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Scanning electron microscope results 

 

Scanning electron microscopy was performed on the samples in order to reveal their microstructure. Several different 

types of porosity can be identified at the micrometric scale and are presented in Figure S1. 5 

 

 

 

 

Figure S1 Different types of porosity observed by scanning electron microscope on the studied samples, and classified according  10 

To assess rock heterogeneity and localize region of interest for EDS local analyses, a quantitative mineralogical map 

was acquired on the FEI FEG-SEM Quanta 650 equipped with 2 Energy Dispersive X-Ray spectrometers (EDS Bruker 

X-Flash) and combined with the mineral identification software package Maps-Nanomin. The interpretation method 

used in the Nanomin software was previously calibrated with quantitative data based on X-Ray diffraction and X-ray 

Fluorescence (Fialips, et al., 2018). The mineralogical composition of these samples, evidenced by EDS (Figure S2) 15 

shows the presence of clays (from 15 to 35%, mainly illite/smectite localized in the mud), carbonate (from 10 to 35%, 
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mainly calcite cementation and micro-particles, containing few amount of manganese), quartz (roughly 30%, micro-

particles and grains), feldspars (essentially albite, around 10-15%) and the presence of pyrite (3 to 8%), some of the 

pyrite being present as framboids. 

 20 

Figure S2: Quantitative mineralogical mapping obtained via SEM-EDS and Maps Nanomin package 

 

An advanced image processing of the SEM images allows the segmentation of the image between organic matter, 

organic porosity (which represents 75 to 85% of the porosity visible on SEM) and mineral porosity (Figure S3).  

The pore size distribution of organic porosity reveals a fractal dimension (exponent of the power law relating the 25 

numbers of pores to the pore size N(R)) of about 2.3 (from 2.2 to 2.5 on the 3 samples), coherent with what was found 

by Curtis et al (Curtis, et al., 2010). 

 

 

Figure S3: from left to right: Scanning electron microscope image; results of the segmentation to identify kerogen (brown) 30 
organic pores (red) and mineral pores (blue). 
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Fast Field Cycling-NMR 35 

Theoretical expressions of longitudinal spin-relaxation rates for brine and oil diffusing in mineral and kerogen 

networks  

 

Here, we outline the theoretical relaxation models that consider the longitudinal nuclear relaxation of these two 

confined fluids. We remind that EMR spectra have evidenced the nature and quantity of the sources of relaxation in 40 

both cases. On the mineral lamellar structure, EMR found a density of S4.5 1019 Mn2+/g ions in the mineral clay 

and S1.2 1017 C° radicals/g in the kerogen network. 
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Figure S4: Schematic diagrams representing (a) the brine diffusion within the 2D lamellar clay structure with 
Mn2+ (b) the quasi 1D oil diffusion (green lines) between the micropores of the solid kerogen and larger 
organic pores in presence of carbon radicals C°. 



4 
 

 

 60 

 

 

 

In the proposed relaxation model, there are basically a liquid and a solid spin densities with longitudinal 

magnetizations mliq and msol, respectively. Introducing the dimensionless magnetizations for the departure from 65 

equilibrium M(t)=[m(t)-meq]/meq, these two spin magnetizations are coupled through the following kinetic cross-

relaxation equations at the solid-liquid interface: 
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Here R1,liq and R1,sol are the longitudinal spin-lattice relaxation rates for the confined liquid and solid-protons in the 

porous rock, k∼1 s-1 is the dipolar cross-relaxation rate from the liquid to the solid proton species and F  msol
eq mw

eq

<<1 is the ratio of the solid- and liquid-proton populations at equilibrium (Lester, et al., 1991). The dipolar cross-

relaxation rate from the confined liquid to the solid proton species has been chosen as k∽1s-1 for a good fit. This value 

is consistent with an asymptotic limit at low frequency which tends to constant (independent of the frequency) at low 75 

frequency.  k is thus limited by the transfer of dipolar energy (spin diffusion) within the bound solid proton. The 

observed plateau below a frequency c/2∼25kHz is thus characteristic of the rigid-lattice limit of the solid proton 

hydrates Rsol. 

F<<1 is the ratio of the solid-proton population to the liquid proton at equilibrium (Lester et all 1991), It is thus 

necessary very small compared to one. 80 

Eq. 1 is a representation of two-component situation with exchange. Even if this approach is seldom used for liquid 

relaxation in porous solids. This is not the general case, see for instance the case of relaxation in cement-based 

materials (Barberon, Korb, et al, 2003). If we neglect the exchange, 𝑘 ⟶ 0 , we find the simple approach of 

Brownstein and Tarr (Brownstein and Tarr , 1979). However, in that case, it is impossible to find a plateau of 

1/T1∽R1,sol at very low frequency and in that case Eqs. 5 or 6 diverge at low frequency. We have thus fitted our NMRD 85 

data with the full Eq. 2 as well as Eqs. 5, 6. The values chosen for R1,sol should correspond to 

1/T1(I<c∼225kHz)∽500-600 s-1. These values are typical to the numerous hydrates present in the shale samples. 

