional samples were prepared using 1:5 and 1:20 167 

concentrations of the same types, but a different batch of ferrofluids. First results indicated that 168 

the labels of the 1:5 and 1:20 concentrations of the EMG304 samples had been switched, and 169 

additional samples of EMG304 at these concentrations were prepared ~1 month later from the 170 

second batch of ferrofluid. In-between measurements, sample were stored with their z-axis 171 

vertical. 172 

2.1.2 Expected MPF properties 173 

From the ferrofluids’ specified properties, fluid concentration, and void geometry, the 174 

expected directional susceptibilities, mean susceptibility and anisotropy parameters were 175 

calculated. Given the large fluid susceptibility, the shape of the void controls the measured 176 

anisotropy due to self-demagnetization, as long as the particles within the fluid are distributed 177 

evenly throughout the void. The self-demagnetization factors (N) for cylindrical shapes can be 178 

calculated based on the equations in Sato and Ishii (1989), giving Nx = Ny = 0.409, and Nz = 179 
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0.181. Directional susceptibilities (kdir) are defined by the intrinsic initial susceptibility (kint) and 180 

the self-demagnetization factors as kdir = kint / (1 + Ndir*kint), where dir = x, y, z, and the mean 181 

susceptibility as kmean = (kx+ky+kz)/3. The susceptibility of the carrier liquid was neglected, as it is 182 

orders of magnitudes lower than that of the ferrofluid itself (Biedermann et al., 2021), so that the 183 

susceptibility of the diluted ferrofluid was calculated from its kint and dilution. For all samples, kz 184 

is expected to reflect the maximum principal susceptibility k1, and kx=ky (=k2=k3), due to sample 185 

symmetry. Directional susceptibilities kx, ky, and kz are measured along the x, y, and z axes, 186 

respectively, and k1 ≥ k2 ≥ k3 refer to the principal susceptibilities, i.e., the eigenvalues of the 187 

susceptibility tensor. The anisotropy shape, defined as U = (2*k2-k1-k3)/(k1-k3) equals -1, 188 

reflecting the rotationally prolate symmetry of the void. The degree of anisotropy, P = k1/k3 189 

varies with fluid type and concentrations, as it increases nonlinearly with fluid susceptibility for 190 

a given void shape (Figure 3a, Table S1). As the void shape remains constant, no changes in 191 

MPF properties are expected over time, unless the magnetic properties of the fluid or the 192 

distribution of nanoparticles within the void change.   193 

2.1.3 Susceptibility measurements 194 

Directional susceptibilities of the plastic cubes with their ferrofluid-filled voids were 195 

measured in alternating and direct current (AC and DC) fields, to characterize any variability of 196 

the ferrofluid properties with measurement type. Note that the intrinsic fluid susceptibilities are 197 

specified as DC susceptibilities (ferrotec.com), whereas all MPF studies that specified the 198 

instruments used or type of measurement determined AC susceptibility and its anisotropy 199 

(Benson et al., 2003; Esteban, Géraud, & Bouchez, 2006; Hrouda et al., 2000; Humbert et al., 200 

2012; Jones et al., 2006; Nabawy et al., 2009; J. Parés et al., 2016; Pfleiderer & Halls, 1990, 201 

1993, 1994; Robion et al., 2014). Because differences have been reported in nanoparticle 202 

properties in DC vs AC fields (Goya et al., 2003), or with measurement frequency of the AC 203 

field (Biedermann et al., 2021), it is important to better understand how DC and AC 204 

susceptibilities of ferrofluids relate to one another.   205 

AC susceptibility measurements were conducted at 200 A/m, and in up to three 206 

frequencies (976 Hz, 3904 Hz, and 15616 Hz) on an Agico MFK1-FA in the Laboratory of 207 

Natural Magnetism at ETH Zürich, Switzerland. Due to sample symmetry and to optimize 208 

measurement time, susceptibility was measured along three directions, x, y and z, rather than the 209 

full set of 15 directions that is used normally to define the full susceptibility tensor when nothing 210 

is known about a samples’ anisotropy (Jelinek, 1977). Each directional measurement was 211 

repeated 3-5 times to improve and assess data quality. The first measurements were performed 212 

within the first days after sample preparation (once the glue had dried), and measurements were 213 

repeated for several months thereafter. The aim was to obtain a new dataset every month, but the 214 

timeline was affected by lockdowns and associated restricted access to university buildings. 215 

Therefore, the timesteps are irregular. Note that the ferrofluid manufacturer states that ‘[t]here is 216 

a tendency for magnetic particles to form aggregates in water-based ferrofluids. For best results, 217 

use within three months of purchase’, while no similar statement is made for oil-based fluids. 218 

Therefore, a change in properties is expected for water-based fluids EMG304 and EMG705 after 219 

3 months. Nevertheless, these results are included here to quantify the effect of aggregation 220 

within the first three months, and for older samples.  221 

DC susceptibilities were extracted from initial magnetization curves, measured on a 222 

Princeton 3900 VSM. Multiple segments were used to ensure accurate data in weak fields: 0.5 223 
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mT steps and 200 ms averaging time for fields between 0 mT and 100 mT, and larger steps at 224 

higher fields. Initial magnetization curves were measured and analysed for up to three directions 225 

at each time step. However, because the asymmetry of the samples made measurements along z 226 

difficult, most initial magnetization curves were measured along x. Only the lowest fields were 227 

used to determine initial susceptibility kini, using raw or smoothed data depending on the noise 228 

level in the measurements. When noise level was low, kini was calculated directly as the slope of 229 

the raw magnetization (M) vs field (H) data, kini = ΔM / ΔH, and for higher noise levels, 230 

magnetization data was smoothed with a moving average filter prior to calculating the slope. The 231 

slope changes rapidly even in these weak fields, so that the obtained susceptibility depends on 232 

