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Abstract: Shilajit (Mumijo) is a phytomineral exudate
known for its therapeutic potential, traditionally used in
Ayurvedic medicine. Its molecular composition and conse-
quently its therapeutic properties are influenced by
geographical origin. Low-field nuclear magnetic resonance
(LF NMR) offers a non-destructive tool to assess the molec-
ular behavior of Shilajit rapidly and non-destructively.
Twelve raw Shilajit samples from five regions (Iran, India,
Nepal, Russia, and Kyrgyzstan) were analyzed using LF NMR
at 15 MHz. Longitudinal magnetization relaxation (T1) and
transverse magnetization relaxation (T2) relaxation times
were measured using an inversion-recovery and Carr–Pur-
cell–Meiboom–Gill pulse sequence, respectively. Three

distinct relaxation behavior groups were identified. Group I
showed only T1 (solid samples with undetectable T2), group II
exhibited single T1 and T2 (moderately viscous, hydrated
samples), while group III revealed biphasic T2 relaxation
(indicating proton heterogeneity). Clear differences in
relaxation profiles were observed across geographical ori-
gins, with Iranian samples showing the widest range of T1
values, while Russian and some Iranian samples exhibited
dual T2 components. LF NMR relaxation parameters (T1, T2)
are strongly dependent on the geographic origin and mo-
lecular structure of Shilajit. The technique shows promise
for use in authentication and traceability of Shilajit, enabling
differentiation based on relaxation signatures.
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1 Introduction

Shilajit (Mumijo) is a natural phytomineral exudate that
oozes from sedimentary rocks in high-altitude mountain
ranges, most notably in the Himalayas mountain range
(1,000–5,000 m), as well as in other countries such as the
Iran, Russia, Pakistan, and Afghanistan. Its formation is
attributed to the prolongedmicrobial decomposition of plant
material under specific geological and environmental con-
ditions over centuries, resulting in a complexmixture rich in
bioactive compounds [1–3]. The chemical composition of
Shilajit is predominantly humic substances (60–80%),
particularly fulvic acid (15–20%), inorganic anions, alongside
dibenzo-α-pyrones, triterpenes, sterols, fatty acids, phenolic
lipids, amino acids, trace elements such as thallium and
arsenic, and major cations such as calcium and magnesium
[1, 2, 4, 5]. Fulvic acid, a major constituent, has been shown to
possess strong antioxidant, anti-inflammatory, and immu-
nomodulatory properties [5]. It facilitates the transport of
minerals and nutrients across cell membranes and is
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considered a key driver of Shilajit’s bioactivity [2, 6]. The
dibenzo-α-pyrones and their chromoprotein conjugates are
thought to be critical in enhancing mitochondrial function,
supporting energy metabolism, and improving endurance,
making Shilajit a notable adaptogen [4, 7, 8]. Recent
comparative studies using advanced analytical techniques
such as GC–MS/MS, LC, and ICP-OES confirmed that regional
deposits (e.g., India, Pakistan, Iran, Nepal, and Russia) differ
in their phytochemical and elemental profiles, underlining
the importance of provenance for both quality control and
therapeutic potential [3, 5, 9].

Ayurvedic medicine is a traditional system of medicine
that originated in Indiamore than 3,000 years ago based on a
holistic approach integrating diet, lifestyle, herbal remedies,
and body–mind practices to maintain or restore health.
From a scientific perspective, it combines empirically
derived treatments with philosophical concepts such as the
balance of doshas (biological energies), though many of its
principles and therapies remain under investigation for
clinical efficacy and safety [10–12]. Traditionally used in
Ayurvedic medicine under the category of Rasayana (re-
juvenators), Shilajit is described as a “destroyer of weak-
ness” and “conqueror of mountains,” suggesting its role in
enhancing strength, vitality, and overall health [1].
Contemporary studies have corroborated these claims,
demonstrating that Shilajit supplementation (at doses of
250–500 mg/day) is associated with improved testosterone
levels, enhanced sperm quality, better cognitive perfor-
mance, and protection against oxidative stress and inflam-
mation [2, 8]. Moreover, in preclinical studies, it has shown
promise in neuroprotection, especially in the context of
Alzheimer’s disease, due to its ability to inhibit tau protein
aggregation and reduce neuroinflammation [13–15]. Despite
its long-standing use, the pharmacokinetics andmechanisms
of action of many Shilajit constituents remain under inves-
tigation. Nevertheless, growing evidence supports its inte-
gration into evidence-based phytotherapy for metabolic,
reproductive, and neurodegenerative conditions, warrant-
ing further mechanistic and clinical research.