 

With the fast-field cycling spectrometer that we used; one observes only the signal Mliq(t) of the liquid. It is a linear 

combination of a fast Rfast(t) and slow Rslow(t) exponential recovery-terms whose amplitudes depend on the 90 
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eigenvectors of the matrix in Eq. (1). We show that Rslow(t) dominates the relaxation and its analytical expression 

depends on the different relaxation and cross-relaxation rates through the following relation: 
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For porous rocks and at room temperature, the translational diffusion of the embedded liquids is sufficiently fast to 

ensure the biphasic fast-exchange model between two transient populations of spins: 

 

𝑅ଵ,(𝜔ூ) = 𝑅ଵ,௨ + 
ேೄ

ே
𝑅ଵ,௦௨(𝜔ூ).              (3) 

 100 

Here 𝑅ଵ,௨represents the constant bulk spin-lattice relaxation rates of the liquids which come from the relaxation 

processes induced by rotational and translational molecular dynamics. In Eq. (3), NS/N represents the surface fraction 

of the liquid molecules transiently present at pore surfaces: 

 

ேೄ

ே
= 𝜆𝑆,ேெோ𝜌 .                (4) 105 

 

In Eq. (4),  is the thickness of a layer of liquid molecules at pore surfaces, 𝑆,ேெோ and 𝜌  are the specific surface 

area sensed by the NMR technique and the liquid density, respectively. It thus results from Eqs. (3 and 4) that the 

NMRD frequency dependence of 𝑅ଵ,(𝜔ூ) is mainly due to the surface contribution 𝑅ଵ,௦௨(𝜔ூ). 

In the case of water molecules moving transiently at the  pore surface in presence of paramagnetic sources of relaxation 110 

such Mn2+ ions (Figure S4a), we have shown that the frequency dependence of 𝑅ଵ,௦௨(𝜔ூ) is given by the following 

bilogarithmic expression (Korb, et al., 2014): 
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            (5) 

In Eq. (5),  water~𝜀 = 0.3 𝑛𝑚 where 𝜀 is the size of a water molecule is the distance of minimal approach between the 

moving proton spins (I=1/2) and the immobile electronic spin (S=5/2 for Mn2+) at the pore surface. 𝑆,ேெோ = 47 m2/g 

for clays. According to the uniform repartition of paramagnetic species that we found from EMR imaging and 

considering the respective densities S2.675 g/cm3 for solid clays, one obtains the surface densities of 120 

paramagnetic sources of relaxation SSS2.44 1013 Mn2+/cm2 is the surface density of Mn2+. m is the surface 

translational correlation time of the liquid.  A= S/m represents the dynamical surface affinity or NMR wettability, 

where S is the time of residence of the liquid molecule at the pore surface (Korb, et al., 2009). Finally, I/(2)   and 
S/(2) = 658 I/(2)  are the Larmor frequencies of the proton and electron spins, respectively. 

 125 
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In the case of oil molecules moving transiently within the complicated sponge-like pore network of kerogen in 

presence of paramagnetic sources of relaxation such C° radicals and VO2+ ions (Figure S4b), we have shown that the 

frequency dependence of 𝑅ଵ,௦௨(𝜔ூ) is given by the following expression (Korb, et al., 2014): 
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Here 𝑅ଵ,௨
 ~ 1 𝑠ିଵ has no frequency dependence, SP,NMR∼ 233 m2/g for kerogen and the oil density oil = 0.85 g/cm3, 

𝜎௦ =3.26 1011 C°/cm2, 1D,oil~0.15 𝑛𝑚 and R~0.3 nm is the dominant radius of the kerogen nanopores power-law 

distribution within the solid kerogen. The electronic spin in kerogen has been discussed in the paper as being S=1 due 

to the coupling with the VO2+ ions 135 

 

It is shown that below a certain frequency value, c, the system reaches long correlation times typical of the rigid-

lattice limitc. k is limited by the transfer of dipolar energy (spin diffusion) within the bound solid-proton. The 

observed plateau R1,sol=R1,liq(I=c) below c is thus characteristic of the rigid-lattice limit of the “solid-protons”. 

Above c, the system experiences correlation times much shorter thanc. This favors the condition of weak coupling 140 

where k << R1,sol and R1,w. The time decay of Mw(t) is now only controlled by the liquid relaxation R1,slow(I)=R1,liq(I), 

where R1,liq is associated to the liquid-proton dynamics in confinement.  

One thus obtains the final expressions of R1,slow(I) by substituting Eqs. (5 or 6) into Eqs. (3 and 2) for a direct 

comparison with brine or oil NMRD profiles. 

Last, Eq. (6) tends to the following asymptotic theoretical temperature and frequency behaviors: 145 

 T1 ∝ √(𝜔I/𝜏m)=Cte and T2(T) ∝ 1/√(𝜏m𝜏s(T)).                (7) 

The invariance of T1 with the temperature shown in the article is in agreement with the independence of viscosity of 

a highly confined liquid previously described (Korb, et al., 2015).  Similarly, the activated behavior of T2 with the 

temperature strongly suggests that the main temperature dependence comes from 𝜏s and not from 𝜏m that is inversely 

proportional to the almost constant surface diffusion coefficient.  150 

The agreement of Eq. 7 with the temperature and frequency dependences of T1 for oil thus gives a supplementary 

proof of the validity of our proposed quasi-1D relaxation model. 