ΔH. To make these comparable, initial susceptibilities are shown as curves for fields between 0 233 

and 20 mT.  234 

2.1.4 Hysteresis and remanence curve measurements 235 

Hysteresis parameters were extracted from multi-segment loops with maximum fields of 236 

±500 mT. Note that not all samples are fully saturated in these fields, but larger fields were not 237 

possible due to relatively large pole spacing necessary to fit the asymmetric voids of the 238 

relatively large samples. Similar to DC susceptibility data, x, y, and z directions were measured 239 

initially, but mostly the x-direction for later measurements. Field increments of 5 mT were used 240 

in large fields (±200 mT to ±500 mT), 2 mT increments in intermediate fields (±100 mT to ±200 241 

mT), and 0.5 mT increments in fields <±100 mT. Averaging times varied between 100 ms and 242 

200 ms. Hysteresis data was processed with own Matlab codes, or using HystLab (Jackson & 243 

Solheid, 2010; Paterson, Zhao, Jackson, & Heslop, 2018).  244 

Backfield remanence curves were obtained on the same instrument, obtaining 250 245 

measurements with logarithmic field increments up to a maximum field of -500 mT. Remanence 246 

curves were mainly measured parallel to x, and not all samples could be measured right after 247 

preparation. 248 

2.2 Time-dependent MPF of natural red sandstone 249 

2.2.1 Sample preparation and initial characterization 250 

J. Parés et al. (2016) measured MPFs of Lower Triassic red silty sandstones from the 251 

classic European Buntsandstein facies, in the Iberian Range (N Spain). These rocks were 252 

selected because their rock and paleomagnetic characteristics are well known (Dinarès-Turell, 253 

Díez, Rey, & Arnal, 2005; J. M. Parés & Dinarès-Turell, 1994; Rey, Turner, & Ramos, 1996; 254 

Turner, Turner, Ramos, & Sopeña, 1989), and they typically have a reasonably high porosity, 255 

partially due to open cleavage in mica grains. Porosity was determined on representative samples 256 

by mercury intrusion porosimetry with an Autopore IV (Micromeritics), and is 16 %. Pore size 257 

distribution analysis reveals that < 0.1 µm pores control up to 43 % of the volume porosity, 258 

which translates to a specific surface area of 3.84 m2/g. The specimen size (height 17 mm, 259 

diameter 18 mm) was chosen such that they could be encapsulated into standard, non-magnetic, 260 

7 cm3 plastic boxes with rounded edges. Measuring these plastic boxes instead of the 261 

impregnated specimens minimizes ferrofluid contamination. As a consequence, the original MPF 262 

measurement procedure described elsewhere (Benson et al., 2003; Pfleiderer & Kissel, 1994; 263 

Robion et al., 2014) was modified by J. Parés et al. (2016) in that they used smaller, encapsulated 264 

specimens (~4 cm3 as opposed to the standard 10 cm3), and measured them with a highly 265 

sensitive bridge (Figure 3b,c).  266 
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AMS was measured on a MFK1-FA Kappabridge (AGICO Instruments), a fully 267 

automated inductive bridge, at a frequency of 976 Hz and a field of 200 A/m. Magnetic 268 

susceptibility was determined on a slowly spinning specimen (Jelinek, 1996), and the operator 269 

just needed to adjust the specimen in three perpendicular positions. This measurement takes ~2 270 

minutes per specimen and is very precise, due to many susceptibility determinations in each 271 

plane perpendicular to the axis of specimen rotation. Data was processed using the Safyr 272 

software (AGICO, Czech Republic), which combines the measurements in three perpendicular 273 

planes plus one bulk value to compute a full susceptibility tensor, and measurement errors are 274 

determined based on multivariate statistics. High-temperature susceptibility curves and hysteresis 275 

loops were obtained on the MFK1-FA and a MicroMag 3900 vibrating sample magnetometer 276 

(VSM - Princeton Measurements Corporation), respectively, to identify the main magnetic 277 

carriers in these rocks. 278 

2.2.2 MPFs and their time-variation 279 

Samples were dried in a standard Memmert 200 oven for 24 hours at 40 °C, and their 280 

weight was measured prior to impregnation. Samples were impregnated in a Logitech IU30 281 

vacuum chamber (J. Parés et al., 2016), using EMG905 ferrofluid (Ferrotec), consisting of 282 

superparamagnetic magnetite particles (nominal particle diameter of 10 nm; 7.8% by volume) in 283 

a light hydrocarbon oil, with an initial magnetic susceptibility of 3.5 SI. This was diluted with 284 

additional oil to a final concentration of 1 %, and a concomitant bulk susceptibility (1 ml) of 7.8 285 

x 10-3 SI. Previous studies (e.g., Benson et al., 2003; Robion et al., 2014) revealed the 286 

effectiveness of this particular ferrofluid to impregnate geological samples, in particular 287 

compared to water-based ferrofluids. We prepared groups of eight specimens, which were placed 288 