Low-field nuclear magnetic resonance (LF NMR) is a
non-destructive and non-invasive spectroscopic technique
that enables the analysis of interactions between protons,
primarily those originating from water or lipids. Of partic-
ular interest are its capabilities for determining the mode of
water binding within biological matrices – such as plant or
animal tissues – as well as its application in studying micelle
formation in emulsion systems [16, 17]. The nuclear relaxa-
tion process within a spin system involves the dissipation of
energy accumulated as a result of exposure to an oscillating
magnetic field. Transverse relaxation is associated with en-
ergy transfer between neighboring nuclear spins. The time

required for the system to return to thermodynamic equi-
librium is referred to as the spin–spin relaxation time,
denoted as T2. In contrast, the transfer of energy to the
surrounding lattice, commonly termed the “spin–lattice”
system, occurs over a longer duration and is characterized
by the longitudinal magnetization relaxation time, desig-
nated as T1 [18]. The restoration of thermodynamic equilib-
rium at the molecular level is influenced by the local
magnetic and electric environments surrounding the
excited atomic nuclei. The values of both T1 and T2 are gov-
erned by spin interactions arising frommolecular dynamics
of proton-containing compounds [19]. In liquids, a decrease
in T1 is typically observed with increasing viscosity. In some
cases, T1 reaches a minimum value, beyond which a further
increase in viscosity leads to an elongation of T1 [20]. Tran-
sitions between energy states are induced by fluctuations of
the local magnetic field, which are, in turn, caused by the
motion of molecules and magnetically active particles [21,
22]. An increase in molecular ordering among proton-
containing species accelerates the rate of relaxation transi-
tions at the microscopic level. This phenomenon manifests
as a reduction in T1 values. Concurrently, the maximum
amplitude of local magnetic field fluctuations shifts toward
lower frequencies. When the fluctuation frequency falls
below the resonance frequency, the efficiency of longitudi-
nal magnetization relaxation is reduced, leading to an in-
crease in T1 [23, 24]. The transversemagnetization relaxation
time (T2) exhibits a monotonic decline from high values –
typical of low-viscosity liquids – to low values characteristic
of solids with rigid, highly ordered structures [25, 26]. The
transfer of energy absorbed from the electromagnetic pulse
occurs as a spin at a higher energy level transfers energy to
another spin at a lower energy state, a process defined as
transverse magnetization relaxation. As the molecular sys-
tem becomesmore ordered, the T2 relaxation time decreases
accordingly.

Considering the above, this study aimed to investigate
whether significant variations exist in the LF NMR relaxation
properties of Shilajit samples originating from diverse
geographical regions. The specific objective was to determine
if the relaxation parameters (T1 and T2) can serve as reliable
molecular fingerprints reflecting differences in chemical
composition, viscosity, hydration state, and structural
ordering of the samples. By systematically comparing mate-
rials obtained from Iran, India, Nepal, Russia, andKyrgyzstan,
we sought to establish whether LF NMR relaxometry can not
only capture the inherent physicochemical heterogeneity of
Shilajit but also provide a non-destructive analytical basis for
its authentication and geographical traceability. In this way,
the study addresses both a fundamental question – how
regional origin shapes the molecular dynamics of this
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complex phytomineral – and a practical need for tools sup-
porting quality control and provenance verification in nu-
traceutical and pharmaceutical applications.

2 Materials and methods

2.1 Samples origin

This study utilized twelve raw Shilajit samples, designated
S1–S12 (Figure 1). Their geographical origins were as follows:
Iran (S1 – unknown region, S2 – Lorestan, S4 – Kurdistan,
S5 – Ravar, S6 – Bijar, S9 – Kahnuj, S11 – Saravan), India
(S7 –unknown region, S12 –Himalaya), Nepal (S3 – unknown
region), Russia (S8 – unknown region), and Kyrgyzstan
(S10 – unknown region). Figure 2 presents the appearance of
the selected samples.