 

We show in Figure S5 the observed 2D spin correlation maps T1-T2 for oil and brine embedded in shale oils rocks at 

2.5 and 23 MHz. Usually in petroleum rocks with large pores, one observes T 1/T2 ∼ 2 with a correlation map T1-T2 155 

that is only a diagonal. However, in presence of a high confinement with dynamical motion in a 1D or 2D pore system, 

the ratio T1/T2 is drastically enhanced. According to Eqs. 5, 6, one has 𝑇ଵ(ఠ) ∝  ට
ఠ

ఛ
= 𝐶𝑡𝑒 whose value depends 

drastically on the Larmor frequency while 𝑇ଶ ∝ 1/ ඥ𝜏𝜏ௌ, has almost no frequency dependence. This is what we 
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observe in Fig. S5. The ratio T1/T2=17 and 74 at 2 and 23 MHz for oil while it is about 5.5 for water. The oil peaks in 

the 2D T1-T2 spectrum moves substantially more than the water peak with increasing frequency. This is consistent 160 

with a dynamic of oil on a quasi 1D pore in kerogen compared with a 2D dynamics of water in clay. The comparison 

between experiments and theory is quite satisfactory and reveals that the oil peak moves substantially more than the 

water peak with increasing frequency. This result is of particular importance because it shows that measuring T1-T2 at 

different Larmor frequencies gives confidence in characterizing the fluid type present in confinement.  

 165 

 

Figure S5:  T1-T2 correlation maps measured at both 2MHz and 23MHz on an “as received” sample. The lines represent the best 
fits obtained with the relaxation model described in supplementary material.  

 

EMR Results: 170 

Continuous wave (CW) EMR performed on the dry kerogen isolates show the presence of the carbon radical C0, but 

the absence of Mn2+ and VO2+ signal.  
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Figure S6 Continuous wave EMR spectrum acquired on dry kerogen isolates showing the presence of carbon radical, but the 
absence of signal from Mn

2+ and VO2+ 175 

 

 

We have performed spatial spectral EMR imaging. This technique allows the imaging of a selected signal in the EMR 

spectrum.  

Figure S7 top left shows the imaging obtained on an “as received” sample when all the signal is encoded (both C° and 180 

Mn2+ transitions). A very similar image is obtained when encoding only the C° transition (Figure S7 top right).  

The spectral spatial imaging allows obtaining a full spectrum in each pixel of the image, an example is shown for four 

different pixels at the bottom of Figure S7. A striking result is that C° and Mn2+ transitions are found in every single 

pixel with different intensities but always with the same ratio. This means that at the resolution of the image (10m) 

the carbon radical (located in the organic phase) and the manganese (located in the mineral phase) are always present 185 

and with constant proportions.  
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Figure S7 2D spatial imaging of whole EPR spectrum encoded (top left) and kerogen (top right). The image resolution was 10µm 
per pixel with an image size of 512x512 pixels. The field of view was set to 7 mm and the gradient strength of 175G/ cm. The 2D-
spectral spatial imaging (bottom) were recorded with the same conditions using 800 G of spectral width to ensure the detection of 190 
the full spectrum. The EMR spectrum were recorded at various spatial positions (bottom) showing a constant ratio between the 
intensities of central peak (C°) and the six lines (Mn2+). 

 

2D HYSCORE experiments were also conducted in order to confirm the results. On an “as received” sample Figure 

S8 confirms the absence of proton and carbon coupling on the experiment collected by excitation of the Mn2+ 195 

transition. This shows that there is no carbon or protons in the close vicinity of the manganese ion. This is an additional 

information showing that proton and carbon coupling are observed when exciting the C° transition. All these results 

support the conclusion that carbon radicals are located only in the kerogen phase, while manganese is located only in 

the mineral phase. 

 200 

 

All signal encoded Only C° signal encoded 
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Figure S8 2D HYSCORE experiment collected by excitation of Mn2+ (-1/2) transition on “as received” sample showing the absence 
of carbon or proton features 

We showed in the article the appearance of proton and carbon feature on the 2D HYSCORE experiment of carbon 205 

centered radicals when dodecane was imbibed in kerogen. In Figure S9 we show that after removal of the dodecane, 

the carbon and proton feature disappear, proving the reversibility of the process.  

 

Figure S9 2D HYSCORE collected by excitation of C° transition on extracted kerogen after dodecane removal showing the 
reversibility of the magnetic locking 210 
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In order to verify the presence of vanadyl porphyrin, a 2D HYSCORE was performed by exciting the VO2+ (-3/2) 

transition. Figure S10 shows the typical 14N pattern of a porphyrin structure (Gourier, et al., 2010). 

 

 215 

Figure S10 2D HYSCORE collected by excitation of VO2+ (-3/2 ) transition on kerogen imbibed by dodecane showing the typical 
signal of vanadyl porphyrin.14N double quanta (dq) and single quantum (sq) are shown. 
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