in a glass beaker in the vacuum chamber and kept at a pressure of 4x10-2 mbar for 24 hours, after 289 

which injection with the ferrofluid solution started at 4x10-2 mbar. Specimens were placed in 290 

non-magnetic plastic boxes after drying for another 24 hours, to avoid contamination with the 291 

ferrofluid during subsequent handling. Weight was then remeasured, and subsequently MPFs 292 

were obtained with the MFK1-FA, using the same parameters as for the AMS measurement 293 

before impregnation. The bulk magnetic susceptibility of the impregnated samples is several 294 

times higher than that of the rock itself, and therefore the initial, natural rock magnetic 295 

susceptibility was neglected.  296 

Measured specimens were stored in a refrigerator at a constant temperature of 5 °C. After 297 

about four years, MPFs were re-measured using the same instrumentation and software for data 298 

reduction. Samples were left at room temperature prior to repeat MPF measurements. 299 

3 Results 300 

3.1 Synthetic samples 301 

3.1.1 Changes in AC and DC susceptibility over time 302 

Susceptibility varies considerably over time, in particular for water-based fluids, with AC 303 

and DC susceptibilities as low as ~35 % of the value obtained at the same frequency right after 304 

sample preparation (k0) (Figure 4a-f). The susceptibility of oil-based fluids was more stable 305 

(Figure 4g-m). None of the ferrofluids shows a clear and systematic behaviour at all 306 

concentrations, potentially related to the different batches of fluid used, or to concentration-307 

dependent interaction effects. Therefore, the time-dependent behaviour is discussed for each 308 
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sample separately. The time-dependence of AC susceptibility will be discussed based on the 309 

evolution of kmean, and that of DC susceptibility based on kx.   310 

For EMG304 at 1:5, the AC susceptibility for both samples was stable initially, followed 311 

by a pronounced decrease. The susceptibility of the first sample was 74-75 % of k0 after 4-5 312 

months, and varied between 36 – 38 % of k0 during months 6-10 at 1 kHz. At 4 Hz (16 kHz), 313 

susceptibility had decreased to 82 % (86 %) and 41 – 44 % (44 – 48 %) of at an age of 5 or 6-10 314 

months, respectively. The second sample showed a faster decrease during the first 4 months, to 315 

62 % (69 %/75 %) at 1 kHz /4 kHz/16 kHz), and stabilized at 36 – 40 %, 42 – 45 %, and 46 – 51 316 

% of k0 thereafter. DC susceptibility increased during the first three months (104 – 122 % of k0), 317 

followed by a decrease to 56 – 66 % of k0 for the first, and 34 – 43 % k0 for the second sample. 318 

At 1:10, the AC susceptibility decreases to 75 % of k0 during the first month, and later on 319 

decreases further to 59 – 62 % of k0 at 1 kHz. At 4 kHz (16 kHz), susceptibility decreases to 72 – 320 

73 % (75 – 77 %) of k0. DC susceptibility initially drops to 66 % k0 (2.5 months), and then 321 

becomes stable at 81 – 89 % after 3.5 months. The most variable behaviour is observed at 1:20, 322 

where both AC and DC susceptibility decrease for the first sample, but show an initial increase 323 

to 113 – 119 % of k0 for the second sample. AC susceptibility reaches 46 – 49 % / 52 – 56 % / 55 324 

– 63 % and 49 – 52 % / 57 – 59 % / 61 – 65 % at 1 kHz / 4 kHz / 16 kHz for the first and second 325 

sample, respectively. DC susceptibility is 93 – 100 % and 52 – 54 % of k0 for the first and second 326 

sample respectively. Interestingly, the sample with an initial increase in DC susceptibility 327 

reaches a lower susceptibility value after 6-10 months compared to the sample whose 328 

susceptibility decreased from the beginning. 329 

For EMG705, the AC susceptibility at 1 kHz remains at 94 % of k0 after one month at 330 

concentrations 1:5 and 1:20. Susceptibility stabilizes at 41 – 45 % (1 kHz), 48 – 50 % (4 kHz) 331 

and 55 – 59 % (16 kHz) of k0 after 4 months. For concentration 1:10, susceptibility decreased 332 

slightly less, to 45 – 49 %, 52 – 55 % and 59 – 63 % at 1, 4 and 16 kHz, respectively. More 333 

variability was observed at 1:20 concentration, where the susceptibility at the 3 measurement 334 

frequencies decreased to 43 – 53 %, 46 – 58 %, and 51 – 67 %, respectively, 5 - 10 months after 335 

sample preparation. The DC susceptibility of EMG705 at concentration 1:5 increased to 104-108 336 

% of the original value during the first two months, and ranged between 59 - 65 % of k0 as the 337 

sample got older. A similar qualitative trend was displayed by the 1:20 concentration, with an 338 

initial increase to 112 % within the first 2 months, and a larger variability between 69 – 112 % 339 

thereafter. Conversely, the DC susceptibility of the 1:10 concentration dropped to 43 % after 2.5 340 

months, followed by an increase to 65 – 78 % of k0. 341 

The AC susceptibility of EMG901 is relatively constant at 88 – 92 % of k0 at 1:5, and 98 342 

– 101 % of k0 at 1:10, independent of measurement frequency. At 1:20, the susceptibility remains 343 

similar to the original value throughout the first month, and then decreases to 80 – 85 %. 344 