2.2 Relaxometry

The experimental investigations were conducted using a
pulsed nuclear magnetic resonance (NMR) spectrometer

(Ellab, Poznań, Poland) operating at a resonance frequency
of 15 MHz. T1were determined using the inversion-recovery
pulse sequence (180–TI–90–TR) [18]. All measurements were
performed at a temperature of 20.0 ± 0.5 °C. Depending on
the spin density, between 4 and 8 signal accumulations were
employed. The volume of the samples analyzed during the
measurements ranged from 0.08 to 0.15 cm3. Due to the
heterogeneity of the samples, individual adjustment of
measurement sequences was required. In each case, the
durations of the 180° and 90° radiofrequency pulses were
optimized accordingly. The interpulse delays (T1) were
selected for each sample based on the analysis of the free
induction decay (FID) signal crossing zero amplitude, with
the aid of a predefined variable table. The repetition time
(TR) for the inversion-recovery sequence was selected in
accordance with the respective T1 relaxation times. Samples
characterized by relatively high proton density – evidenced
by FID signals of high amplitude – were analyzed with five
signal accumulations. In contrast, samples exhibiting lower
spin density yielded FID signals with smaller amplitudes,
necessitating an increase in the number of accumulations to
ten. The Marquardt minimization method was utilized to fit
themulti-exponential decays. The accuracy of the relaxation

Figure 1: Origin of the analyzed samples.
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parameters was determined, and standard deviations were
calculated. The temporal changes in the current amplitude
of the FID signal at the applied pulse frequency were
described by Eq. (1):

Mz t( ) = M0 1 − 2e
−t
T1( ) (1)

where Mz(t) is the actual magnetization value, M0 is the
equilibrium magnetization value, t is the delay between
pulses, and T1 is the relaxation time.

Depending on the type of material analyzed, appro-
priate interpulse delays (t) between radiofrequency pulses
were applied. For each measurement, 32 FID signals were
collected. Between 4 and 10 signal accumulations were
performed, depending on the sample type.

To determine T2, the Carr–Purcell–Meiboom–Gill
(CPMG) pulse sequence (90–TE/2–(180)n–TR) [27, 28] was
used. As in the T1 measurements, each sample required in-
dividual optimization of the pulse sequence parameters. The
spin echo train was generated only for samples in which the
T2 relaxation times were sufficiently long to allow reliable
measurement. The T2 time values involved an adjustment of
values of the echo amplitudes to Eq. (2):

Mx, y TE( ) = M0 ∑
n

i=1
pie

−TE
T2i (2)

whereMx,y (TE) is the echo amplitude,Mo is the equilibrium
amplitude, TE is the distance between π impulses, and pi is
the fraction of protons relaxing with the T2i transverse
magnetization relaxation time.

For the analyzed samples, 50–100 spin-echo signals were
acquired. The echo time (TE) was individually adjusted for
each sample within the range of 0.002–0.150 ms, with 10
signal accumulations performed in all measurements.

The T1 relaxation times were calculated using the
CracSpin software package [29], while T2 values were
derived by fitting the decay of the spin echo amplitudes to

single- or double-exponential models using the TableCurve
software, with the application of the least squares method.

2.3 Statistical analyses

All measurements were repeated in triplicate, unless
otherwise stated. Statistica 13 software (Dell Software Inc.,
Round Rock, TX, USA) was used to perform a one-way
analysis of variance (ANOVA). A post-hoc Tukey HSD (hon-
estly significant difference) multiple comparison test was
used to identify statistically homogeneous subsets at α = 0.05.

3 Results and discussion

Twelve samples originating from diverse geographical loca-
tions were analyzed using LF NMR spectroscopy. The results,
summarized in Table 1, indicate the presence of three distinct
groups based on relaxation behavior: (1) samples character-
ized solely by a T1, namely, samples S2, S3, S5, S7, S9, and S11;
(2) samples described by one T1 and one T2 relaxation time,
including S4, S6, S10, and S12; and (3) samples exhibiting oneT1
and two distinct T2 relaxation times, represented by S1 and S8.

In systems where proton-containing molecules are
bound to the matrix in different ways, distinct proton frac-
tions can be observed, each relaxing with different and
distinguishable spin–spin relaxation times. Under such con-
ditions, a biexponential decay of spin echo amplitudes is
detected. The shorter relaxation times (T21) correspond to the
short component of the spin–spin relaxation process and are
associated with protons belonging to less mobile species,
which are more strongly bound to thematrix. In contrast, the
longer relaxation times (T22) represent the long component
and correspond to the relaxation of protons from more mo-
bile molecular species [30, 31].

Figure 2: Representative photographs of selected Shilajit samples, demonstrating the variability in structural characteristics among the analyzed
materials.
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The first group of samples consists of solid-state systems
with an ordered structure (Figure 3). This is evidenced by the
extremely short T2 relaxation time, which is undetectable
using the employed measurement system. In these experi-
ments, the smaller the T1 value, the more relaxed the
macroscopic structure becomes. A reduction in T1 could be a
result of decreased structural ordering, whichmay translate
to an increase in viscosity. However, another factor
contributing to changes in T1 could be components of the
samples that are rich in paramagnetic ions. The presence of
such ions significantly shortens relaxation times even in
systems with relatively low viscosity coefficients [32].

The second group of analyzed samples (Figure 4) is
characterized by a single T1 and a single T2. This group ex-
hibits significant variation in the values of both relaxation
times. The cause of this variation is attributable to both the

chemical composition of the samples and the ordering of
their structure. Sample S6, described by relaxation times
with similar values, is a liquid sample with a relatively low
viscosity coefficient. However, it contains several large hy-
drophilic molecules, compared to the water molecule. Water
molecules form a hydration shell around these hydrophilic
molecules. The shorter relaxation times, compared to pure
water, result from the significant binding of water to the
hydrophilic surfaces [33–35]. Similar results were obtained
for sample S10. However, the notably lower values of both T1
and T2 indicate the presence of substances that shorten
relaxation times, in conjunction with large hydrophilic
molecules. Both factors work additively to reduce the
relaxation times in liquid systems [36–38]. Samples S4 and
S12 exhibit similar T1 values but significantly different T2
values. This suggests different structural ordering in these

Table : Values of T and T relaxation times of Shilajit samples from various geographical origins, including short T and long T transverse
magnetization relaxation times, with corresponding fraction of protons relaxing (p).

Sample T [ms] T [ms] T [ms] T [ms] p

S . ± .e . ± .b . ± .a .b

S . ± .b nd*
S . ± .h nd
S . ± .c . ± .c

S . ± .d nd
S . ± .cd . ± .a

S . ± .c nd
S . ± .f . ± .a . ± .b .a

S . ± .a nd
S . ± .g . ± .c

S . ± .d nd
S . ± .cd . ± .b

*nd, not detected. Values marked with the same superscript letter do not differ significantly p > ..

Figure 3: Results of longitudinal magnetization relaxation time (T1).
Figure 4: Results of longitudinal magnetization relaxation time and
transverse magnetization relaxation time.
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samples. Sample S12, compared to S4, is considerably less
viscous. The similar chemical composition of both samples,
in terms of paramagnetic ion presence, is evidenced by the
comparable T1 values [39, 40]. The differing T2 values suggest
distinct macroscopic structures that lead to differences in
viscosity coefficients.

The third group of the analyzed samples was charac-
terized by two T2 relaxation times (Figure 5). This result
indicates that in the studied systems, protons exist in two
distinct fractions due to their molecular dynamics. Similar
findings are observed in biological systems, such as muscles
or emulsions [41, 42]. The lower T1 value (sample S8
compared to sample S1) suggests more significant in-
teractions between proton-containing particles and large
macromolecules. This is confirmed by the higher value of T21
and the larger fraction of protons relaxingwith this time (the
short component in this system). The above observations are
consistent with the results for sample S1, where a smaller
fraction of protons with shorter T2 times is observed,
alongside a longer relaxation time for the second proton
fraction. Sample S1 contains significantly fewer hydrophilic
macromolecules compared to sample S8. It should be
emphasized that the presence of two proton fractions may
also be associated with the presence of lipids in quantities
large enough to cause the separation of signals originating
from protons, for example, in water molecules and protons
present in fatty acid chains [43, 44].