Conversely, the DC susceptibility shows an initial increase at both 1:5 (112 % after 4 months) 345 

and 1:20 (130 % after 2 months), followed by susceptibility decrease to 108 % and 85 – 102 % at 346 

1:5 and 1:20, respectively. A different behaviour of DC susceptibility is observed for EMG901 at 347 

1:10, with a drop to 60 – 63 % during the first months, reaching a maximum at 70 % of k0 5.5 348 

months after sample preparation, followed by another decrease to 63 %.   349 

The AC susceptibility of EMG909 is relatively constant over time at all frequencies, and 350 

ranges between 93 – 97 %, 85 – 89 %, and 97 – 104 % of k0 at 1:5, 1:10 and 1:20, respectively. 351 

The DC susceptibility shows a larger variation, with a drop to 89 % of k0 after 1 month and 93 – 352 

105 % after 2 - 10 months at 1:5. At 1:10, DC susceptibility displays a low of 71 % after 2.5 353 
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months, and remains at 78 – 80 % throughout the experiment. At 1:20, DC susceptibility varies 354 

randomly between 56 – 76 % of k0. 355 

A comparison between measured AC and DC susceptibility to the fluids’ technical 356 

specifications shows that water-based EMG304 and EMG705 fluids exhibit susceptibilities 357 

significantly below the expected values, often far less than 50% (Figure 4a-f). The oil-based 358 

fluids EMG901 and EMG909 display susceptibilities larger than the expected value at 1:10, but 359 

lower than expected at 1:5 and 1:20, covering a total range of ~50 % to ~ 150 % (Figure 4g-m). 360 

This pattern is hard to explain with concentration dependence, and must be related to the use of 361 

fluids from different batches. Interestingly, the DC susceptibility of EMG901 at 1:10 gets close 362 

to the expected value 2.5 months after the sample was prepared.  363 

To summarize, time variation in both AC and DC susceptibilities are most pronounced 364 

for water-based fluids. Especially for DC susceptibility, changes are largest in samples older than 365 

3 months, as warned by the manufacturer, but they also occur within the first 3 months, both for 366 

AC and DC susceptibilities. Additionally, the water-based ferrofluids show a strong frequency-367 

dependence, which becomes less as the samples age. Conversely, oil-based fluids have very little 368 

and constant frequency-dependence, but show differences between the samples prepared from 369 

different batches of ferrofluid. 370 

3.1.2 Concentration-dependence of susceptibility 371 

For non-interacting strongly magnetic particles in a non-magnetic carrier fluid, it is 372 

expected that the susceptibility increases with particle concentration. The AC susceptibilities of 373 

water and oil used to dilute the ferrofluids are -1.0*10-5 and -1.6*10-5 (SI), respectively, at ~1 374 

kHz (Biedermann et al., 2021). Thus, their contribution to the susceptibility of the diluted 375 

ferrofluid is negligible. The diluted ferrofluid’s susceptibility can be estimated as kdil = kff / (Vff + 376 

Vcl), where kdil is the diluted susceptibility, kff the susceptibility of the pure ferrofluid, Vff the 377 

volume of the pure ferrofluid, and Vcl the volume of additional carrier liquid.  378 

The samples filled with EMG705 show the expected increase of AC and DC 379 

susceptibilities with ferrofluid concentration. An exception to this trend is the DC susceptibility 380 

after 2 months, which is lower at a ratio of ferrofluid to carrier liquid of 1:10 compared to 1:20. 381 

EMG304 follows the expected trend in some samples, but also shows the lowest susceptibility at 382 

1:10 for several datasets. Note that the initial and repeat samples of EMG304 display different 383 

behaviour. Both oil-based fluids, EMG901 and EMG909 possess highest susceptibility at 1:10, 384 

and for older samples, the DC susceptibilities at 1:10 and 1:5 become comparable. No clear 385 

concentration-dependent trends are observed in the frequency-dependence of susceptibility (cf. 386 

Figure 4; Figure S1). 387 

3.1.3 Anisotropy of AC susceptibility 388 

The time-variation of the samples’ anisotropy was assessed based on AC susceptibility, 389 

as DC susceptibility had been measured along only one direction at most time steps (Figure 5). 390 

From the sample geometry, it is expected that kz > kx = ky, U = -1, and P varying with ferrofluid 391 

type and concentration. Measured anisotropies are highly variable, often showing kz being 392 

smaller than the average of kx and ky, especially as time progressed. The anisotropy shape U 393 

changes from largely prolate to largely oblate during the experiment, with increasing anisotropy 394 

degree for the majority of samples (Figure 5a-i). The one exception is EMG909 with mostly 395 
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oblate anisotropy shapes at the start of the experiment, and more stable anisotropy degree over 396 

time (Figure 5k-m).  397 

3.1.4 Hysteresis properties 398 

Changes in hysteresis properties inform about potential changes to the particles, 399 

particularly their grain size and interactions. Saturation magnetization remains relatively constant 400 

throughout the duration of the experiment. Larger variability is observed for saturation 401 

remanence, coercivity and remanent coercivity (Figure 6, Figure S2). In theory, remanence and 402 

coercivity of SP particles are zero, and the measured values are low, which explains the noisy 403 

appearance of the data. Data variability between samples and time steps makes it challenging to 404 

identify clear and universal trends. However, there appears to be a slight increase over time for 405 

the saturation remanence and coercivity for EMG705 (Figure 6d) and to a lesser degree EMG304 406 

(Figure 6a), whereas EMG909 exhibits decreasing saturation remanence and coercivity (Figure 407 

6k). EMG901 shows a slight decrease in saturation remanence but almost no change in 408 

coercivity (Figure 6g). The remanent coercivity has a peak at ~2 months for the water-based 409 

fluids, before and after which it is very low. The oil-based fluids show an increase in remanent 410 

coercivity at 1:5 and 1:10 concentrations, but their behaviour at 1:20 is hard to interpret. Day 411 

plots are characterized by high Bcr/Bc and low Mr/Ms values. There is no clear grouping with 412 

respect to age or concentration of the samples. None of the data points coincide with the 413 

theoretical behaviour of 10 nm superparamagnetic magnetite (Day et al., 1977; Dunlop, 2002a, 414 

2002b). Rather, the majority of measurements falls in the field commonly interpreted as multi-415 

domain magnetite. However, the large Bcr/Bc ratios are typical for superparamagnetic grains.  416 

Hysteresis loops and remanence curves display stronger changes over time for water-417 

based fluids (EMG304 and EMG705; Figure 6c,f) compared to oil-based fluids (EMG901, 418 

EMG909; Figure 6i,m). One particularly interesting feature is the development of stepwise 419 

hysteresis in some of the EMG304 samples after 4-5 months. Note that all samples carry very 420 

weak remanences, thus resulting in noisy remanence curves, and related uncertainties in Bcr.  421 

The concentration-dependence of Ms is similar to the concentration dependence of AC 422 

and DC susceptibility, with a clear increase of Ms with ferrofluid concentration for EMG705, 423 

larger variability for EMG304, and a peak of Ms at 1:10 for EMG901 and EMG909. The 424 

remaining properties show no clear concentration dependence, likely related to the fact that both 425 

Mr, Bc and Bcr are very weak and subjected to noise (Figure S3).  426 

3.2 Rock magnetic properties and MPFs of natural rocks 427 

Room-temperature hysteresis loops suggest a dominance of the paramagnetic over the 428 

ferromagnetic fraction in the dry specimens. After calculating the high-field susceptibility of the 429 

hysteresis loops, it is apparent that the paramagnetic fraction dominates the total magnetic 430 

susceptibility in dry samples. High-temperature susceptibility curves indicate that the 431 

ferromagnetic fraction is dominated by hematite. The magnetic fabric prior to impregnation 432 

essentially reflects preferred grain orientation of phyllosilicate minerals including both clays and 433 

mica grains, which make up to 4% of the total mineralogy of the Buntsandstein redbeds in this 434 

area (Marfil, La Iglesia, Herrero, Scherer, & Delgado, 2015). Minimum susceptibility axes are 435 

clustered around the pole to the bedding plane. Occasionally, the maximum axes are grouped, 436 

possibly indicating a paleocurrent direction (e.g., Tarling & Hrouda, 1993). Similar magnetic 437 
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fabric orientations have been observed in a vast majority of sedimentary rocks (J. M. Parés, 438 

2015; Tarling & Hrouda, 1993), and reveal the deposition and further compaction of sediments.  439 

A comparison between the MPF data measured after 4 years and the initial data described 440 

in J. Parés et al. (2016) indicates that the principal MPF axes remain almost identical to the 441 

initial MPFs, and the AMS of non-impregnated samples (Figure 7a). The coaxiality of the AMS 442 

and MPFs indicates that the orientation of the phyllosilicates controls the pore fabric of these 443 

rocks. The anisotropy degree (Pj) and shape (T) of the MPFs changed slightly after 4 years, but 444 

these changes are not statistically significant (Figure 7b,c). The anisotropy degree seems to 445 

decrease, and the anisotropy shape becomes less oblate. The main change is observed in the 446 

mean susceptibility (Figure 7d). After four years, all samples show a mean susceptibility that is 447 

2.5 to 3 times higher than directly after impregnation. 448 

4 Discussion 449 

4.1 Stability of ferrofluid properties and MPF over time 450 

Changes in MPF parameters over time can be caused by either of 2 processes, or a 451 

combination: (1) changes in ferrofluid magnetic properties over time, or (2) changes in the 452 

distribution of the particles within the void or pore (Figure 8). Changes in the ferrofluid magnetic 453 

properties may be associated with increased interactions between aggregated particles, or their 454 

collective behaviour as a larger particle, as observed in Lee et al. (2015). Another explanation for 455 

changes in magnetic properties could be that the coating of the particles changes over time. 456 

Because the coating affects the magnetic behaviour of nanoparticles (Berkowitz et al., 1999; 457 

Caizer, 2016; Caruntu et al., 2007; Hiemstra, 2018; Huber, 2005; Muscas et al., 2013; 458 

Papaefthymiou, 2009; Smolensky et al., 2013; Söffge & Schmidbauer, 1981), the fact that both 459 

EMG304 and EMG705 are coated with anionic surfactants while EMG901 and EMG909 have 460 

no coating, together with possible time-dependent changes in the coating likely explains the 461 

higher stability of the oil-based fluids over time. Importantly, while the largest changes in 462 

magnetic properties of water-based fluid occur after 4-5 months, changes to both susceptibility 463 

and hysteresis properties of the water-based fluids were observed also during the first three 464 

months, during which they were expected to be stable. Although the bulk magnetic properties of 465 

the oil-based fluids appear more stable over time, they seem more prone to aggregation and 466 

sedimentation of particles after short times, especially at a concentration of 1:20. Aggregation 467 

and sedimentation were also observed for oil-based fluids at 1:10 and 1:5, but at later time, and 468 

appeared slowest for the water-based fluids. These observations suggest that the coating of the 469 

water-based fluids initially protects them against aggregation, and magnetic properties change 470 

slightly while the coating slowly dissolves. Once a large part of the coating is dissolved, the 471 

particles aggregate, leading to more pronounced changes in their magnetic properties. 472 