The description of the groups of research material
samples can be analyzed based on their geographical origin.
The relaxation times with the highest values are character-
ized by samples from Iran (S9, S2, S4, S7, S6, S12, S5), with
values ranging from 68 to 21 ms. Among these, however,

samples S4, S6, and S12 (from Iran, Kurdistan, and India) are
additionally described by individual values of T2 relaxation
times. Therefore, it can be inferred that they constitute a
subgroup with distinct molecular motion properties of pro-
tons. The biological matrix is characteristic of systems
exhibiting quasi-plastic-like properties. Similar properties,
albeit with significantly limited particle movement of
proton-containing substances, are exhibited by sample S10
from Kyrgyzstan. The results obtained from the analysis
using LF NMR suggest that samples S4, S6, S12, and addi-
tionally sample S10 contain significant amounts of fats,
which are critical from the perspective of molecular prop-
erties of protons [45]. Thus, the presence of a group of pro-
tons with relatively long T2 relaxation times will determine
the viscoelastic mechanical properties, dominated by
viscous characteristics [32, 46].

The T1 and T2 relaxation times obtained from low-field
NMR measurements revealed clear distinctions in the
relaxation profiles of Shilajit samples depending on their
geographical origin. Among Iranian samples, awide range of
T1 valueswas observed – from as low as 0.424 ms (S3 – region
unknown) to as high as 68.371 ms (S9 – Kahnuj). This vari-
ability suggests significant microstructural and molecular
differences among deposits from different Iranian regions.
Notably, sample S9 exhibited the highest T1 value across all
tested samples, indicative of a higher proportion of mobile
proton fractions, possibly associated with reduced viscosity
or a looser molecular matrix [47, 48]. Furthermore, Iranian
samples displayed inconsistent T2 profiles. Only S4 (Kurdi-
stan) and S6 (Bijar) yielded measurable T2 relaxation values,
with S6 presenting a notably high T2 value (19.018 ms), in
contrast to themuch lower T2 of S4 (0.125 ms). The remaining
Iranian samples (S2, S5, S9, and S11) lacked detectable T2
components, suggesting a condensed and rigid organic ma-
trix with low levels of mobile protons [49, 50].

In contrast, samples of non-Iranian origin exhibitedmore
consistent relaxation behaviors. The Himalayan sample from
India (S12) showed a moderate T1 (23.450ms) and a relatively
long T2 (2.467ms), indicative of a well-hydrated moderately
viscous matrix. Of particular interest were samples S1 (Iran,
unknown region) and S8 (Russia), both displaying biphasic T2
components. Sample S1 demonstrated an extremely short T21
(0.015 ms) alongside a longer T22 (0.937ms), while S8 exhibited
higher T21 (0.231ms) and slightly shorter T22 (0.784ms). The
presence of dual T2 relaxation components suggests molecu-
lar heterogeneity, possibly reflecting the coexistence of tightly
bound protons (e.g., within colloidal phases) andmoremobile
fractions (e.g., loosely bound water or micellar structures).
Remarkably low T1 valueswere recorded for theNepalese (S3,
0.424 ms) and Kyrgyz (S10, 0.730ms) samples, implying either
high molecular ordering or elevated viscosity. In both cases,

Figure 5: Results of longitudinal magnetization relaxation time and two
components of transverse magnetization relaxation times.
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the absence (S3) or presence of only a short T2 (S10, 0.143ms)
supports the hypothesis of a densely packed, highly struc-
tured organic phase, potentially rich inhumic or polyphenolic
complexes.

4 Conclusions

This study demonstrates that the LF NMR relaxometry, as an
effective non-destructive method, can differentiate between
Shilajit samples based on their geographical origin, offering
a potential marker of regional provenance. Key differenti-
ating features include high T1 values (>40 ms): indicative of
southeastern Iranian origin (e.g., S2 and S9); very low T1
values (<1 ms): characteristic of Nepalese and Kyrgyz sam-
ples (S3 and S10), and the presence of dual T2 components:
observed in samples from Russia and some regions of Iran
(S1 and S8). These findings show that LF NMR relaxometry
can be applied as a reliable tool for the authentication and
geographical traceability of Shilajit, contributing to quality
control measures in the food and nutraceutical industries.
Future research should focus on expanding the sample set to
include a broader range of geographical sources and pro-
cessing conditions, as well as integrating LF NMR data with
complementary analytical techniques to enhance the
robustness of Shilajit authentication protocols.
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