Conversely, the oil-based fluids are less protected against aggregation as there is no coating, but 473 

because their surface spin structure is less affected by the presence or absence of coating, their 474 

magnetic properties are more stable (Figure 9).  475 

A strong increase in AC and DC susceptibilities as well as saturation magnetization was 476 

observed for oil-based fluids at 1:10 compared to concentrations of 1:5 and 1:20, but not for 477 

water-based ferrofluids. There is no clear explanation for this behaviour, other than that the 1:10 478 

samples had been prepared from a different batch of fluid than the 1:5 and 1:20 samples. Thus, 479 

the fluid may have had different properties or age upon the start of the experiment. 480 
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4.2 Rocks vs. synthetic samples 481 

Two main differences were observed between rocks and synthetic samples. First, the 482 

fabric orientation, anisotropy degree and shape changes are relatively large in synthetic samples, 483 

but statistically significant changes between the initial MPF and the MPF after 4 years were not 484 

observed in the investigated rocks. Secondly, a pronounced increase in mean susceptibility 485 

occurred in rock samples, but not in the synthetic samples.  486 

The fabric of the synthetic samples is markedly different from that of natural rocks. The 487 

former basically contain one single very large pore, whereas measurements on natural rocks 488 

integrate thousands of micropores and/or microcracks with different morphology. For the red 489 

siltstones investigated here, J. Parés et al. (2016) suggested that due to the size of the magnetite 490 

particles in the ferrofluid (10 nm), we need to seek the origin of the MPF in magnetite 491 

nanoparticles injected between clay flakes and between clays and other grains, facilitated by the 492 

platy nature of these minerals (cf Figure 3c). Hence, the MPF results in the natural rocks indicate 493 

that microporosity is controlled by clay fabrics, as the samples impregnated with ferrofluid 494 

mimic the magnetic fabric of the natural, dry samples. Thus, the nanoparticles can move freely in 495 

the relatively large pores of the synthetic samples, but are more constrained in natural rocks. 496 

Therefore, the nanoparticle distribution strongly differs between both types of samples, natural 497 

and synthetic, and might explain in part the differences we observe over time as well. 498 

Additionally, evaporation of the carrier liquid is expected to occur at different rates in both 499 

sample types, which may further explain the observed differences.  500 

The changes in mean susceptibility over time that occur in natural rock cannot be 501 

explained by the evaporation of (diamagnetic) carrier liquid, as this would lead to a maximum 502 

susceptibility increase of 3*10-6 (SI). The observed increase on the order of 10-3 (SI) therefore 503 

has to be related to physical or chemical changes that happen due to the interaction between the 504 

ferrofluid and rock. The magnetite nanoparticles have a large surface area, and thus oxidation 505 

over time may be expected upon contact with air. However, the oxidation from magnetite to 506 

maghemite and hematite would decrease the susceptibility and cannot explain the observations. 507 

Water would preferentially leach Fe2+ from the magnetite particles, creating a more oxidized 508 

shell, and suppressing susceptibility due to lattice strain at the core-shell interface (van Velzen & 509 

Zijderveld, 1995). Dissolution of surfactant may influence the magnetic properties. Neither of 510 

these could explain the susceptibility increase for rocks impregnated with oil-based ferrofluids 511 

which have no coating. Particle aggregation is expected to cause a transition from SP to SD 512 

particles, thus decreasing susceptibility. Interestingly, empirical relationships exist between the 513 

presence of oil and strongly magnetic rocks. Abubakar et al. (2020) found a correlation between 514 

strongly magnetic samples and oil-stained samples, while unstained samples were more weakly 515 

magnetic. Mineral magnetic techniques have been used to identify hydrocarbon migration 516 

pathways and hydrocarbon contamination in soils and sediments (Badejo et al., 2021; Rijal, 517 

Porsch, Appel, & Kappler, 2012). Similarly, Gadirov, Eppelbaum, Kuderavets, Menshov, and 518 

Gadirov (2018) successfully identified hydrocarbon deposits from magnetic anomalies. From 519 

this, one could speculate that the oil reduced some of the hematite present in the samples to 520 

magnetite, as suggested by Abubakar et al. (2020). The observed susceptibility increase could be 521 

explained by formation of up to 0.1 vol.% magnetite, using the relationship between 522 

susceptibility and magnetite abundance from Clark (1997). However, Gendler et al. (2005) 523 

describe that reaction kinetics for transitions between iron oxides are slow at room temperature, 524 

and others report that microbial processes are crucial for such reactions at low temperatures 525 
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(Emmerton et al., 2013; Machel, 1995). Another possibility for the susceptibility increase is that 526 

the magnetite nanoparticles possessed an oxidized shell initially, with related lower susceptibility 527 

due to lattice strain (van Velzen & Zijderveld, 1995), and that this strain released over time, thus 528 

increasing susceptibility over the measurement period. While more work is needed to identify the 529 

process(es) causing the observed susceptibility increase, it is clear that the increase in mean 530 

susceptibility may have led to overestimating the impregnation efficiency of oil-based ferrofluid. 531 

This would have influenced previous statements that oil-based fluid is more efficient at 532 

impregnating rock than water-based fluid.   533 

4.3 Recommendations for future MPF (and ferrofluid) studies 534 

Ferrofluid properties, including their susceptibility, and hysteresis properties change over 535 

time, also within the 3-month period during which they are expected to be stable. Changes in 536 

magnetic properties reflect changes in the particles themselves, e.g. chemical alteration, 537 

dissolution of the surfactant of the particles in the water-based fluid, or particle aggregation. 538 

Because the fluid susceptibility affects the measured MPF, and particle aggregation prevents the 539 

ferrofluid from impregnating smaller pores, we recommend that fluid properties are monitored 540 

prior to impregnation and over time until the MPF measurements are completed. This is 541 

particularly important in studies that intend to interpret MPF anisotropy degrees quantitatively, 542 

or when assessing impregnation efficiency based on the change of susceptibility before and after 543 

impregnation. 544 

Given the “rapidness” of particle aggregation, and potential sedimentation in larger pores, 545 

we consider it best to perform measurements “quickly“ after impregnation. Nevertheless, as 546 

shown by the natural samples, the orientation of the MPF fabric and the anisotropy parameters 547 

were virtually the same several years after the initial measurements, likely due to particles not 548 

being able to move inside the small pores of these samples. Yet, because one does not know 549 

beforehand the pore structure or permeability, it is preferable to carry out MPF measurements 550 

right after the impregnation process.  551 

We have observed significant changes to the mean susceptibility of natural redbed silty 552 

sandstones, although samples were kept refrigerated between initial and repeat measurements. At 553 

this point, it is not clear whether this change happened at constant rate over the 4-year timespan, 554 

or if a fast initial increase in mean susceptibility was followed by a slower change or constant 555 

susceptibility. If these changes occur fast after impregnation, this may result in overestimating 556 

the impregnation efficiency of oil-based ferrofluid, which in turn results in recommendations to 557 

prefer oil-based ferrofluid compared to water-based ferrofluid when aiming at high impregnation 558 

efficiency. Therefore, potential mineralogical changes that occur due to rock-fluiid interactions 559 

after impregnation need to be taken into account when estimating impregnation efficiency, both 560 

for water- and oil-based ferrofluid. While several studies have suggested that oil migration 561 

pathways or contamination can be tracked using magnetic methods, we are not aware of any 562 

study investigating the magnetic signature of the rock-oil interaction over time. Thus, more work 563 

will be needed to investigate the time-variation of magnetic properties as rock is in contact and 564 

reacts with oil, or oil-based ferrofluid, and the potential influence of mineralogy on these 565 

reactions.  566 

The stability of the ferrofluid magnetic properties over time is only one aspect that helps 567 

determine which fluid is most suitable for a given study. Also the mineralogy of the investigated 568 

rocks is important, e.g., whether the constituent minerals are oil- or water-wetting (Abdallah et 569 
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al., 2007), or the effective porosity, pore size, and tortuosity of pores may play a role. Smaller 570 

and more tortuous pores have a higher need for a low-viscosity fluid with small molecules and 571 

particles, while larger pores are more easily impregnated also by higher-viscosity fluid. 572 

Additionally, the intended application will be important; groundwater flow will be best reflected 573 

by water-based ferrofluid, while hydrocarbon migration by oil-based ferrofluid. Thus, the fluid 574 

chosen to measure MPFs should be as close as possible to the fluid whose migration through the 575 

pore space is of interest. Finally, the choice of ferrofluid may be limited by the available 576 

impregnation methods, as water-based fluids boil off under vacuum conditions at room 577 

temperature, unless the vacuum can be controlled, and resin-based impregnation methods only 578 

work with oil-based fluids (Pugnetti et al., 2022).  579 

5 Conclusions 580 

The magnetic pore fabrics method is an efficient and powerful tool to investigate the 581 

shape, orientation and arrangement of pores in rocks. Their quantitative interpretation depends 582 

on the magnetic properties of the ferrofluid used to impregnate the pore space, and high 583 

impregnation efficiency is a prerequisite for reliable and robust interpretation. 584 

Here, we have shown that ferrofluid magnetic properties change over time, and, 585 

additionally, interaction between ferrofluid and rock can lead to changes in mean susceptibility, 586 

with important consequences for the estimation of impregnation efficiency, and MPF 587 

interpretation. Moreover, particle aggregation and sedimentation in large pores may cause 588 

changes in the MPF, and effect that was not observed for natural samples with micropores. In 589 

any case, we recommend to characterize MPFs and impregnation efficiency within a day after 590 

impregnation.  591 

Our results suggest that it is worth to reconsider earlier statements that oil-based fluids 592 

are more efficient at impregnating rocks compared to water-based fluids. Susceptibility increase 593 

due to mineralogical changes induced by oil-based fluid, and a susceptibility that is slightly 594 

above that stated in the fluid’s technical specifications for oil-based fluid – compared to a 595 

susceptibility significantly below that in the technical specifications for water-based fluid – are 596 

factors suggesting that some of the conclusions in previous studies might need to be re-evaluated 597 

in the view of our findings.  598 
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Figure captions 850 

Figure 1: (a) Simplified sketches of remanence, coercivity and susceptibility variation with particle size; (b) SP-SSD 851 

threshold size as a function of measurement frequency. For the susceptibility variation, Stephenson (1971), Dearing 852 

et al. (1996) and Eyre (1997) assumed a single particle size, while Worm (1998) and Hrouda (2011) reported the 853 

behaviour for size distributions.  854 

 855 

Figure 2: Comparison of measured magnetite nanoparticle properties as a function of grain size, and comparison 856 

with bulk magnetic properties. Two connected data points are shown for measurements by Lee et al. (2015), who 857 

measured clusters of particles, where particle size and cluster size were varied simultaneously. The two points 858 

correspond to the particle size (lower size value) and cluster size, respectively.   859 

 860 

Figure 3: (a) Schematic sketch of synthetic sample geometry, and expected MPF anisotropy for the synthetic 861 

samples filled with different fluids at concentrations 1:5, 1:10, and 1:20. Note that the MPF anisotropy degree 862 

reflects a combination of void geometry and ferrofluid intrinsic properties. (b) Preparation of natural samples, cf J. 863 

Parés et al. (2016) for details. The samples were stored in their plastic holders and refrigerated between initial 864 

measurements and repeat measurements. (c) Thin section photograph under plane-polarized light of a mica grain 865 

from the studied red silty sandstones. Arrows depict cleavage parallel to the (001) basal plane in the grains. Visible 866 

cleavage planes have an (apparent) thickness less than 5 µm, orders of magnitude larger than the size of the 867 

magnetic nanoparticles of the ferrofluid. As far as the MPFs in the Triassic redbeds, J. Parés et al. (2016) 868 

concluded that ferrofluid within the mica cleavage planes would simply enhance the AMS ellipsoid of the sediments, 869 

due to the magnetic nanoparticles infilling such planes. 870 

 871 

Figure 4: Time-dependence of AC and DC susceptibility, ratio of measured to expected susceptibility, and 872 

frequency-dependence of susceptibility for samples impregnated with EMG304 (a-c), EMG705 (d-f), EMG901 (g-i) 873 

and EMG909 (k-m). Horizontal dashed lines indicate the ideal case of equal measured and expected susceptibility 874 

(b, e, h, l), and frequency-independent susceptibility (c, f, I, m). Vertical dotted lines indicate the 3-month-period 875 

after which particles in water-based ferrofluid are expected to aggregate according to the manufacturer (a-f). Open 876 

symbols reflect repeat samples made from a different batch of EMG304 ferrofluid (a-c). 877 

 878 
Figure 5: Anisotropy of AC susceptibility and its time-dependence for samples impregnated with EMG304 (a-c), 879 

EMG705 (d-f), EMG901 (g-i), and EMG909 (k-m). The rotationally prolate symmetry of the samples defines an 880 

anisotropy where kz > kx = ky, and expected anisotropies for the different concentrations are indicated with 881 

horizontal dashed lines. The horizontal dotted line separates the fields with kz > average of kx and ky, and kz < 882 

average of kx and ky. Open symbols refer to repeat samples. The vertical dashed line indicates the critical 3-month 883 

age after which water-based ferrofluids may change properties according to the manufacturer (a-f). 884 

 885 

Figure 6: Hysteresis loops, initial susceptibility, and remanence curves samples impregnated with EMG304 (a-c), 886 

EMG705 (d-f), EMG901 (g-i), and EMG909 (k-m) at concentration 1:5, and their evolution with time. All 887 

measurements shown here indicate properties parallel to x. Grey arrows show the general changes with increasing 888 

age of the sample.  889 

 890 

Figure 7: Examples of AMS and MPF fabric orientation (a), MPF anisotropy degree (b) and shape (c), and mean 891 

susceptibility (d) for initial measurement, and repeat measurements after 4 years. Susceptibility and AMS 892 

parameters are given as mean of specific sites, and error bars indicate standard deviations for the site means. 893 

Dashed lines in (b) and (c) indicate equal anisotropy parameters.     894 

 895 

Figure 8: Overview of changes identified in synthetic samples, and analogy drawn to rock samples. Particle 896 

aggregation and sedimentation leads to discrepancies between the void shape and the shape of the volume filled 897 

with particles. In addition, interactions between aggregated particles influence magnetic properties. Both processes 898 

affect the measured MPF 899 

 900 

Figure 9: Interpretation of changes in magnetic properties of water- and oil-based fluids over time. 901 
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Salazar et al., 2011 (table, figure)
Smolensky et al., 2013
Lee et al., 2015
 same data, particle vs cluster size 
Rani & Varma, 2015
Caizer, 2016
Upadhyay et al., 2016
Li et al., 2017
Li et al., 2017, replotted from Kim et al., 2009

Dunlop et al., 1981
uniaxial anisotropy

Dunlop, 2002a
cubic anisotropy

Dunlop, 2002a

60 mT - Clark, 1997; acicular grains

Clark, 1997

Parry, 1965
Johnson et al., 1975
Day et al., 1977
Heider et al., 1996
Goya et al., 2003
Ma et al., 2004
Xie et al., 2006
Caruntu et al., 2007
Iida et al., 2007

Worm, 1998; magnetocrystalline
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(a) Synthetic samples and expected MPF properties
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(b) Natural red sandstone samples: Preparation 

(c) Natural red sandstone samples: Thin section image
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Changing properties due 
to dissolving coating
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